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Entanglement in high-dimensional quantum systems, where one or more degrees of freedom of light are
involved, offers increased information capacities and enables new quantum protocols. Here, we demonstrate
a functional source of high-dimensional, noise-resilient hyperentangled states encoded in time-frequency and
vector vortex structured modes, which in turn carry single-particle entanglement between polarization and orbital
angular momentum. Pairing nonlinearity-engineered parametric downconversion in an interferometric scheme
with spin-to-orbital-angular-momentum conversion, we generate highly entangled photon pairs at telecom wave-
length that we characterize via two-photon interference and quantum state tomography, achieving near-unity
visibilities and fidelities. While hyperentanglement has been demonstrated before in photonic qubits, here we
present a rich entanglement structure involving spectrally and spatially structured light, where three different
forms of entanglement coexist in the same biphoton state.

DOI: 10.1103/PhysRevResearch.2.043350

I. INTRODUCTION

Photonic platforms are a natural choice for many quan-
tum applications owing to their advantages as low-noise
quantum systems with high-fidelity control and suitability
for long-distance transmission. The ubiquity of binary en-
coding in many proof-of-principle demonstrations, even for
contemporary experiments, has in part been motivated by
their simplicity in implementation. However, there are sce-
narios that benefit from expanding the system dimensionality,
e.g., for enhancing information capacity, noise resilience, and
robustness against external attacks in quantum cryptogra-
phy [1,2]. Intrinsically high-dimensional degrees of freedom
(DOFs) of light—such as orbital angular momentum (OAM),
time, and frequency—enable a larger quantum alphabet in a
single-photon state. The combination of two or more DOFs
of light—including entanglement across them, namely, hyper-
entanglement [3,4]—allows further expansion of the Hilbert
space while providing easy access to the individual sub-
systems for selective control and measurements, improving
existing protocols or enabling new ones [5,6]. Hyperentangle-
ment in particular enables protocols like complete Bell-state
analysis [7–9] and logic gates simplification [10], and has
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been used in cluster state generation [11,12] as well as in
testing quantum foundations [13]. Moreover, hyperentangled
systems have been successfully used for demonstrations of
quantum dense coding [14] and teleportation of multiple
DOFs of a single photon [15,16].

Photonic hyperentangled states have been demonstrated in
different encoding regimes, such as polarization, time and
frequency bins, path, and OAM [4,9,17]. While entanglement
of three DOFs has been demonstrated [4,18] the generation
of hyperentanglement in spatially and spectrally structured
light having nontrivial polarization and OAM patterns and
temporal/spectral envelopes [19] (as discussed below in de-
tail) remains elusive owing to the complexity of accessing
such encoding regimes. Notably, structured light modes—
where one or more DOFs are modulated into custom light
fields—are highly sought after in quantum photonics ap-
plications spanning communication, metrology, and imaging
[19]. In this paper, we fill this gap combining a nonlinearity
engineering technique [20,21] with a spin-to-orbital-angular-
momentum conversion scheme [22] to generate and charac-
terize a biphoton state that exhibits complex entanglement
between spectrally and spatially structured light. We produce
hyperentanglement between time-frequency modes (TFMs)—
temporal/spectral envelopes of the electric field of the photons
[6,21], and vector vortex beams (VVBs)—spatially structured
beams characterized by a nonuniform polarization pattern
on their transverse profile [23–25]. Due to their resilience
to different noise sources, both TFMs [26,27] and VVBs
[5,28] are ideal encodings for free-space communication
schemes. Meanwhile sources that generate polarization-TFM
hyperentanglement could be immediately deployed in tele-
com networks, as both DOFs are suitable for long-distance
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FIG. 1. Sketch of the biphoton hyperentangled state. The overall
quantum state |�〉 (first row) exhibits hyperentanglement between
spectrally and spatially structured light. Signal and idler are encoded
in the |ψ−〉ω state of the TFM basis, represented with the biphoton
joint spectrum and the corresponding expansion in TFMs (first box),
and in any Bell states of the VVB basis (we only display |ψ〉-type
states for compactness). Each photon is also in a single-particle
entangled state between polarization and OAM, giving rise to a VVB
(second box). The plus (minus) sign corresponds to the radially
(azimuthally) polarized beams, respectively.

