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High-dimensional entanglement offers a variety of advantages for both fundamental and applied appli-
cations in quantum information science. A central building block for such applications is a programmable
processor of entangled states, which is crucial for the certification, manipulation, and distribution of
high-dimensional entanglement. The leading technology for processing photons is integrated multiport
interferometers. However, such devices are incompatible with structured light and their scaling is chal-
lenging. Here, we unlock these limitations by demonstrating a reconfigurable processor of entangled
photons in high dimensions that is based on multiplane light conversion (MPLC), a technology that has
recently been developed for multiplexing hundreds of spatial modes for classical communication. We use
our programmable MPLC platform to certify three-dimensional entanglement in two mutually unbiased
bases, perform 400 arbitrary random transformations on entangled photons, and convert the mode basis of

entangled photons for entanglement distribution.
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I. INTRODUCTION

High-dimensional entanglement is attracting increas-
ing attention in quantum information science [1,2]. States
entangled in high dimensions can exhibit stronger cor-
relations [3,4], increase the information density in quan-
tum communication [5], provide superior computational
resources [6], and are more resilient to noise and loss
[7]. Taking advantage of such entangled states for both
fundamental and applied applications requires efficient
methods to generate, manipulate, certify, and distribute
high-dimensional entanglement [1,2].

While the generation of high-dimensional entangled
states has been demonstrated over a variety of photonic
platforms and degrees of freedom [8—12], platforms for
scalable and universal processing of entangled photons,
which are required for the certification, manipulation, and
distribution of entanglement, are lacking. To date, the
leading platform for universal processing of entangled
states is photonic integrated circuits, where the input pho-
tons encoded in N waveguide modes are transformed via
a mesh of approximately N? integrated Mach-Zehnder
interferometers with programmable phase shifters [13—20].
The quadratic scaling with the number of modes makes
the integrated approach sensitive to fabrication errors
and interferometric noise. Moreover, integrated proces-
sors are incompatible with encoding high-dimensional bits
of information in the transverse modes of photons, thus
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precluding fundamental tests and applications of entangle-
ment of structured photons [2,21-24]. Recently, a different
approach compatible with high-dimensional encoding with
transverse modes has been proposed and demonstrated,
using wave-front shaping and a multimode fiber as a
reconfigurable multimode processor [25,26]. While being
a promising direction for studying linear quantum net-
works, it requires careful characterization of the complex
transmission matrix of the multimode fiber, which lim-
its the available optical bandwidth and temporal stability
[25,27].

Here, we consider multiplane light conversion (MPLC),
a technology developed for multimode processing in
classical optical communication, as a universal platform
for processing high-dimensional entanglement. MPLC is
based on performing general and reconfigurable unitary
transformations on arbitrary spatial modes, using only a
few optimized phase masks separated by free-space prop-
agation [28-30]. MPLC has several unique features that
make it attractive for processing entangled photons. It
exhibits high phase stability due to its common path con-
figuration, it supports arbitrary input and output modes,
and it offers extremely wide-band operation [31,32]. Most
importantly, the number of phase masks required for
implementing arbitrary unitary transformations scales only
linearly with the number of manipulated modes, making
this approach potentially scalable [28,29,33,34]. Recently,
MPLCs have been used for performing unitary gates
on single photons in high dimensions [35,36] and for
studying  two-photon interference of  separable
orbital-angular-momentum (OAM) states [32], showing
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FIG. 1.

Processing high-dimensional entanglement. (a) A pixel-entangled two-photon state undergoes a general unitary transfor-

mation implemented using a multiplane light converter (MPLC). The output quantum correlations are measured at the last plane
of the MPLC. (b) An illustration of the experimental implementation. Pixel-entangled photons are generated via spontaneous para-
metric down-conversion. The MPLC is placed at the far field of the nonlinear crystal and consists of five planes, implemented by
successive reflection between a phase-only spatial light modulator and a mirror. The correlations between the photons at different
transverse positions are measured at the output using two single-photon detectors placed on motorized stages that scan their transverse

position.

their compatibility with quantum states of light. It is thus
appealing to consider MPLC as a platform for processing
high-dimensional entanglement.

