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Abstract: Most optical phenomena result from the interaction of electromagnetic waves with matter.
However, the light structure can be eminently more complex than plane waves, with many degrees
of freedom and dimensions involved, yielding intricate configurations. Light transcends the con-
ventional landscape of electromagnetism, offering the possibility to tailor light in three dimensions
(intermixing all three electric field components), in four-dimensional spacetime (for fields manifesting
both temporal and spatial patterns), and, beyond that, to make structured quantum light, tuning its
characteristics at an unprecedented new level of control. This article addresses the physical foun-
dations of structured light, its interactions with matter, including the nonlinear regime and probing
chirality, its classical benefits with holography as a specific highlight, and quantum mechanical
applications. It describes the various applications connecting structured light with material physics,
quantum information, and technology. Notably, we discuss weak measurements with structured light
acting as the meter with connections to probing structured-light beam shifts at interfaces. Ultimately,
revealing the interplay between structured light and matter opens attractive avenues for different
new technologies and applications, covering both the classical and the quantum realms.

Keywords: structured light; chirality; holography; weak measurements; quantum applications

1. Introduction

The new science that was born at the beginning of the 20th century aims to describe a
microscopic reality that cannot be sufficiently and correctly described by classical physics.
New ideas, such as the postulate of quantization of energy and the concept of the photon
(carrier of the energy of the electromagnetic field), were introduced and led to the devel-
opment of the new theory known today as Quantum Mechanics. Through the concept
of the photon [1], as a quantum of oscillating electromagnetic field, the new physics of
light emerged, connecting the corpuscular and electromagnetic wave nature of light in a
single unity. Also, with the development of new physics, topology has become not only a
fundamental branch of mathematics but also a tool that connects advanced mathematical
concepts of space and its transformations with the physics and dynamics of physical sys-
tems. In this account, we are especially interested in describing the link between the shape
and geometry of electromagnetic waves with their properties [2,3]. Complex structured
light shows great potential in that regard [4,5]. That makes ideas issued from the field
of topology relevant to other disciplines, such as chaos, continuum mechanics, nonlinear
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dynamics, electromagnetism, quantum physics, mathematical biology, and physics of com-
munication, to give a few examples. It should be emphasized that the vector nature of
light (polarization, vector potential, vectorial fields, etc.) is indispensable in describing
light-matter interactions in various systems and controls numerous phenomena, such as
diffraction, scattering, nonlinear processes, and polarization-sensitive interactions [6]. Now,
we acquired the capability to design and shape the polarization of optical beams from high
to low intensities, down to the single-photon level. Subsequently, that enabled the study of
topological phenomena. These advancements also went along increased control of phase
and polarization singularities, as well as of orbital angular momentum (OAM) of light
and spin angular momentum (SAM) [2,7], including spin-orbit coupling. It also spurred
progress in areas as diverse as optical sensors and spectroscopy, holography, ellipsometry,
nonlinear optics, and super-resolution imaging. Furthermore, vectorial light fields provide
us with more informational resources than homogeneously polarized plane waves. Indeed,
while classical, these fields exhibit nonseparable properties, evidenced through correla-
tions reminiscent of quantum entanglement. In addition to applications, the concept of
structured light uniquely connects the shape and geometry of light waves with matter [8].

In this account, we first briefly introduce structured light with a detailed description
of a few attractive beams (diffracting and nondiffracting) for photonics and material appli-
cations, focusing mainly on the applications of structured light in spectroscopy, chirality,
and quantum studies. Subsequently, we also summarized structural light in prominent
applications such as linear and nonlinear photonics and holography. In the end, we present
the applications of structured light from the quantum perspective, highlighting the power
of structured light for fundamental quantum studies and applications relevant to quantum
technologies, including the context of quantum weak measurements. This article is aimed
at the broad community of physicists, quantum researchers, and physical chemists, with
the goal of attracting attention to structured light and its applications in material and
quantum science. It serves as a first step in enlightening these communities about the
unusual properties of electromagnetic waves, which differ significantly from simple plane
waves, and their vast potential for fundamental control of light-matter interaction, as well
as applications in material and communication sciences. With that respect, we highlighted
original applications, which we believe are of particular interest for these communities, and
which were not the focus of previous reviews on structured light (such as probing chirality,
holographic applications, and quantum weak measurements, to cite a few).