transmission in fiber. Furthermore, a recent demonstration on
quantum transmission of VVBs in specialized fibers [29] bol-
sters future prospects for fiber-based networks exploiting the
full capabilities of our scheme. Finally, silicon based quantum
photonics is compatible with periodically poled sources [30]
and has been recently proven capable of generating spatially
structured light [31], paving the way towards the integration of
TFM-VVB hyperentanglement sources into photonics chips.

The generation of hyperentanglement between time-
frequency modes and vector vortex beams implies the ability
to independently create spectrally and spatially structured
light. TFM encoding can be achieved via nonlinearity engi-
neering, a technique that tailors the phase-matching function
in parametric downconversion (PDC) processes by modifying
the ferroelectric structure of periodically poled nonlinear crys-
tals. Originally used for generating spectrally pure heralded
single photons [20,32,33], nonlinearity engineering has since
been applied to generate TFM entanglement with high fidelity
[21]. Vector vortex beams on the other hand can be efficiently
created by converting polarization into polarization-OAM en-
tanglement by means of birefringent liquid-crystal devices
known as q-plates [22,24]. Our scheme combines these two
techniques with an interferometric Sagnac scheme [34,35]
for generating the highly entangled state with the nontrivial
structure sketched in Fig. 1.

II. HYPERENTANGLEMENT GENERATION

We describe the experimental implementation of our state
generation scheme in Fig. 2(a). A Ti-sapphire laser produces
a train of near transform-limited, 1.3-ps pulses centered at
775 nm with 80-MHz repetition rate. A plano-convex lens
focuses the laser beam (30-mW average power) to a spot size

FIG. 2. Experimental setup. (a) State preparation: interferomet-
ric scheme to produce hyperentangled biphoton states in TFM and
VVB encoding. (b) Characterization setup to measure the overall
state via two-photon interference and tomographic reconstruction.
A set of QWP, HWP, and QWP is used to prepare any maximally
entangled state in the radial/azimuthal VVB basis. When the fast
axis of the QWPs is aligned, a rotation of the HWP corresponds
to changing the phase factor of the Bell-like state. The polarization
projection stages in the dashed boxes, each consisting of the QWP,
HWP, and polarizer, are used to perform projective measurements on
the polarization of the photons for the 16-dimensional polarization-
OAM biphoton state reconstruction.

of ≈220 μm into a Sagnac interferometer PDC source for
generating a polarization entangled state [34,35]:

|ψ−〉pol. = 1√
2

(|H〉s|V 〉i − |V 〉s|H〉i ). (1)

The PDC crystal in the Sagnac loop is a nonlinearity en-
gineered potassium titanyl phosphate (KTP) poled crystal
(details in Ref. [21]), that simultaneously enables the gener-
ation of TFM entanglement in a tailored PDC process. The
phase-matching function of the engineered crystal is indeed
shaped as a first-order Hermite-Gauss mode, leading to a
highly correlated joint spectrum of the form fs,i(ωs, ωi ) ∝
exp [−(ω2

s + ω2
i )], which we show in Fig. 1, and consequently

a TFM-entangled singlet state:

|ψ−〉ω = 1/
√

2(| 〉s| 〉i − | 〉s| 〉i ), (2)

where | 〉 and | 〉 are the orthonormal zeroth- and
first-order Hermite-Gauss TFM modes spanning a two-
dimensional TFM subspace (see Sec. 1 of Supplemental
Material for more details on the state generation [36]).

