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Metasurfaces based on resonant nanophotonic structures have enabled novel
types of flat-optics devices often outperforming the capabilities of bulk com-
ponents, yet these advances remain largely unexplored for quantum applica-
tions. We show that non-classical multi-photon interferences can be achieved
at the subwavelength scale in all-dielectric metasurfaces. We simultaneously
image multiple projections of quantum states with a single metasurface, en-

abling a robust reconstruction of amplitude, phase, coherence, and entangle-
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ment of multi-photon polarization-encoded states. One- and two-photon states
are reconstructed through nonlocal photon correlation measurements with
polarization-insensitive click-detectors positioned after the metasurface, and
the scalability to higher photon numbers is established theoretically. Our work
illustrates the feasibility of ultra-thin quantum metadevices for the manipula-
tion and measurement of multi-photon quantum states with applications in

free-space quantum imaging and communications.

The field of nanostructured metasurfaces offers the possibility of replacing traditionally
bulky imaging systems with flat optics devices (/) achieving high transmission based on all-
dielectric platforms (2—7). The metasurfaces provide a freedom to tailor the light interference
by coherently selecting and mixing different components on a sub-wavelength scale, enabling
polarization-spatial conversion (4, 7—12) and spin-orbital transformation (/3). Such capabili-
ties motivated multiple applications for the regime of classical light, yet the metasurfaces have
a potential to emerge as essential components for quantum photonics (/4—17).

The key manifestations of quantum light are associated with non-classical multi-photon
interference, which is an enabling phenomenon for the transformation and measurement of
quantum states. Conventionally, manipulation of multi-photon states is performed through a se-
quence of beam-splitting optical elements, each realizing quantum interference (/8-20). Recent
advances in nanotechnology enabled the integration of beam-splitters and couplers on tailored
plasmonic structures (21, 22), yet material losses and complex photon-plasmon coupling inter-
faces restrict the platform scalability. We realize several multi-photon interferences in a single
flat all-dielectric metasurface. The parallel quantum state transformations are encoded in multi-
ple interleaved metagratings, taking advantage of the transverse spatial coherence of the photon
wavefunctions extending across the beam cross section. In the classical context, the interleav-

ing approach was effectively used for polarization-sensitive beam splitting (8, 9, 11, 12), yet it
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requires nontrivial development for the application to multi-photon states.

We formulate and realize an application of the metasurface-based interferences for multi-
photon quantum state measurement and reconstruction. We develop a metasurface incorpo-
rating a set of M /2 interleaved metagratings (see Part 3 in Ref. (23)), each composed of
nano-resonators with specially varying dimensions and orientation according to the principle
of geometric-phase (8) to split specific elliptical polarization states (7), which would not be
possible with conventional gratings (see Part 1 in Ref. (23)). This performs quantum projec-
tions in a multi-photon Hilbert space to M imaging spots, each corresponding to a different
elliptical polarization state [Fig. 1(A)], which is essential to minimize the error amplification in
quantum state reconstruction (24). Then, by directly measuring all possible /N-photon correla-
tions from the M output beams, it becomes possible to reconstruct the initial N-photon density
matrix providing full information on the multi-photon quantum entanglement. For example, in
Fig. 1(B) we show a sketch of three gratings (top) which realize an optimal set of projective
bases shown as vectors on the Poincaré sphere (middle) for M = 6.

The photon correlations between M output ports can be obtained with simple polarization-
insensitive click single-photon detectors. The metasurface can be potentially combined with
single-photon sensitive electron-multiplying CCD (EMCCD) cameras (25, 26) to determine the
spatial correlations by processing multiple time-frame images of quantum states. We consider
quantum states with a fixed photon number /V, which is a widely-used approach in photon detec-
tion (27-30). The N-fold correlation data, stored in an array with N dimensions, are obtained
by averaging the coincidence events over multiple time frames. For example, in Fig. 1(C) we
sketch a case with N = 2 and M = 6. In each frame, two photons arrive at different combina-
tions of spots. After summing up the coincidence events over multiple time frames, we obtain a
correlation in two-dimensional space. Following the general measurement theory of Ref. (30),

we establish that for an indistinguishable detection of N-photon polarization states (i.e. the



detectors cannot distinguish which is which of the /N photons), the required number of output
ports to perform the reconstruction scales linearly with the photon number as M > N 4 3, see
Fig. 1(B, bottom). For instance, with M = 6 up to N = 3 photon states can be measured.