2. Structured Light: Nondiffracting and Accelerating Beams

Commonly, electromagnetic wave fields undergo diffraction during propagation,
resulting in a transverse spreading of the field distribution. However, there are beam classes
that maintain their profile along propagation. Such beams became famous as diffraction-
free or nondiffracting beams [9]. Nondiffracting beams were first introduced by Durnin in
1987 [10], as monochromatic optical fields with propagation-invariant transverse intensity
distributions. Mathematically, they are particular solutions of the Helmholtz equation

ofU(x,y) + kfU(x,y) = 0. (1)

in different coordinate systems: Cartesian, circular cylindrical, elliptical cylindrical, and
parabolic cylindrical coordinates [11,12]. Such coordinate systems give rise to a certain type
of nondiffracting beam: discrete (plane wave and their superpositions) [11], Bessel [13],
Mathieu [14], and Parabolic beams [15], respectively.

Nondiffracting beams have been studied in different configurations. Two-dimensional
periodic intensity patterns can be generated as a superposition of multiple plane waves [11],
but a quasiperiodic pattern such as a Penrose lattice is generated as a superposition of five
plane waves [16]. Bessel beams are obtained by solving the Helmholtz equation in circular
cylindrical coordinates and their transverse intensity distributions are characterized by
concentric rings; Figure 1a depicts a Bessel beam. They possess a whole class of higher-
order modes, which are typically indicated by one integer. Additionally, their higher-



Symmetry 2024, 16, 1053

3 of 36

order modes carry optical orbital angular momentum (OAM) along their propagation
axis, which can be transferred to trapped particles. Bessel beams can be easily generated
with conical lenses, so-called axicons, and they are the most investigated [17]. In recent
studies, Bessel beams have been used to induce periodic photonic lattices [12], and even
Fibonacci photonic lattices [18]. Bessel beams are already well described and reviewed as
the simplest form of light with OAM after the Laguerre-Gauss beams. In this highlight,
we focus more on other types of structured beams (Airy, Matthieu, and Laguerre—Gauss)
and their applications in spectroscopic and quantum studies that could be exploited in
various optical and quantum technologies. A third family of nondiffracting beams, so-
called Mathieu beams, are solutions of the Helmholtz equation in elliptical symmetry.
The transverse intensity distribution of Mathieu beams consists of discrete spots along
elliptic or hyperbolic paths; one example is shown in Figure 1b. Their generation is
more complicated, compared to Bessel beam generation as there are no commercially
available simple refractive devices. One option for their realization is the holographic
generation with spatial light modulators (SLM). A nondiffracting beam that is distorted
by an obstacle within the beam path reconstructs its original transverse shape after a
distinct propagation length. This feature makes nondiffracting beams highly suited for
three-dimensional applications. Moreover, helical Mathieu beams that are superpositions
of even and odd modes of Mathieu beams, provide continuous phase variations, so they
have been used to investigate the transfer of orbital angular momentum to particles in
optical micromanipulation [9,19].

Parabolic beams are the fourth family of nondiffracting beams, they are a solution
of the Helmholtz equation in the parabolic cylindrical coordinate system and might be
interesting for further applications in optical micromanipulation. One intensity distribution
of the Parabolic beam is depicted in Figure 1c.
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Figure 1. Typical examples of nondiffracting beams: transverse field distributions of selected
(a) Bessel, (b) Mathieu, and (c) Weber beams.

Nondiffracting beams with finite energy are bounded by the homogeneously transmitting
aperture of finite dimensions or by the Gaussian aperture, and they are known as pseudo-
nondiffracting beams. Experimental and numerical investigations show that the nondiffracting
and pseudo-nondiffracting beams have J-like angular spectrum, represented by a circle in the
Fourier plane, that confirms their propagation-invariant character making such beams useful
in optical micromanipulation, wireless communication and nonlinear optics [20,21].

Apart from eliminating diffraction, additional properties of such beams are observed, that
make them useful for potential applications. One of them is the robustness of the nondiffracting
beams: they show resistance against both amplitude and phase distortions, and they are able to
regenerate themselves to the original form in the free propagation behind a nontransparent ob-
stacle [22,23]. Nondiffracting beams also possess a self-reconstruction ability [24]. Well-known
methods of generating nondiffracting beams require the use of the computer-generated
holograms [25], the axicon [26] or the programmable spatial light modulators [27].