The PDC pair (signal “s” and idler “i”) is separated at a
polarizing beamsplitter (PBS), and the signal is filtered from
the pump with a dichroic mirror (DM). The photons are then
spectrally filtered with a long-pass filter (cutoff wavelength
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at 1400 nm) and a “loose” bandpass filter (10-nm nominal
bandwidth), about four times larger than the photons’ band-
width of ≈2.4 nm, defined as the full width at half maximum
of the marginal photon’s spectral intensity. The photon pair
is therefore coupled into single-mode fibers for spatial mode
filtering. At this stage of the scheme, the quantum state
carries hyperentanglement between the maximally antisym-
metric TFM Bell state and a polarization Bell state, |�〉ω,pol. =
|ψ−〉ω ⊗ |ψ−〉pol., that is already potentially useful for fiber-
based quantum photonic protocols, as both polarization and
TFM are readily compatible with long-distance transmission
over an optical network. We measure a source brightness of
≈4-KHz/mW detected photon pairs using superconducting
nanowire single-photon detectors (SNSPDs) with 80% nom-
inal detection efficiency, with symmetric heralding efficiency
of ≈60%. However, brightness and heralding can be easily
varied by changing the focusing and collection parameters of
the source.

The photons are then out-coupled and collimated in free
space, and a set of quarter-wave plate (QWP), half-wave plate
(HWP), and QWP is used to prepare any maximally entan-
gled polarization state via local operations. Each photon is
finally sent through a q-plate for converting polarization en-
coding into VVB encoding, producing the target TFM-VVB
hyperentangled state. A q-plate with topological charge q
(with q = 0.5 in our setup) implements the following trans-
formation: α|R, 0〉 + β|L, 0〉 → α|L,−2q〉 + β|R, 2q〉 where
the first and second label correspond to polarization and
OAM value, respectively. If the input polarization is linear,
a VVB in a linear superposition of the basis states |r̂〉 (radi-
ally polarized) and |θ̂〉 (azimuthally polarized) is produced in
the process. When each photon of the polarization-entangled
biphoton state is sent through a q-plate, the overall system
consists of two entangled vector vortex beams [37]. The
q-plates used in our setup are electrically tunable, and have a
transmittance of 70 to 75%, that could be improved by coating
the inner and outer surfaces of the devices, or by different
engineering techniques (e.g., nontunable q-plates with near-
unity transmission are already commercially available).

At the output of the q-plates, the biphoton state shows
a nontrivial entanglement structure, where three different
forms of entanglement coexist in the same quantum state:
hyperentanglement between TFMs and VVBs, which is in
turn composed of single-particle (intrasystem) entanglement
[25,37–39]—polarization and OAM of each photon—and two
distinct sets of intersystem entanglement—between the two
VVBs and between the two TFMs, as sketched in Fig. 1 and
shown in its full form below:

|�〉ω,VVB = |ψ〉ω ⊗ 1√
2

(|r̂〉s|θ̂〉i − |θ̂〉s|r̂〉i )
︸ ︷︷ ︸

|ψ−〉VVB

, (3)

with |r̂〉VVB = 1√
2
(|R〉pol.|+1〉OAM + |L〉pol.|−1〉OAM) and |θ̂〉VVB =

1√
2
(|R〉pol.|+1〉OAM − |L〉pol.|−1〉OAM). We note that this scheme

allows one to generate states within a two-dimensional
VVB subspace of order 1, while additional HWPs after the
q-plates enable the generation of any VVB state in the four-
dimensional space [37].

III. HYPERENTANGLEMENT CHARACTERIZATION

The analysis stage consists of two main steps, as shown
in Fig. 2(b). First, we send the two photons on a BS to
check for quantum interference depending on the symmetry
of the full state [21]. After the BS, a set of two additional
q-plates (with q = 0.5) and polarization optics (QWP, HWP,
and PBS for each photon) are used to perform tomographic
projections in the VVB space, and the photons are finally
detected with SNSPDs. An additional tomographic projection
set can be added before the measurement q-plates to per-
form a four-qubit tomography in the polarization and OAM
subspaces, simultaneously certifying the intrasystem entan-
gled structure of each VVB and the intersystem entanglement
between the two photons [37], and verifying the Greenberger-
Horne-Zeilinger (GHZ)-type structure of the state [40].

