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Hyperentangled photonic states—exhibiting nonclassical
correlations in several degrees of freedom—offer improved
performance of quantum optical communication and
computation schemes. Experimentally, a hyperentangle-
ment of transverse-wave-vector and spectral modes can be
obtained in a straightforward way with multimode para-
metric single-photon sources. Nevertheless, experimental
characterization of such states remains challenging. Not
only single-photon detection with high spatial resolution—
a single-photon camera—is required, but also a suitable
mode converter to observe the spectral–temporal degree of
freedom. We experimentally demonstrate a measurement of
full four-dimensional transverse-wave-vector–spectral cor-
relations between pairs of photons produced in noncollinear
spontaneous parametric downconversion. Utilization of a
custom ultrafast single-photon camera provides high resolu-
tion and a short measurement time. © 2021 Optical Society
of America under the terms of the OSA Open Access Publishing
Agreement

https://doi.org/10.1364/OL.417658

Photonic qubits can be easily created in entangled states, com-
municated over many-kilometer distances, and efficiently
measured [1]. Tremendous effort has been devoted to improving
the success rates of quantum enhanced protocols and multi-
mode solutions, often accompanied with active multiplexing,
and are one of the most promising branches of this development
[2–11], enabling both faster transfer and generation of pho-
tonic quantum states. In particular, systems harnessing several
degrees of freedom (DoFs) offer superior performance [12–14],
especially in selected protocols such as superdense coding [15],
quantum teleportation [16], or complete Bell-state analysis
[17]. Utilization of several DoFs brings a qualitatively new
possibility to create hyperentangled states exhibiting nonclas-
sical correlations in several DoFs simultaneously with a greatly
expanded Hilbert space and informational capacity. Generation
of entangled pairs of photons in spectral, temporal, transverse
wave vector, spatial, and orbital angular momentum (OAM)
and with multiple DoFs has been demonstrated. In particular,
spontaneous parametric downconversion (SPDC) can be used
to generate hyperentangled states in four DoFs simultaneously

[18]. Nonetheless, experimental characterization of multidi-
mensional states remains challenging. Single-pixel detectors
such as superconducting nanowires offer excellent timing
resolution [19], as well as spectral resolution when combined
with dispersive elements such as chirped fiber gratings [20]
or detector-integrated diffraction gratings [21]. Such setups
provide a way to implement high-dimensional quantum com-
munication [22] and temporal super-resolved imaging [23]
or to observe quantum interference in time or frequency space
[24,25]—a promising approach for quantum fingerprinting
[26,27]. Single-photon-resolving cameras on the other hand
naturally offer spatial or angular resolution, which can be
exploited in super-resolution imaging [28–32], interferometry
[33], characterization [34,35], or, similar to the previous case,
observation of quantum interference effects such as in Hong–
Ou–Mandel-type experiments [36]. Recently, however, the
capability of cameras has been expanded by invoking a well-
known mode conversion technique, in which Sun et al. simply
observed spectral correlation with the help of a diffraction
grating [37]. It is thus a promising approach to use a camera to
observe many DoFs simultaneously.

Here, we experimentally demonstrate a measurement of full
four-dimensional correlations between the transverse and spec-
tral DoFs of a twin-photon state, generated in a noncollinear
type I SPDC. An ultrafast single-photon-sensitive camera,
yielding 104 frames per second with 100× 1952 pixels per
frame, allows to quickly gather enormous statistic size while
maintaining high resolution due to a large number of pixels.
In conjunction with recent development in high-dimensional
entanglement detection [38], our single-photon detection
system would enable rapid characterization of such hyperentan-
gled states. Furthermore, precise correlation measurements
are vital to fully utilize the quantum advantage of entangled
states, e.g., via non-local dispersion compensation recently
demonstrated to improve quantum key distribution rates [39].
Higher-order correlation measurements also enable novel
super-resolution imaging techniques [29,30] that particularly
benefit from fast acquisition rates and high spatial resolution of
employed single-photon detectors.

The employed camera prototype is an order of magnitude
frame rate improvement over the off-the-shelf devices, necessary
for a direct high-resolution measurement of four-dimensional
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correlations. Prior approaches involved scanning the wave
vector space with point detectors and used time-of-flight
spectrometers for spectral resolution, applicable at telecom
wavelengths and requiring compressed sensing techniques
[40]. We note that a measurement in two mutually unbiased
bases characterizes entanglement of pure bipartite, high-
dimensional states without a state tomography [38]. In this
context, our method would require extension to a position–time
measurement basis to fully measure quantum correlations.