2.1. Applications of Accelerating Beams

Since their revelation by Berry and Balazs, the appealing class of Airy beams has
attracted vast interest in different fields of physics. Originally, Airy beams were introduced
as wave functions, solving the one-dimensional Schrodinger equation for free particles.
Their probability density exceptionally stays non-spreading under time evolution, while
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being transversely accelerated to follow a parabolic trajectory [28]. Due to the formal
equivalence between the Schrédinger equation in quantum mechanics and the paraxial
equation of diffraction in optics, the concepts and solutions can be exploited within the field
of optics, where Airy beams can be directly observed and revealed in experiments [29,30].

They are invariant along parabolic trajectories and attract enormous attention because
of their unique properties. Contrary to the previously mentioned straight nondiffract-
ing beams, they belong to the class of accelerating nondiffracting beams and propagate
on curved trajectories. Figure 2 shows the transverse (a) and longitudinal (b) intensity

distribution of a two-dimensional Airy beam.
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Figure 2. Two-dimensional Airy beam: Numerical simulation of (a) transverse intensity distribution,

and (b) the intensity distribution along the propagation.

Their transverse self-acceleration [31,32] and nondiffraction [33,34] features make
them useful for various applications ranging from laser micromachining (Figure 3a) [35],
ultra-fast self-accelerating pulses [36] to dynamically routing surface plasmon polaritons
(Figure 3b) [37,38], self-bending plasma channels (Figure 3c) [39], and frequency gener-
ation [40]. In optical micromanipulation, they have been proposed as an “optical snow-
blower” (Figure 3d) due to their ability of two-dimensional particle transport [20]. Their
special self-healing properties and self-reconstruction after passing small obstacles have
been demonstrated theoretically and experimentally [41].

Figure 3. Cont.
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Figure 3. Applications with Airy beams: (a) Femtosecond laser micromachining with accelerating
beams in diamond (left) and silicon (right), top row represents 3D view images of the samples while
bottom row shows the same samples but with a profile orientation—Reprinted from [35], with
the permission of AIP Publishing, (b) generation of Airy plasmons (scheme of the experimental
set-up)—Reprinted figure with permission from [38], ©2011 by the American Physical Society,
(c) curved plasma channel generation (scheme of the experimental set-up) From [39]—Reprinted
with permission from AAAS, and (d) optically mediated particle clearing, micrographs of the colloids
exposed to the Airy beam with two different rotations (left and right) of the beam [20]—Reproduced
with permission from SNCSC.

2.2. Applications of Nondiffracting Beams

The science of nondiffracting beams carries great potential and is well-recognized
for advancing many fields, especially in discrete and nonlinear photonics [42—44]. Some
examples considering Airy beams are the influence of photonic lattice or refractive index
gradient to control or compensate the Airy beam self-acceleration and design the beam
caustics itself [42-47], as well as using two-dimensional Airy beams to optically induce light-
guiding structures for various applications such as optical signal routing and switching [48].

The effects of nonlinearity on Airy beam propagation have been investigated in many
theoretical and experimental studies [49-51]. Nonlinearity added a new degree of freedom
to the system leading to interesting effects and phenomena. One of the well-known and
most fundamental effects in nonlinear systems is the existence of spatial solitons—localized
structures that preserve their shape owing to the balance between diffraction and nonlinear
self-focusing. Arising from the interaction of multiple two-dimensional Airy beams in a
nonlinear medium, a new type of soliton formation has been demonstrated [52]. Depending
on different phase configurations of such synthesized beams (in phase or out of phase),
either one solitary solution (Figure 4a) or a pair (Figure 4b) is observed that propagates
almost stable with small intensity modulations (breathing).

—
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Figure 4. Formation of solitary states from the interaction of two Airy beams: (a) in-phase, and

(b) out-of-phase. Reprinted with permission from [52] © Optica Publishing Group.
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Another class of nondiffracting beams, Mathieu beams, are mostly used as lattice-
writing light to fabricate discrete waveguide structures and investigate their nonlinear
self-action, which lead to the morphing of the discrete diffraction [53]. It is linked to linear
discrete diffraction with nonlinear self-effects and demonstrates a gradual transition from
one to two dimensions (Figure 5). Discrete diffraction similar to the typical one observed in
1D waveguide arrays is demonstrated with Mathieu beams of zeroth order propagating
in nonlinear media (Figure 5a). With higher-order Mathieu beams, discrete diffraction is
observed along each layer.
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Figure 5. Gaussian probe beam propagation in Mathieu lattices: (a) Oth order Mathieu lattice;
(b) 6th order Mathieu lattice, central; (c) 6th order Mathieu lattice, outer. Reprinted with permission
from [53] © Optica Publishing Group.