The synergy of the quantum interference and tomographic
parts of the setup allows us to demonstrate the hyperentangled
nature of the biphoton state. The tomographic stages are de-
coupled from the spectral degree of freedom and only act on
the polarization and OAM components of the state, providing
full reconstruction of the VVB-encoded quantum state: this
means that our setup is capable of preparing and measuring
unambiguously the spatial component of the state. On the
other hand, while the visibility depends on the overall state’s
symmetry, the shape of the interference pattern only depends
on the biphoton joint spectrum (see Sec. 2 of Supplemental
Material for proof [36]). Consequently, the knowledge of the
VVB component of the state combined with the measured
interference pattern allows us to decouple spatial and spectral
contributions of the overall measurement, and to use the inter-
ference results to certify the TFM entanglement, as proven in
Ref. [21].

IV. RESULTS

To benchmark our scheme, we produce states of the form

|�〉ω,VVB = |ψ−〉ω ⊗ |ψϕ〉VVB,

where |ψϕ〉VVB = 1/
√

2(|r̂, θ̂〉 + eiϕ |θ̂ , r̂〉) is a ψ-type maxi-
mally entangled state in the VVB basis. By changing the state
preparation HWP angle we can change the phase ϕ of the
VVB part of the state and hence the symmetry of the overall
wave function. The phase factors ei0 and eiπ correspond to
the |ψ−〉ω ⊗ |ψ+〉VVB and |ψ−〉ω ⊗ |ψ−〉VVB states, i.e., to a
maximally antisymmetric and symmetric state, respectively.
This translates into different interference behavior at the BS,
where moving from an antisymmetric to a symmetric state
corresponds to moving from photon antibunching to photon
bunching, as we show in Fig. 3. When the spatial contribu-
tion is symmetric (|ψ+〉VVB) the interference exhibits perfect
antibunching, while when it is antisymmetric (|ψ−〉VVB) it
exhibits bunching: this certifies the maximal antisymmetry of
the spectral part of the state, and consequently verifies the
TFM singlet state |ψ−〉ω (see Ref. [21] for details).

We monitor coincident counts between detectors {A1, B1},
{A1, B2}, {A2, B1}, and {A2, B2}, corresponding to the pho-
tons exiting from both outputs of the BS, and between the
detectors {A1, A2} and {B1, B2}, corresponding to the pho-
tons exiting the same outputs of the BS, to reconstruct the
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FIG. 3. Two-photon interference results. (a) The interference
fringes depend on the phase in the VVB-encoded part of the hy-
perentangled state: A maximum in the coincident counts at the two
outputs of the BS (labeled as

∑
i jAiB j , where Ai, Bj are the detectors

in Fig. 2) corresponds to a minimum in the coincident counts at each
BS output (labeled as A1A2 + B1B2), and vice versa. Interference
patterns measured by collecting coincident counts at the two outputs
of the BS (b) and corresponding visibilities (c) changing phase and
relative arrival time of the photons at the BS. By controlling the phase
of the |ψ〉 type we can move from almost perfect antibunching to
bunching, i.e., from an overall antisymmetric state to a symmetric
one. The acquisition time is 30 s per data point.

interference fringes as a function of the state’s phase ϕ.
We show the results in Fig. 3(a): the fringes corresponding
to antibunching (blue dots) and to bunching (red triangles)
are in antiphase, and have high visibilities (96.7 ± 0.2 and
99.3 ± 0.1%, respectively) certifying a high quality of the
generated state. By varying both the state’s phase and the
relative arrival time of signal and idler at the BS, we can re-
construct the full biphoton interference pattern for states with
different amounts of antisymmetry. The three-dimensional
plot in Fig. 3(b) shows how the interference pattern changes
from perfect antibunching (corresponding to ϕ = 0) to perfect
bunching (ϕ = π ), in excellent agreement with the theoretical
model we discuss in Sec. 2 of Supplemental Material [36].
Finally, Fig. 3(c) shows the interference visibilities of each
scan, where plus and minus 100% correspond to perfect anti-
bunching and bunching, respectively.