In this work, we demonstrate the applicability of MPLC
as a versatile and scalable platform for quantum infor-
mation processing of entangled photons in high dimen-
sions. We study four key tasks for quantum information
processing: high-dimensional entanglement certification,
tailored two-photon interference, arbitrary random trans-
formations, and spatial mode conversions for entanglement
distribution. All tasks are performed by simply chang-
ing the reconfigurable phase patterns employed by the
MPLC, without any changes in the hardware. To cer-
tify two- and three-dimensional entanglement and observe

tailored two-photon interference, we program the MPLC
to switch between mutually unbiased bases (MUBs)
[10]. To demonstrate the universality of MPLC process-
ing, we experimentally realize 400 Haar-random uni-
tary transformations and verify both the fidelity and the
statistics of the random output states [16,17]. Finally,
we demonstrate mode conversion between the origi-
nal path-encoded state and a linearly polarized (LP)
mode basis that is suitable for entanglement distribu-
tion via a few-mode fiber link [37-40]. These results
pave the way toward both fundamental research and
technological applications of high-dimensional entan-
glement utilizing MPLC as a universal entanglement
processor.

014063-2



PROCESSING ENTANGLED PHOTONS IN HIGH DIMENSIONS. .. PHYS. REV. APPLIED 18, 014063 (2022)

N=2 N=3
(a) Standard basis (d) Standard basis
[0)4 O— [0%)4
|0>A 10")4 ol 11y, 0— Iy [1')4
,0—"4)—o 1), - |2), 0— 20,
IO)B [0")8 0.0 [0)p O— 10"
[1)50—_"4 }—0 1), " o 11— Ig 115 .
10 » M 109, | Jos |2)5 0— 12') 0.4
1")g )a 0.4
(b) DFT basis 03 ©) DFT basis -
0.2
10),40 o 10') > 19240 1004
|1>A: . : |1,>A 0.1 |1)4 O—{DFT 114 0.5 Ot
4 4 00 12)4 O— 12 0.0
’ 0.0
pem e poyom
8 B |1)5 O—{DFT 1) 10
2)p O— 2' B >
12)p 12" I2I>B - |2.>A
(c) (f) Proy, 10, (9) Poy,um, (h)  Poy e,
360
21 .0 . I
© ¢ s 2
[0 [=3 |
20.8 E 2 180
g g 0.8
806 m 90
E 0 0.6
204 (i) se0 (i) (k)
N 0.4
T 270
£ >3
‘50'2 . < 180 02
=z L £ &
0.0 = %
0 90 180 270 360 ;
¢ (deg) 0 90 180 270 360 O 90 180 270 360 O 90 180 270 360

¢, (deg) ¢, (deg)

&, (deg)

FIG. 2. Entanglement certification. A maximally entangled Bell state is encoded by considering the spatially entangled photons in
two input spatial modes per photon. To test the fidelity of our state with respect to the maximally entangled Bell state, measurements in
the standard basis (a) and in the DFT mutually unbiased basis (MUB) (b) are performed by programming the desired transformations
using the MPLC. A fidelity F > 95 £ 1% is obtained, certifying entanglement. A relative phase ¢ in the input state is scanned by adding
the desired phase to one of the modes at the input plane of the MPLC, yielding the expected sinusoidal change in the coincidence rate
(c). The small observed shift between the theoretical prediction (not fitted) and the measured data might result from a constant phase
shift between the input modes, which is likely caused by slightly imperfect alignment or phase correction of the SLM. The error bars
are smaller than the size of the data points. Next, we consider three input spatial modes per photon and measure the fidelity of our
state compared with the three-dimensional entangled state. Programming the MPLC to switch between the standard (d) and the DFT
mutually unbiased basis (e), a fidelity F' > 90 £ 2% is obtained, certifying genuine three-dimensional entanglement. Similarly to the
two-dimensional case, the input plane of the MPLC can be used to scan the two relative phases between the terms. The experimental
results in (f)—+(h) and the theoretical predictions in (i}«(k) for the normalized correlations between the different output modes are in
good agreement, exhibiting quantum interference with high visibility.