Nonlinear self-action of elliptic Mathieu beams leads to the formation of high-intensity
filaments, which rotated in the direction determined by the energy flow, forming chiral
Mathieu photonic structures [54]. The formation of chiral Mathieu lattices is observed only
in a limited regime with proper parameters for the nonlinearity and structure size (Figure 6).
An investigation of chirality with other classes of beams (diffracting Laguerre-Gaussian
beams) is described thoroughly in the next section.

Two-dimensional Fibonacci photonic structures are optically induced, which are sup-
posed to be among the most ordered realizations of deterministic aperiodic patterns [18].
For their generation, nondiffracting Bessel beams are used as waveguide formation en-
tities (Figure 7). It is constructed as an experimental system for the realization of disor-
dered lattices by a single optical induction process in parallel using nondiffracting beams
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and numerically precalculated disordered patterns with adjustable disorder degrees [55]
(Figure 8).

Figure 6. Chiral Mathieu photonic lattices made with Mathieu beam structure size of (a) 15 um, and
(b) 25 um [54].

Figure 7. Optical induction of photonic lattice in photorefractive crystal SBN: Fibonacci photonic
lattice generated with Bessel beams. (a) Fibonacci lattice with lattice spacing following Fibonacci
words (indicated alongside), (b) spatial spectrum S (kx, ky) according to lattice shown in (a), (c) mea-
sured effective intensity with Bessel beam lattice sites taken by multiple-shot illumination at the
back face of the crystal. The bottom right quadrant shows according to numerical simulation, and
(d) experimental output for plane-wave probing (contours indicate waveguide positions). Reprinted
with permission from [18] © Optica Publishing Group.

‘aperiodic lattice/J ‘disorder pattern/l ‘disordered lattice‘

Figure 8. Optical induction of aperiodic and disordered aperiodic Mathieu photonic lattice in
photorefractive crystal SBN: (A) aperiodic lattice, (B) disordered pattern, and (C) disordered lattice.
Reprinted with permission from [55] © Optica Publishing Group.

3. Structured Light: Probing Chirality in Molecular Systems Using Diffracting
Laguerre-Gaussian Beams

Although the optical properties of a material can be understood using the more-
than-150-year-old Maxwell’s equations, the fundamental structure—property relationship
between light and matter remains very relevant. Particularly interesting are the optical
properties of chiral materials (different interactions with left and right circularly polarized
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light), a class of materials that is of fundamental importance in all scientific fields, especially
in life sciences because all biological entities are mostly composed of chiral molecules.
Chiral molecules are not superimposable on their mirror image and occur in two different
forms, called enantiomers. Chiral materials have unique optical properties. For example,
they have a different interaction with left- and right-hand circularly-polarized light, termed
optical activity, allowing optical interrogation of each enantiomeric form. Experimental
methods to study chiral materials and discriminate between enantiomers mostly rely on
circular dichroism (CD), and optical rotation (OR). These optical activity effects can be
explained by interferences between electric-dipole (ED) and magnetic-dipole (MD) contri-
butions to the optical response. Electric-quadrupole (EQ) interactions can also contribute,
but in isotropic systems, they average to zero and therefore EQ contributions are rarely
invoked to explain CD and OR [56].

Apart from linear momentum along its trajectory, light can carry a nonzero angular
momentum. When light is circularly polarized and in the paraxial regime, the photons
carry a spin angular momentum (SAM) of o7 where ¢ can either be +1 (for LCP) or —1 (for
RCP). Hence, optical activity effects such as CD and OR originate from the interaction of
chiral materials with the SAM of light. In 1992, Allen et al. [57] showed that photons can
carry an additional orbital angular momentum (OAM) apart from spin. The total angular
momentum is thus the sum of a spin part depending on polarization, and an orbital part
with a certain spatial distribution of the momentum vector. If we consider a plane wave,
where electric field E and magnetic field B are transverse with respect to the direction of
propagation, the cross-product results in the energy flux vector (Poynting vector) parallel
to the direction of propagation. This means that in free space the direction of momentum
flow is parallel to the direction of light propagation. To attain a helical phase front (carrying
OAM), E and B are transverse to the phase fronts, but not to the propagation direction. This
results in a momentum flow not only in the z direction but around the beam axis as well.
Within the paraxial approximation, we can say that a photon in a helical phase front carries
a momentum of /i where { € Z is the topological charge representing the multiplicity (the
number of twists within a wavelength) with the sign representing the twisting direction
of the helical wavefront. If one were to look towards such a Laguerre-Gaussian (LG)
beam, it would appear doughnut-shaped due to the phase singularity at the middle of the
phase cross-section (Figure 9).