To generate twin-photon states, we have employed a beta
barium borate (BBO) nonlinear crystal in the type I SPDC
process with noncollinear geometry, as depicted in Fig. 1. For
the SPDC pumping, we first produce a second harmonic of
70 fs, 800 nm pulses from a Ti-sapphire laser (Spectra Physics
Mai Tai, 80 MHz repetition rate) in a second, similar BBO
crystal with length L = 0.5 mm. The 800 nm red pump is
filtered out with dichroic mirrors and a bandpass filter (400 nm,
10 nm bandwidth). A blue λp = 400 nm pump with an aver-
age power of 70 mW is focused in an L = 2 mm BBO with a
Gaussian beam width of w0 = 70 µm and finally filtered out
with a dichroic mirror. The SPDC emission is far-field imaged
with a lens ( f1 = 60 mm) on an adjustable rectangular slit
that selects a range of wave vectors [−1ky/2, 1ky/2] around
ky = 0. A second lens ( f2 = 300 mm) images the BBO onto a
ruled diffraction grating (Nlines = 1200 lines/mm, resolution of
δλ= 2λp/Nlines = 0.66 nm) mounted vertically in the Littrow
configuration and at a small horizontal angle. The grating
adds a wavelength-dependent wave vector in the y direction.
A third lens ( f3 = 100 mm) far-field images the grating onto a
single-photon camera. The effective focal size of the setup from
BBO to the camera is feff = 30 mm. A finite slit width 1ky
corresponds to a resolution comparable to that of the diffraction
grating δλ when the image of the slit and a spectral point of δλ
size are compared in the camera image.

While BBO is cut for type I SPDC, by slightly adjusting the
angle of the crystal axis with respect to the pump beam, we can
alter the diameter and width of the far-field annular SPDC emis-
sion ring. Compared with theory, the crystal-axis–z-axis angle
(including cutting 29.2◦) is 31.95◦ ± 0.025◦. We estimate the
overall efficiency of our setup at 4% roughly corresponding to
the twin-photon generation (50%), diffraction grating (50%),
and detection (20%) efficiencies combined.

The single-photon camera consists of a two-stage image
intensifier (Hamamatsu V7090-D) with high-voltage sup-
ply (Photek FP630) and a 10 kHz gating module (Photek
GM10-50B) connected with a custom-built I-sCMOS camera
based on a fast CMOS sensor (LUX2100, pixel pitch 10 µm).
Communication with the camera sensor and low-level image
processing are performed with a programmable logic field-
programmable gate array (FPGA) module (Xilinx Zynq-7020).
The image processing consists of background subtraction and
single-photon localization. The FPGA module is bundled with
an ARM-family processor, providing Ethernet data transfer to
the PC. The CMOS sensor is set for the lowest time-dependent
noise at the cost of a lower dynamic range. With a faster gating
module, the camera could operate at 105 frames per second
with a frame of 10× 1952 px. Single-photon sensitivity is
achieved by operating the image intensifier (II) in the Geiger
mode (on–off ) [41] (see Supplement 1).

The gating time is 1.2 µs with an average of n̄tot = 0.12
photons per frame. Signal and idler photons are observed in

40× 70 px regions, each corresponding to 416 rad/mm×
5.1 nm [with 5.95 rad/(mm× px) and 0.127 nm/px].
The Gaussian mode sizeσk-mode was predicted to be 6.2 rad/mm
and measured as 7.1± 0.3 rad/mm. The spectral mode size
was measured to be σλ-mode = 4.20± 0.06 nm. We define
the mode sizes as the Gaussian widths of a two-dimensional
second-order photon number correlation in the sum coor-
dinates (k(s )x + k(i)x , λs + λi ) (see Supplement 1). Using the
theoretical prediction of the joint wave function, we numeri-
cally get M = 1/

∑
∞

j=0 λ
2
j ≈ 4.7 accessible entangled modes,

where λ j are the Schmidt coefficients (see Supplement 1).
Note that for our considerations regarding the mode size and
the number of modes, we implicitly assumed a Gaussian two-
photon wave function (leading to Gaussian second-order
correlations), as well as purity of the generated state.

While with a spectrally broad, focused pump beam and
a short crystal, the SPDC emission is highly multimode
in the spectral and transverse DoFs, we begin with a single
pair of signal (s )-idler (i ) modes. A two-mode squeezed state
|ψ〉 =

∑
j=0 χ

j/2
| j 〉s | j 〉i , generated in SPDC, can be approx-

imated to the first order in
√
χ as a pair of photons |1〉s |1〉i .