II. RESULTS beam [Fig. 1(b)]. The MPLC is located at the far field of
the crystal; thus, due to transverse momentum correlations

The concept of processing high-dimensional entan- in SPDC, the input quantum state is spatially entangled and

glement using an MPLC is depicted in Fig. 1(a). The

two-photon entangled state is encoded using 2N spatial
modes in the so-called pixel basis [11,41]. The N upper
(lower) modes are labeled as |0) 4, - -, [N — 1), (|0}, - -,
[N — 1)p). The desired unitary operation is programmed
onto the MPLC, which transforms the input state accord-
ingly, and the correlations between different output modes
are then measured using single-photon detectors.
Experimentally, we generate the spatially entangled
input state via spontaneous parametric down-conversion
(SPDC) by pumping a nonlinear crystal with a pump-laser

is given approximately by |¢) = 1/\/]V(|O)A 0)g+ -+
IN = 1), IN — 1)p).

We note that the above quantum state is presented in
the Schmidt mode basis, which is highly convenient for
entanglement certification [10]. For pixel entangled states
generated via SPDC, the pixel and Schmidt bases are
equivalent under two main conditions, which are fulfilled
in our experiment: the defined pixels are separated by
more than the width of the pump beam, leading to mini-
mal coincidence crosstalk, and are also within the range of
the phase-matching condition of the SPDC process [42].
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We experimentally implement a five-plane MPLC by suc-
cessive reflections of the photons between a phase-only
spatial light modulator (SLM) and a mirror. The algorithm
for finding the required phase masks for a desired uni-
tary transformation is based on the wave-front-matching
algorithm [43] (see Appendix B).

A. Entanglement certification

We begin by using the MPLC to certify high-
dimensional entanglement [1,10]. To certify entanglement
in two or more dimensions, one must measure the quan-
tum correlations between the photons in at least two
MUBs [10,44]. In our case, we utilize the reconfigura-
bility of the MPLC to switch between measurements in
the “standard” |0) , - - -, [N — 1) pixel basis and in the dis-
crete Fourier transform (DFT) MUB defined by |j') ;5 =

1/v/N Zfz;é ™ |m) 4,5, where N is the dimension of the
Hilbert space of each photon and w = exp(27i/N). It has
recently been proved that this set of measurements is suffi-
cient for obtaining a lower bound on the fidelity F' between
the inspected quantum state and a maximally entangled
target state [10]. Using this bound, m-dimensional entan-
glement within an N-dimensional state is certified for F >
(m—1)/N [10].

In two dimensions, we measure the fidelity of the state
compared with the maximally entangled Bell state |®*) =
1/«/§(|O)A [0)g 4+ 11)4|1)5). We first program the MPLC
to perform the identity operation, which maps each input
spot to a single output spot. Strong correlations between
the photons are obtained in this basis [Fig. 2(a)]. To obtain
a lower bound for the fidelity, we program the MPLC
to switch to the DFT basis defined above, where strong
correlations are observed as well [Fig. 2(b)]. Using these
two results, we certify the entanglement by obtaining a
lower bound for the fidelity £ > 95 & 1%, significantly
above the upper bound for separable states of 50% [10].
To further quantify the performance and coherence of the
transformation, we look at the visibility of the quantum
interference in the DFT basis, by applying a phase ¢ to
one of the spots at the input plane. The quantum correla-
tions at the output change sinusoidally with respect to this
relative phase, in agreement with the theoretical prediction
and with a high visibility of 94.3 £ 0.4% [Fig. 2(c)].