Up to now, Laguerre-Gaussian light has been used for various applications, and many
excellent reviews are available on this topic [58,59]. However, in this paragraph, we would
like to focus on the electronic interaction of Laguerre-Gaussian light with chiral matter as
a new spectroscopy method. Indeed, a central question regarding their interaction with
matter in the spectroscopic framework remains still unanswered. In theory, ¢ can go up to
infinity but since infinitely large beam sizes do not exist, the topological charge is limited
by the aperture size. The optical vortex thus propagates with a helical phase defined as ¢'‘?,
where the gradient of the azimuthal phase results in the OAM.

A central question remains how the OAM of such a vortex beam can engage with chiral
matter other than in merely exerting mechanical torque, acting as an optical spanner [60].
It seems rather intuitive that, because the spin part of angular momentum can infer optical
activity in chiral materials, OAM can do it as well. However, the scientific community has
been divided on the physical mechanism through which this occurs. Initial theoretical work
showed that the helicity of optical vortices cannot engage with the chirality of a molecular
system [61-63]. In that work, the authors considered the classical electric-dipole and
magnetic-dipole interactions to the optical response, as is usually performed to describe the
interaction of chiral materials with SAM. However, they did not exclude the possibility of
interaction through an EQ mechanism. The first experimental investigations were initiated
by Araoka et al and Loffler et al. The former investigated solutions of an enantiomerically
pure helicene bisquinone derivative, the latter focused on a cholesteric polymer [64,65].
Both studies showed that OAM is not specific in its interaction with chiral matter. Only
circular polarization, associated with SAM, can engage with materials chirality. However,
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it was not until many years later that it was demonstrated that the OAM of light can indeed
electronically interact with chiral matter [66]. They showed that light with OAM of +I, and
—I, interacts differently with the enantiomers of chiral systems. The observed difference
effect was dependent on the topological charge and was termed helical dichroism. The
material used in these experiments was a hybrid layered material consisting of chiral
organic molecules and plasmonic and superparamagnetic nanoparticles [66]. The authors
showed that one needs to invoke electric-quadrupole contributions to describe the optical
interaction with OAM. Later theoretical work indeed confirmed that EQ interactions are
crucial in describing the interaction of OAM with chiral matter [7,67,68].

Y

Figure 9. (a) Electric field propagation of circularly polarized light (in a Gaussian beam), carrying
spin angular momentum. (b) Stylistic representation of wave-front propagation of Gaussian beam
with OAM quantum number of zero and Laguerre-Gaussian beams with OAM quantum number
of 1 and —1. (c) Two-dimensional representation of intensity and phase according to the beams
represented in (b).

Since then, helical dichroism has been observed in other systems, but mostly in nano or
microstructures—systems that are not purely molecular in nature. For example, extremely
strong helical dichroism that changed with the sign and magnitude of the topological charge
was observed by Ni et al. in two-dimensional chiral nanostructures [69]. The same authors
observed very strong vortical differential scattering, i.e., a different scattering efficiency for
opposite topological charges, in chiral (helical) microstructures and showed that the chiro-
optical response can be carefully tuned by the geometry of the structures [70,71]. Indeed,
by matching the structural dimensions with the dimensions of the vortex beam, they were
able to optimize the vortical differential scattering geometry. Furthermore, adsorbing chiral
molecules (L-and D-phenylalanine) on the microstructures allowed them to discriminate
between the enantiomers. Recently, it was demonstrated that helical dichroism can even
be observed in purely molecular systems by exploiting nonlinear optical processes such
as multi-photon absorption. Isotropic chiral solutions of simple organic molecules were
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shown to exhibit helicity-dependent nonlinear absorption [72]. The authors also stressed
the importance of quadrupole contributions that occur due to laser-induced orientational
effects in the solution.

From the above, it is clear that the study of the interaction of vortex beams with
chiral matter is still in its infancy. However, recent experiments have shown that chiro-
optical techniques based on OAM can be an extremely valuable addition to the portfolio of
currently available chiro-optical spectroscopies. One of the main advantages of OAM is that
the momentum values are not limited to &7 as is the case for SAM but can in principle take
on any integer value. This yields an additional degree of freedom to explore the interesting
properties of chiral molecules. Furthermore, chiro-optical techniques based on OAM need
not to be limited to linear optical processes such as absorption, transmission, or scattering.
Multi-photon techniques such as two-photon absorption, two-photon fluorescence, or
second-harmonic generation may in fact be much more sensitive to probe helical dichroism.