Consider the joint wave function in transverse-wave-vector and
spectral coordinates:

9(ks ,⊥, λs ; ki,⊥, λi )= 〈ks ,⊥, λs |1〉s 〈ki,⊥, λi |1〉i . (1)

We directly measure the x component of the transverse wave
vector, while selecting photons with ky ≈ 0. Before mea-
surement, a diffraction grating maps the spectral DoFs
onto ky (ω). The single-photon camera detects the num-
ber of photons with a given transverse–spectral coordinate
n(k(ξ)x , λξ ) ∈ {0, 1}; ξ ∈ {s , i} separately in signal and idler
arms. With a large number of observed frames, the average over
frames 〈n(k(ξ)x , λξ )〉 gives an estimate for the probability of
detecting a photon at given coordinates. Hence, the photon
number covariance

C(k(s )x , λs ; k(i)x , λi )= 〈n(k(s )x , λs )n(k(i)x , λi )〉

− 〈n(k(s )x , λs )〉〈n(k(i)x , λi )〉 (2)

estimates the probability of detecting a non-accidental
coincidence—a pair of correlated signal and idler photons
in a single camera frame—with given spectral and transverse
coordinates, modeled by |9(ks ,⊥, λs ; ki,⊥, λi )|

2. The camera
gating time encompasses ca. 96 pump laser repetitions, and
hence 96 temporal modes are aggregated in each camera frame,
producing accidental coincidences between photons from
different temporal modes. The second term in Eq. (2) roughly
corresponds to these accidental coincidences. For visualiza-
tion, we sum the covariance over selected sub-regions in either
wavelengths {λs }, {λi } or wave vectors {k(s )x }, {k

(i)
x } yielding

C{λs },{λi }(k
(s )
x , k(i)x )=

∑
λs ∈{λs },λi∈{λi }

C(k(s )x , λs ; k(i)x , λi ), (3)

C
{k(s )x },{k

(i)
x }
(λs , λi )=

∑
k(s )x ∈{k

(s )
x },k

(i)
x ∈{k

(i)
x }

C(k(s )x , λs ; k(i)x , λi ).

(4)
The selected sub-regions are depicted in Figs. 1(c) and 1(d)
on a histogram of signal and idler positions in wave-vector–
wavelength space. During the measurement, we gathered 109
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https://doi.org/10.6084/m9.figshare.14681379
https://doi.org/10.6084/m9.figshare.14681379


Letter Vol. 46, No. 13 / 1 July 2021 /Optics Letters 3011

Fig. 1. (a) Annular ring of twin-photon emission in the far field of a BBO crystal mediating noncollinear type-I SPDC. Histogram of single pho-
ton positions is registered over 2× 105 camera frames. (b) Twin-photon emission in the far field after passing through the rectangular slit selecting
ky ≈ 0 and after diffraction on the grating acting as wavelength-dependent wave vector shift ky → ky + K grating(λ). Distinct fragments correspond to
signal and idler photons. Camera frame coordinates correspond to transverse wave vectors and wavelength of photons. (c), (d) Camera regions cor-
responding to (c) signal and (d) idler photons. The division into sub-regions with limited wave vectors {k(s )x }, {k

(i)
x } and wavelengths {λs }, {λi } is

depicted with rectangles. For clarity, only (c) wave vector sub-regions or (d) wavelength sub-regions are shown. Signal and idler regions are divided
equally. (e) Experimental setup for fast transverse–spectral correlation imaging of twin photons.

Fig. 2. Correlation in joint (a) transverse wave vectors and (b) spectrum of signal–idler photon pairs. (a) Color map or (b) left column represents
the experimental data (photon number covariance summed over (a) spectral or (b) wave vector regions; see main text). (a) White contours or (b) right
column represents theoretical prediction |9{λs },{λi }(k

(s )
x , k(i)x )|

2 of a two-photon wave function modulus squared, (a) summed over spectral ranges
{λs }, {λi } or (b) transverse-wave-vector ranges {k(s )x }, {k

(i)
x } and normalized to a unity maximum.

camera frames, each serving as a separate experiment repetition.
The joint covariance in transverse-wave-vector coordinates
C{λs },{λi }(k

(s )
x , k(i)x ) is depicted in Fig. 2(a) with each panel

corresponding to a different pair of wavelength sub-regions
{λs }, {λi }. Good agreement with the theoretical prediction can
be observed with only the crystal-axis–z-axis angle fitted (a small
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deviation from the cutting angle). The details of wave function
calculation can be found in Supplement 1. Similarly, the joint
covariance in spectral coordinatesC

{k(s )x },{k
(i)
x }
(λs , λi ) is depicted

in Fig. 2(b) for selected pairs of sub-regions in which the covari-
ance is non-vanishing. Selecting ky ≈ 0 limits observations of
the six-dimensional space of two-photon transverse–spectral
correlations to a four-dimensional slice. The limitation can be
relevant for complex transverse correlations, e.g., from a biaxial
crystal.