In three dimensions, we perform similar measurements
to obtain a lower bound for the fidelity of our state with
respect to [) = 1/3/3(10),410)5 + 1)1 11)5 + [2)4 12)).
By measuring the correlations in the standard and DFT
bases, we certify genuine three-dimensional entanglement
by obtaining F > 90 + 2% [Figs. 2(d) and 2(e)], which
is above the upper bound of 67% obtainable with two-
dimensional entanglement [1,10]. In three dimensions, two
relative phases between the different terms in the quantum
state, ¢, ¢, can affect the quantum interference between
the photons in the DFT basis. By varying the phases of two
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FIG. 3. Programming arbitrary random transformations. We

use the MPLC to experimentally implement 400 random uni-
tary transformations on four input modes, sampled according to
the Haar measure. A histogram of the obtained statistical fideli-
ties is presented in (a), showing an average statistical fidelity
Fy =88.9+0.3%. In the inset, the probability distribution of
the coincidence rates between the different modes normalized by
their mean is presented (blue points) together with the theoreti-
cal prediction according to the Porter-Thomas distribution (black
line). In (b), a simulation of the average statistical fidelity for
four-mode transformations as a function of the number of planes
in the MPLC is presented (blue points). Our experimental result
with five planes is marked with a black square. The histogram of
the simulated statistical fidelities for an MPLC with ten planes is
presented in the inset, exhibiting a statistical fidelity of 98 &£ 2%.

input spots and measuring the coincidence rate between
different output modes, we observe quantum interference
with an average visibility 93.5 £ 0.5% [Figs. 2(f)-2(h)]
and in good agreement with the theoretical prediction

[Figs. 2(i)-2(K)].

B. Haar-random transformations

Next, we showcase the universality and reconfigurabil-
ity of the MPLC platform by programming Haar random
unitary matrices, which are of great interest for applica-
tions such as boson sampling [16,45] and quantum cryp-
tography [46]. We experimentally implement 400 random
four-dimensional unitary transformations on four spatial
modes (two modes per photon), sampled according to the
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Haar measure [47]. For each random unitary, the coinci-
dence rates between all pairs of output modes are mea-
sured. The probability distribution of the coincidence rates
for different unitary transformations is presented in the
inset of Fig. 3(a). For random transformations, accord-
ing to the Porter-Thomas distribution, a negative expo-
nential distribution is theoretically expected (black line)
[48,49], with good agreement with the experimental results
(blue dots). As a measure of the resemblance between
the experimentally measured correlations between each
pair of modes P;" and the theoretical predictions P for
each unitary transformation, we utilize the commonly used
statistical fidelity defined as Fy =Y, \/P;"PM [16]. A
histogram of the 400 statistical-fidelity values is presented
in Fig. 3(a). The average statistical fidelity obtained in
our experiment is Fy = 88.9 £ 0.3%. The fidelity can be
improved even further by increasing the number of planes
in the MPLC. To show this, we simulate the performance
of the MPLC for random transformations as a function of
the number of planes [Fig. 3(b)]. Statistical fidelities of up
to 98 + 2% can be obtained by as few as ten planes. The
high statistical fidelities that we obtain between the MPLC
generated transformations and the target Haar transforma-
tions manifest the capability of MPLC to generate arbitrary
unitary transformations, as by definition Haar matrices uni-
formly sample the space of all unitary transformations
[19].