4. Structured Light: Holographic Applications

Since Gabor'’s first hologram [73], the holographic technique has largely grown and is
widely used in different fields, such as security [74], data storage [75], cultural heritage [76],
as well as imaging and medicine [77]. Basically, holography is an interferometric technique:
an interference pattern (i.e., the hologram) is generated by superimposing two coherent
beams, named the object and reference beam. The hologram can be recorded on a photo-
sensitive medium or, in the case of digital holography (DH), on a CCD. The original object
wavefront can be obtained by illuminating the hologram with the only reference beam; in
DH, this operation is numerically performed to retrieve the whole complex object beam.

Holography has been used to generate and detect structured light beams [78]. How-
ever, this section aims to report on how structured light can improve the performance of
holographic techniques. Therefore, with this goal in mind, the following aspects will be ex-
amined: phase shifting and resolution enhancement, memory and high-security encryption,
3D communications, and nonlinear and quantum holography.

In in-line DH, where the object and reference waves are overlapped, the reconstruction
of the object image is difficult due to real and virtual images overlapping. In order to
overcome this drawback, an off-axis configuration or phase-shifting approach can be
implemented [79]. However, a high-quality off-axis hologram is difficult to record due
to the limited bandwidth of the off-axis system which is feckless with respect to the
space-bandwidth product of the optical image amplitude [80]. Phase-shifting DH allows
for reconstruction of high-resolution images making full use of the bandwidth of the
optical detector; however, it generally requires multi-exposure holographic recording while
shifting the phase of reference field by an integer fraction of 27t [81]. In 2004, the use of an
optical vortex (OV) beam as the reference wave for phase-shifting holographic recording
was proposed [82]. The required phase shifts were obtained by generating four different
angled optical vortices; this optical vortex phase-shifting holography could offer a new
perspective in research on the dynamics of the OV in linear or nonlinear materials.

For high-throughput dynamic imaging, single-shot phase-shifting DH is highly de-
sirable. In this context, illumination with structured light could offer a new approach.
Zhang et al. proposed to use an OV beam with different eccentricity and topological
charge as the reference beam into a modified Michelson interferometer with two different
4f-telescopes [83]. A cosine grating is positioned in the object path allowing to produce at
once two-copy images of the measured object beam in the other beam path, leading to their
interference with the vortex reference wave in one single exposure (see Figure 10a). Parts
of the reference beam can be used to remove zero-order terms in the reconstruction process.
The reported experimental results are in good agreement with the theoretical analysis. The
same authors reported a Mach-Zehnder interferometer with a vortex beam (amplitude-only
Fermat-spiral sieve) as the reference signal and a splitting grating in the object arm [84]
which splits the object wave into four parts positioned in the four quadrants of the vor-
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tex reference wave. This scheme, shown in Figure 10b, gives rise to a single-exposure
interference pattern that contains the four frames of phase-shifting holography.

(a) Diffraction ..
field of the
measured
object

Phase
distribution of
the vortex
reference wave.

Object

Hologram with three
extracted intensity
regions (I, I, and I.p).

(b)

He-Ne Laser Beam Beam Splitter Vortex Lens Lens Mirror
Expander P
i Pinhole
~ ~— ~

" Splitting Grating ~ Fourier Lens

R—a——0—
B EE b oRE

— — —
Mirror Object Beam Splitter CCD Camera

Vortex reference wave

Figure 10. Phase-shifting digital holography set-ups with vortex beam in one single exposure. (a) Two
interference patterns. Laser: He-Ne laser; BE: beam expander; BS: beam splitter; O: object wave;
R: reference wave; L1-L4: condenser lens; PH: pinhole. Reprinted from [83] with permission from
Elsevier. (b) Four interference patterns [84]. ©Astro Ltd. Reproduced by permission of IOP Publishing
Ltd. All rights reserved.