We have demonstrated a capability to measure four-
dimensional transverse-wave-vector–spectral correlations
between pairs of photons generated in noncollinear SPDC.
Due to a custom single-photon camera with very fast acqui-
sition rates (an order of magnitude improvement), we were
able to gather statistics of 109 camera frames (experiment rep-
etitions) in roughly one day. Large statistics enabled faithful
reconstruction of a bi-photon wave function in spectral and
transverse-wave-vector coordinates. For this demonstration,
we selected a single component of the transverse wave vector
that is far-field imaged (mapped) onto positions on the camera
frame; similarly, the spectral part is mapped onto positions
with a diffraction grating. Importantly, our system is inherently
multimode and can be adapted for measurements in different
mode bases, e.g., OAM and for different DoFs.
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Wasilewski, and K. Banaszek, Nat. Commun. 7, 11411 (2016).

34. H. Defienne and S. Gigan, Phys. Rev. A 99, 053831 (2019).
35. M. Reichert, H. Defienne, and J. W. Fleischer, Sci. Rep. 8, 7925

(2018).
36. F. Devaux, A. Mosset, P.-A. Moreau, and E. Lantz, Phys. Rev. X 10,

031031 (2020).
37. K. Sun, J. Gao, M.-M. Cao, Z.-Q. Jiao, Y. Liu, Z.-M. Li, E. Poem, A.

Eckstein, R.-J. Ren, X.-L. Pang, H. Tang, I. A. Walmsley, and X.-M.
Jin, Optica 6, 244 (2019).

38. J. Bavaresco, N. Herrera Valencia, C. Klöckl, M. Pivoluska, P. Erker,
N. Friis, M. Malik, and M. Huber, Nat. Phys. 14, 1032 (2018).

39. S. P. Neumann, D. Ribezzo, M. Bohmann, and R. Ursin, Quantum Sci.
Technol. 6, 025017 (2021).

40. N. Montaut, O. S. Magaña-Loaiza, T. J. Bartley, V. B. Verma, S. W.
Nam, R. P. Mirin, C. Silberhorn, and T. Gerrits, Optica 5, 1418 (2018).

41. M. Lipka, M. Parniak, and W. Wasilewski, Appl. Phys. Lett. 112,
211105 (2018).

https://doi.org/10.6084/m9.figshare.14681379
https://doi.org/10.6084/m9.figshare.14681379
https://doi.org/10.1038/nphoton.2007.22
https://doi.org/10.1103/PhysRevLett.98.060502
https://doi.org/10.1103/PhysRevLett.98.060502
https://doi.org/10.1038/s41467-017-02366-7
https://doi.org/10.1038/s41534-019-0136-0
https://doi.org/10.1088/1367-2630/abf79a
https://doi.org/10.1103/PhysRevApplied.11.034049
https://doi.org/10.1103/PhysRevA.100.012342
https://doi.org/10.1103/PhysRevLett.119.130505
https://doi.org/10.1103/PhysRevApplied.14.014052
https://doi.org/10.1038/ncomms15359
https://doi.org/10.1038/ncomms15359
https://doi.org/10.1126/sciadv.aaw8586
https://doi.org/10.1038/s41467-018-05669-5
https://doi.org/10.1038/s41467-018-05669-5
https://doi.org/PhysRevResearch.2.043350
https://doi.org/10.1103/PhysRevX.5.041017
https://doi.org/10.1038/nphys919
https://doi.org/10.1038/nature14246
https://doi.org/10.1103/PhysRevA.68.042313
https://doi.org/10.1103/PhysRevLett.95.260501
https://doi.org/10.1103/PhysRevLett.95.260501
https://doi.org/10.1063/1.5010102
https://doi.org/10.1364/OE.25.012804
https://doi.org/10.1364/OE.25.012804
https://doi.org/10.1038/s41467-019-12149-x
https://doi.org/10.1038/s41467-019-12149-x
https://doi.org/10.1088/1367-2630/17/2/022002
https://doi.org/10.1103/PhysRevLett.121.090501
https://doi.org/10.1364/OE.23.028836
https://doi.org/10.1103/PhysRevLett.120.110502
https://doi.org/10.1364/OE.25.027475
https://doi.org/10.1109/JSAC.2020.2968996
https://doi.org/10.1038/s41566-018-0324-z
https://doi.org/10.1038/s42254-019-0056-0
https://doi.org/10.1038/s42254-019-0056-0
https://doi.org/10.1038/s42005-019-0234-5
https://doi.org/10.1021/nl402552m
https://doi.org/10.1103/PhysRevLett.121.250503
https://doi.org/10.1038/ncomms11411
https://doi.org/10.1103/PhysRevA.99.053831
https://doi.org/10.1038/s41598-018-26144-7
https://doi.org/10.1103/PhysRevX.10.031031
https://doi.org/10.1364/OPTICA.6.000244
https://doi.org/10.1038/s41567-018-0203-z
https://doi.org/10.1088/2058-9565/abe5ee
https://doi.org/10.1088/2058-9565/abe5ee
https://doi.org/10.1364/OPTICA.5.001418
https://doi.org/10.1063/1.5033559