The two-photon interference allows us to measure the
overall antisymmetry of the biphoton state, but it does not pro-
vide any information on its spatial structure. The VVB state
can instead be measured via quantum state tomography after
the interference at the BS. We prepare the symmetric state

FIG. 4. Tomography results. (a) Tomographic reconstruction of
the biphoton |ψ+〉 state in the VVB subspace {|r̂〉, |θ̂〉}. We record
≈1.6 × 106 coincident counts in nine different settings (correspond-
ing to the two-photon Pauli projections), with 60 s of acquisition
time per setting. (b) Tomographic reconstruction of the biphoton
GHZ state encoded in polarization and OAM. We record ≈11 × 106

coincident counts in 324 different settings (corresponding to a com-
bination of 36 projective measurements on the OAM basis and nine
Pauli projections on the polarization basis), with 220 s of acquisition
time per setting.

|ψ−〉ω ⊗ |ψ+〉VVB, which antibunches at the BS. We then con-
vert the VVB information into polarization information, and
we perform a overcomplete quantum state tomography of the
state. We measure a purity and fidelity of (99.26 ± 0.07) and
(99.57 ± 0.03)%, respectively, in the VVB subspace {|r̂〉, |θ̂〉}
[see Fig. 4(a)]. Introducing an additional tomographic projec-
tion before each measurement q-plate allows us to investigate
the polarization-OAM intrasystem entanglement and, at the
same time, the two-photon intersystem entanglement [37].
With this scheme, we measure a two-photon, four-qubit purity
of (92.4 ± 0.1)% and a fidelity of (95.0 ± 0.1)% with the
GHZ state 1/

√
2(|R,+1, R,+1〉 + |L,−1, L,−1〉): we show

the corresponding density matrix in Fig. 4(b). Errors on the
extracted purities and fidelities calculated from the recon-
structed density matrices represent 3σ statistical confidence
regions obtained via Monte Carlo resampling (1000 runs of
the algorithm) assuming a Poissonian statistics on the coinci-
dent counts distribution.

The high interference visibility measured in both the
bunching and antibunching configuration, combined with the
high state quality obtained via tomographic reconstruction of
the VVB-encoded state, testifies to an unprecedented capabil-
ity of generating and manipulating structured light encoded in
three different degrees of freedom with very high efficiency
and precision.

V. DISCUSSION AND CONCLUSIONS

Many photonic quantum protocols rely on entanglement
to carry out their tasks efficiently, therefore the capability
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of generating and manipulating complex entangled states of
light with high precision is a fundamental requirement and a
key challenge of quantum technologies. Here, we tackled this
problem by introducing and experimentally demonstrating a
scheme for efficient generation of a complex entanglement
structure between three DOFs of light: polarization, orbital
angular momentum, and time-frequency modes. In particular,
we combine TFM encoding and VVB encoding introducing a
simple yet high-quality source of TFM-VVB hyperentangle-
ment. We expect our scheme will find applications in quantum
communication schemes (where increased information capac-
ity and noise resilience are obvious advantages) but also in
different areas of quantum technologies, such as metrology or
imaging, where both TFM and VVB encoding have already
been independently used as resources [41,42].

There are two main routes to go beyond the results of
this paper in the future. On the one hand, it would be ideal
to explore the intrinsic high dimensionality of these DOFs,
generating higher-order OAM and TFM states to increase
the information capacity of the biphoton state and investigate

even more complex entanglement structures. This could be
achieved by expanding either the TFM subspace (e.g., by en-
gineering higher-order Hermite-Gauss modes as nonlinearity
patterns, or by introducing spectral tailoring of the pump’s
spectral profile) or the VVB subspace (e.g., using q-plates
of different singularity order in interferometric schemes), or
a combination of the two. On the other hand, implementing
quantum pulse gates or other schemes [6,43–45] for perform-
ing TFM manipulation and measurements would allow one to
fully exploit the potential of our technique.
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