By combining DH with optical microscopy, digital holographic microscopy (DHM) can
be implemented to image semi-transparent and transparent objects. Generally, DHM spatial
resolution is limited by the wavelength (1) and the numerical aperture (NA) of the imaging
system [85]. In order to improve the resolution of intensity images, structured illumination
microscopy (SIM) has shown high potential [86]. Since 2010, when super-resolution in
holograph was demonstrated using structured illumination [87], this research field has
attracted increasing interest. In 2013, Gao and co-workers reported an improvement of the
resolution thanks to the use of structured light generated by a spatial light modulator (SLM)
which illuminates the object projecting fringes with different orientations and phase shifts
without mechanical motion [88]. Autofocusing has been also achieved for both amplitude
and phase objects by detecting the minimal difference between the reconstructed images
related to different diffraction orders of the structured illuminations. Alternatively, fringe
patterns can be generated by a digital micromirror device (DMD) and, when applied as
illumination of the object in DHM, 3D refractive index tomographic images of samples
have been retrieved [89].

Structured illumination generated by a sequence of differently oriented sinusoidal
gratings onto an SLM has been directed to a Mirau microscope objective in DHM, forming
its image on the sample and leading to a resolution enhancement of 35% with respect to
standard DHM [90]. One-dimensional gratings with different orientations can be replaced
by single 2D gratings, allowing increased resolution in multiple directions. Moreover, deep
learning has been recently proposed to further enhance the reconstruction efficiency and
the accuracy of DHM imaging based on structured illumination [91].
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Among its different applications, holography is considered a crucial platform for opti-
cal encryption and data storage. Despite the possibility of holograms reaching nanometre-
scale resolution thanks to recent progress in metasurface technologies, the hologram band-
width is still too low for practical applications. This drawback has been recently addressed
by storing information in the orbital angular momentum (OAM) of light: basically, the
incident OAM beam is the key to unlocking the specific information. Multi-bit OAM-
multiplexing holograms can be obtained by high-order OAM beams allowing an all-optical
holographic encryption with a high level of security. The basic principle of OAM hologra-
phy is reported in Figure 11. Starting from 2019, Fang and colleagues firstly demonstrated
a multiplex information of four channels based on a meta-hologram consisting of GaN
nanopillars with discrete spatial frequency distribution (see Figure 11a) [92]. Then, in
2020, they reported an OAM holography technology able to multiplex up to 200 inde-
pendent OAM channels and realized by a polymer-based metasurface [93]. Finally, the
same research group reached an ultra-high-capacity holographic information system able
to have up to 2!® OAM-specific holographic images [94]. This goal has been achieved by
engineering a sampling array period in order to match the spatial-frequency distribution of
a precise incident OAM beam. The design approach of the 10-bit OAM-encoded hologram
as well as the OAM code chart are shown in Figure 11b,c.

(a)

OAM-multiplexing
meta-hologram
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Figure 11. (a) Schematic of an OAM-multiplexing meta-hologram: multiple OAM-dependent holo-
graphic images can be reconstructed [92]; (b) design approach for a 10-bit OAM-multiplexing
hologram for high-security holographic encryption [94] , reproduced with permission from SNCSC;
(c) OAM code chart: 10 high-order OAM modes are used to reconstruct the 10 OAM-dependent digits
based on the OAM-multiplexing hologram [94], reproduced with permission from SNCSC.
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High-security holographic encryption has been also obtained by using an all-dielectric
birefringent metasurface for holographic encryption: the OAM selective holographic in-
formation can be retrieved only if the incident beam has the right topological charge and
polarization state [95].

The holographic technique has been traditionally applied in the linear optical regime;
however, in the recent past, the concept of nonlinear holography has been introduced to
shape the wavefront of the light emitted by nonlinear optical process [96]. In this context,
the use of OAM multiplexing nonlinear holography has been experimentally demonstrated
to overcome the crucial restriction of wave coupling in nonlinear optical process [97]. This
approach, demonstrated in a type-II second harmonic generation (SHG) process, allows
wavelength-multiplexing nonlinear holography (WMNH) and can be also enhanced by
encoding multiple patterns for each wavelength leading to an increase in information
channels, thus proving for the first time the multichannel nonlinear holography (MCNH).
The basic principles of both WMNH and MCNH applied in type-II SHG are reported in
Figure 12.
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Figure 12. Concepts of WMNH (up) and MCNH (down). NOMH: nonlinear OAM-multiplexing
hologram; KTP: nonlinear material (KTiOPO,). In the SHG process there are two incident fundamen-
tal beams (kH and kg, H and V are the horizontal and vertical polarizations, respectively) and the

output is the second-harmonic beam (kY , vertically polarized). WMNH in a type-II SHG process

2w’
allows to separately reconstruct letters N and ] in forward wave and SHG wave, respectively; MCNH

in a type-II SHG process permits to reconstruct letters A, B, C, and D in SHG wave [97].