The parallel realization of multi-photon interferences with a single metasuraface offers prac-
tical advantages for quantum state measurements. Conventional quantum state tomography (27)
methods based on reconfigurable setups can require extra time and potentially suffer from errors
associated with the movement of bulk optical components (27) or tuning of optical interference
elements (37/). Moreover, the conventionally-used sequential implementations of projective
measurements present a fundamental limit for miniaturization, while being inherently sensi-
tive to fluctuations or misalignment between different elements, especially for higher photon-
number states. The emerging methods based on static transformations implemented with bulk
optical components (/9) or integrated waveguides (28-30) still require multiple stages of in-
terferences. In contrast, our quantum metasurface provides an ultimately robust and compact
solution, the speed of which is only limited by the detectors.

We fabricate silicon-on-glass metasurfaces with M/ = 6 and M = 8 using standard semi-
conductor fabrication technology (see Parts 4,7 in Ref. (23) for details). The experimentally
determined polarization projective bases obtained through classical characterization are plotted
on the Poincaré sphere in Fig. 2(A) for a metasurface with M = 6 that is used later for quantum
experiments. The transfer matrix measurements confirm that the polarization projective bases
are close to the optimal frame. The condition number, a measure of error amplification in the
reconstruction (see Part 1 in Ref. (23)) is 2.08, close to the fundamental theoretical minimum
of v/3 ~ 1.73. The reconstruction is immune to fabrication imperfections, as their effect is
fully taken into consideration by performing an experimental metasurface characterization with
classical light after the fabrication (see Parts 6,10 in Ref. (23)).

First, we show that our metasurface enables accurate reconstruction of the quantum-



polarization state of single photons. A heralded photon source is used at a wavelength of
1570.6 nm based on spontaneous parametric down conversion (SPDC) in a nonlinear waveguide
(see Parts 5,8,9,11 in Ref. (23) for details). The heralded single photons are initially linearly
polarized. They are prepared in different polarization states by varying the angle of a quarter
wave-plate (QWP), sent to the metasurface, and each diffracted photon beam is collected by a
fiber-coupled interface to the single-photon detectors. By measuring the correlations with the
master detector, we reconstruct the quantum-polarization state from the photon counts at the
six ports. The results are shown in Fig. 2(B), where the curves are theoretical predictions and
dots are experimental measurements. We observe that the measurement errors are dominated
by the single-photon detection shot noise, which is proportional to the square root of the photon
counts, as indicated by the error bars. We use the measured photon counts to reconstruct the
input single-photon states by performing a maximum-likelihood estimation (27) and plot them
on a Poincaré sphere in Fig. 2(C). The reconstructed states present a high average fidelity of
99.35% with respect to the prepared states.

Next, we realize two-photon interference, the setup of which is conceptually sketched in
Fig. 3(A). The SPDC source generates a photon pair with horizontal (H) and vertical (V) polar-
izations, with their path length difference controllable by a delay-line (see Part 12 in Ref. (23)
for details). We measure the effect of delay on the two-photon interference, analogous to the
Hong-Ou-Mandel (HOM) experiment (32). In such a nontrivially generalized two-photon in-
terference, we expect a dip or peak depending on the 2 x 2 transfer matrix Tpp X [Ua, ub]T
from the two-dimensional polarization state vector to a chosen pair of ports, where { denotes
transpose conjugate, and u,, u, are the projective basis of ports a and b, respectively. We note
that T',;, corresponds to an effective Hermitian Hamiltonian resulting in a conventional HOM
dip only if u, and u, are orthogonal, while otherwise a HOM peak can appear analogous to a

lossy beam-splitter (22). Here we set the angle of the QWP at # = (0°, which means that the



photon pairs are in a state p(6 = 0°), where one photon is H- and another is V-polarized. As
reflected in the Poincaré plot of Fig. 3(B, right), where the red arrows denote projective bases
of the two ports (u,, u,) and blue arrows represent the polarization of the photon pairs — one
photon in H- and the other in V-polarization, we see that the state vector uy points to the op-
posite direction of ug. We find that in this case photons with cross-polarized entanglement in
H-V basis will give rise to a dip in the interference pattern with the variation of path length
difference, see Fig. 3(B, left). Such a behavior is directly caused by the coalescence nature of
bosons. The situation is quite different if we measure such an interference between ports a = 1
and b = 5, since uy and ujs are far from being orthogonal. This can be seen from the red arrows
in the Poincaré sphere of Fig. 3(C, right), where the angle between the two vectors representing
u; and uy is much smaller than 7. For entangled photons with H and V polarization in a pair,
interference under the transfer matrix T'5 leads to a peak instead of a dip when varying the
path difference in the delay-line. Indeed, in Fig. 3(C, left) we observe a peak, which is related
to the anti-coalescence of bosons in transformations induced by non-Hermitian Hamiltonians,
a nontrivial generalization of the HOM interference analogous to Ref. (22). For details of the
theoretical predictions and experimental methods see Part 4 in Ref. (23).