C. Mode conversion

Finally, we demonstrate the relevance of MPLC for
entanglement distribution [37-40]. The encoding of
entangled photons in modes compatible with the quan-
tum link used for their distribution is important for

(a)/ Alice \(b) Car, (c) Ca, B,
o
o
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Few-mode fiber
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FIG. 4. Mode conversion for entanglement distribution. (a) An
illustration of entanglement distribution utilizing the MPLC as a
mode converter. The MPLC is programmed such that one of the
photons is left untouched and stays with Alice, while the other is
transformed from the pixel basis to a fiber-mode basis and can be
transmitted to Bob via a few-mode fiber link. In the experiment,
we transform Bob’s photon to a LPg;, LP; basis and measure its
spatial distribution conditioned on the detection of a photon at
Alice’s top (b) or bottom (c) spots.

reducing loss and crosstalk, making mode converters cen-
tral for such applications. Here, we consider the case
where Alice generates a pair of photons entangled in
the pixel basis and wishes to distribute one photon to
Bob via a few-mode fiber link. Alice can thus use her
MPLC to convert Bob’s photon to the LP mode basis sup-
ported by the weakly guided optical fiber, while keeping
her photon in the pixel basis for ease of detection [Fig.
4(a)]. In the experiment, we consider the initial state |®T)
= 1/ﬁ(|O)A |0)5 + |1) 4 |1) ) generated by Alice and pro-
gram the MPLC to convert Bob’s photons such that the
state | V) = 1/«/§(|O)A |[LPo1)5 + |1) 4 |LP11) ) is obtained
(see Appendix B). By keeping Alice’s detector at a fixed
position and scanning the position of Bob’s detector at the
output of the MPLC, we observe a correlation between the
LP mode detected and the position of Alice’s stationary
detector [Figs. 4(b) and 4(c)].

III. CONCLUSIONS

We certify high-dimensional entanglement with high
fidelity by programming the MPLC to switch between
different mutually unbiased bases [10,35]. By scanning
the phases of the spots at the input plane and measur-
ing in the DFT basis, we observe high-visibility quantum
interference, which is fundamental to many quantum infor-
mation processing tasks. Furthermore, to demonstrate the
universality of MPLC, we experimentally program 400
Haar-random unitary transformations on four modes using
MPLC with five planes, observing high statistical fidelity
[16]. Besides demonstrating the reconfigurability and uni-
versality of the MPLC, Haar-random unitaries are impor-
tant for boson sampling, quantum key distribution, and
other quantum information processing tasks [16,17,45,46].
Finally, we consider the use of MPLC as a mode converter
for entanglement distribution, demonstrating correlations
between the position of one photon and the measured LP
mode of the other.

We note that the use of SLMs and phase plates for per-
forming quantum information processing tasks has become
a common practice in recent years, especially for high-
dimensional states [2]. For example, two-photon quan-
tum interference and single-photon high-dimensional gates
have recently been realized using MPLC in the OAM
degree of freedom [32,35], OAM- and pixel-entanglement
certification have been demonstrated with the aid of
SLMs [10,11], and mode converters in both the classi-
cal and quantum domains have been realized using static
phase plates [50] and SLMs [33]. Our work contributes
to this ongoing effort by demonstrating the manipula-
tion of high-dimensional entanglement using MPLC and
by performing a variety of different tasks using a single
reconfigurable platform, rather than a specific setup for
each given task.
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Being a reconfigurable, scalable, and universal approach
for processing entangled photons in high dimensions that
is also compatible with structure light, MPLC can serve
as a leading platform for both fundamental and applied
quantum information science. We also anticipate that the
wide bandwidth of MPLC [31], together with the abil-
ity to control all degrees of freedom of light [51], will
open up possibilities in controlling hyperentangled states
[52]. Finally, as recent results in the classical domain have
demonstrated the use of MPLC for sorting over a thou-
sand spatial modes with only 14 phase masks [53], we
believe that MPLC could be used for the processing of
entangled photons encoded in record-high dimensions in
the near future.
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APPENDIX A: DETAILED EXPERIMENTAL
SETUP

A detailed illustration of the experimental setup is given
in Fig. 5. A 250-mW 405-nm continuous-wave laser is
used as a pump beam for the SPDC process. The pump

beam is first filtered by two 40-nm filters centered at 400
nm to exclude any residual light at undesired wavelengths
and then focused by a 400-mm lens onto an 8-mm-thick
type-1 B-barium borate (BBO) crystal, exhibiting a waist
of 55 pum at the crystal plane. After the crystal, a dichroic
mirror is used to separate the pump beam from the entan-
gled photons. A 2f" system with a focal length of 50 mm
followed by a 4f system with a focal length of 150 mm
are used so that the far-field distribution of the photons is
imaged onto the first plane of the MPLC.

The MPLC consists of five planes, implemented by
reflecting the entangled photons between a liquid-crystal
SLM (pixel size 12.5 um) and a dielectric mirror. Free-
space propagation of 76 mm separates the different planes
in the MPLC. A vertical linear phase is implemented in all
arcas of the SLM not used for the transformation, to allow
efficient blocking of residual light by a spatial filter located
after the MPLC, at the Fourier plane of the last phase
mask. As the SLM modulates only horizontally polarized
light, we place a polarizer at the output of the MPLC to
eliminate any unmodulated light. Lenses with focal lengths
150 mm and 250 mm are used to image the final plane of
the MPLC onto two 100 um multimode fibers connected
to single-photon detectors. A 50:50 beam splitter (BS) is
used to probabilistically split the light into the two detec-
tors, which are filtered with 10-nm filters centered around
810 nm. Coincidence counts are recorded using a dedicated
field-programmable gate array, with a coincidence window
of 4 ns. Accidental counts are subtracted in all coincidence
measurements.

f =150 mm

Dichroic
mirror 4

f =400 mm

400 £+ 40 nm

Band-pass filter
810 +£ 10 nm

Band-pass filter

I Mirror

Polarizer

FIG. 5. The detailed experimental setup.
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APPENDIX B: METHODS

1. Wave-front matching

The required phase masks for every transformation
presented in this work are calculated by the wave-front-
matching optimization method. Given a set of input and
output modes defining the desired unitary transformation,
an optimization process with between 20 and 50 itera-
tions is performed. In every iteration, each phase mask is
adjusted by propagating all input modes, back propagating
the output modes to the same relevant plane, and taking
their phase differences into account. Due to reciprocity, for
a perfect transformation, the output and input modes must
have the same phase profile at each plane. The algorithm
thus adjusts the phase at each plane so that the average
error between all input and output modes is minimal (for
more details and an open-access MATLAB code, see Ref.
[43]). To avoid scattering losses and obtain smoother phase
masks, we limit the optimization algorithm to utilize angles
up to only a quarter from the maximal diffraction angle
determined by the pixel size of the SLM. In addition, uti-
lizing the fact that our modes are spatially separated at
the input plane, an additional phase is added to each input
mode to ensure that their global phases at the output are
correct.

2. LP modes

The field distributions of the output LPy; and LPy;
target modes in Fig. 4 are calculated for a step-index
fiber with a diameter of 50 um and a numerical aper-
ture of 0.2, at a wavelength of 808 nm [54]. The size
of the actual target output modes is scaled up by a fac-
tor of 10 to allow them to be measured with good spatial
resolution.

APPENDIX C: MPLC EFFICIENCY

We define the efficiency of the MPLC as the ratio
between the total intensities measured at the output and
input modes of the MPLC. To estimate the efficiency of
the MPLC, we consider 50 Haar-random transformations
at four spots (as in Fig. 3) and compare, for each trans-
formation, the total intensity at the relevant spots before
and after the MPLC. We observe an average efficiency
of 19 4 5%, which is comparable with recent demonstra-
tions using classical light [43]. The efficiency of the MPLC
in our experiment is reduced mainly due to loss (17%),
the accuracy of the transformations—which, according to
simulations, reduce the efficiency by 31 &+ 8% —and the
imperfect diffraction efficiency of the SLM. We note that
in principle, MPLCs with much higher efficiencies can be
achieved, using, for example, deformable mirrors instead
of liquid-crystal SLMs.
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