As a following step, we measure all 15 two-fold nonlocal correlations between the M = 6
outputs from metasurface for a given input state where the time delay is fixed to zero. This
provides us full information to accurately reconstruct the input two-photon density matrix. We
use two single-photon detectors to map out all possible output combinations, while this could
be potentially accomplished even simpler with an EMCCD camera. We show representative
results for two different states p(f = 0°) and p(6 = 37.5°) in Figs. 3(D,E) and 3(F,G), respec-
tively. Note that p(f = 0°) is a state where photon pairs have cross-polarized entanglement
beyond the classical limit, yet it is not fully pure (see Part 4 in Ref. (23)), providing a suitable

test case for reconstruction of general mixed states. In Fig. 3(D) we show the measured two-



fold correlations for the input state p(f = 0°), and the reconstructed density matrix is shown
in Fig. 3(E). The fact that only the bunched four central elements are non-zero confirms cross-
polarized property of our photon pairs in H-V basis. Moreover, the non-zero | HV'V H) element
implies the presence of two-photon entanglement. It is smaller compared to the diagonal ele-
ment |HV HV'), indicating that the polarization state is not fully pure. While p(6 = 0°) only
has non-zero elements in the real part of the density matrix, we also show the measurement and
reconstruction of p(6 = 37.5°) that contains nontrivial imaginary elements in Figs. 3(F,G). In
both cases, we achieve a very good agreement between the predicted and reconstructed density
matrices as evidenced by high fidelity exceeding 95%. The correlation counts are obtained by a
Gaussian fitting to the correlation histogram to remove the background, which is less than 10%
of the signal for all measurements shown in Fig. 3(F).

Our results illustrate the manifestation of multi-photon quantum interference on metasur-
faces. We formulate a concept of parallel quantum state transformation with metasurfaces,
enabling single- and multi-photon state measurements solely based on the interaction of light
with sub-wavelength thin nanostructures and nonlocal correlation measurements without a re-
quirement of photon-number-resolvable detectors. This presents the ultimate miniaturization
and stability combined with high accuracy and robustness, as we demonstrate experimentally
via reconstruction of one- and two-photon quantum-polarization states including the amplitude,
phase, coherence and quantum entanglement. In general, our approach is particularly suitable
for imaging-based measurements of multi-photon polarization states, where the metasurface
can act as a quantum lens to transform the photons to a suitable format for the camera to recog-
nize and retrieve more information. Furthermore, there is a potential to capture other degrees
of freedom associated with spatially varying polarization states for the manipulation and mea-
surement of high-dimensional quantum states of light, with applications including free-space

communications and quantum imaging.
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Fig. 1. Concept of quantum state imaging via nanostructured flat optics. (A) Sketch of using
a metasurface to image an input /N-photon polarization state into an M -spot image. Top-right
inset shows an SEM image of the fabricated all-dielectric metasurface. (C) Top — Sketch of three

interleaved gratings for M/ = 6. Middle — the corresponding projective bases shown as vectors
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on the Poincaré sphere. Bottom — minimum number of required spots to fully reconstruct the
initial quantum state for different NV, where optimal-frame choice of projective bases exists for
M=6, 8, 12, 20, .... (C) An example of correlation measurement with N=2 and M=6, with

several time-frame measurements combined into a two-dimensional correlation image.
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wave plate realizing a photon state transformation before the metasurface. Experimental data
are shown with dots, with error bars indicating shot noise. Solid lines represent theoretical pred-
ications based on classically measured metasurface transfer matrix. (C) Comparison between
the prepared (solid line) and reconstructed (dots) states based on the measurements presented

in (B), plotted on a Poincaré sphere.
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Fig. 3. Experimental two-photon interferences and state reconstruction with the metasur-
face. (A) Schematic setup including photon pair generation and pump filtering, a delay-line
with polarizing beam splitters (PBS) to control the path difference between orthogonally polar-

ized photons in a pair, state transformation with a quarter-wave plate (QWP), and state mea-
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surement with the metasurface using avalanche photo-diodes (APDs). (B),(C) Quantum cor-
relations between ports (B) 1 and 6 with close-to-orthogonal bases and (C) 1 and 5 with non-
orthogonal bases, shown with dots and error bars indicating shot noise. Solid curves represent
theoretical predications. Red arrows in the Poincaré spheres denote projective bases of different
ports. Blue arrows indicate the polarization state of entangled photons, with one photon in H-
and the other in V-polarization. (D),(F) Representative two-fold correlation measurements and
(E),(G) the corresponding reconstructed density matrices p labeled "Measured’ alongside with
the theoretically predicted states labeled *Predicted’ for QWP orientations (D),(E) § = 0° and
(F),(G) 6§ = 37.5°.
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