Taking advantage of quantum interference in a nonlinear interferometer between
correlated signal and idler photon pairs generated by spontaneous parametric downcon-
version (SPDC), Topfer et al. overcame the limited detection for wavelengths outside the
visible range [? ]. In detail, they designed a phase-shifting holography with nonclassical
states of light and demonstrated that both the amplitude and phase of the photons trans-
mitted /reflected from the object can be reconstructed, hence obtaining an image of the
object even if the same photons are never detected. With such a configuration, the reference
for holography corresponds to one of the photons of the pair.

Another interesting and widely used application of the holography technique is 3D
imaging and display technologies, useful for 3D communication. On this line of arguments,
a potential solution to telepresence in the metaverse has been proposed by developing
a real-time 3D system integrating the detection, hologram generation, transmission, and
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visualization [99]. This system is based on a structured light camera (slower, with a higher
resolution and depth accuracy with respect to a CCD) and a light field camera (with a high
frame rate) that acquired the 3D scene; then, phase-only holograms are computer-generated
by an algorithm based on rendered depth images and shading images (layer-based angular
spectrum method), as sketched in Figure 13a. A 4K SLM is used to dynamically reconstruct
the phase-only holograms. A 3D model of a human body has been captured and rendered
into videos by rotating 360° around the central axis (see Figure 13b), showing the abilities
of this system for 3D communication in the near future.

(a) Holographic Communication System
\\
ﬁ“ T
w
1
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1Structured Light Camera (5G network) Projector SLM(4K)
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Light Field Camera(11.82Gbps)  Switcher Server SLM Driver

(b2

t=04s t=0.6 s t=0.8 s

t=1.0s t=12s t=14s t=16s
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Figure 13. (a) Holographic communication system; (b) experimental results: (b1) color maps of
target objects, (b2) depth maps of target objects, (b3) reconstructions of the objects, (b4) dynamic
holographic 3D display. Reprinted from [99] with permission from Elsevier.
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The significant research efforts, partly reported in this section, highlight that in the last
few years structured light beams have become an important tool for holography technique
to strongly enhance its performance, open up new perspectives, and pave the way for a
wide range of its potential applications.

5. Structured Light: Quantum Viewpoint and Applications

Many of the remarkable properties of structured light beams originate from classical
electromagnetism, a world fundamentally ruled by Maxwell’s equations and wave physics.
However, when the light intensity reaches extremely low values, the beams exhibit discrete
behaviors that conform to the quantized rules of optics and light-matter interactions. In
quantum optics, photons become the building blocks of structured beams. In a simple
picture, photons carry not only a discrete quantum of energy but linear and angular
momentum as well. The classical beam qualities emerge thus from the individual properties
of photons, with classical interferences arising from quantum superpositions. Nevertheless,
to describe the beam granularity, especially when correlations are involved, we must refer
to the quantum formalism. Indeed, the main conservation laws of physics affecting classical
optics, including phase matching in nonlinear optics, may produce entanglement in energy,
momentum, and angular momentum at the quantum level. Entanglement is associated to
nonseparable quantum states of composite systems. Multi-photon entanglement enables
the fundamental testing of nonlocality in quantum mechanics through the violation of Bell
inequalities. Interestingly, many structured light beams already exhibit nonseparable, local
correlations of their degrees of freedom in the classical description of the beam [100,101].
Structured light concepts often overlap the quantum-—classical boundary. This section briefly
reviews the properties of structured light beams from a quantum perspective, highlighting
the usefulness of structured light beams for fundamental quantum studies, as well as a few
applications relevant to quantum technologies.

Without considering the temporal structure of the wavepacket, the quantum state of a
photon from a paraxial beam propagating along the z axis can typically be written as

ZZ(C;{I|H>® }MI‘]‘>+C§J/‘|V>® ’M{j>)€ikzz. (2)
i=0j=0

The kets |[H) and |V') form the basis of the polarization degree of freedom (here, the
horizontal and vertical polarization states). The indices i and j label the various orthogonal
transverse modes ‘Mi]' (7., z)), since the spatial mode structure is conserved at the single-
photon level. The pair of indices arises from different mode families, which depend, in
particular, on the associated coordinate system (among them, the Hermite-Gauss modes
in Cartesian coordinates, the Laguerre-Gauss modes in cylindrical coordinates, or the
Mathieu-Gauss modes in elliptic cylindrical coordinates, for example). The complex
amplitudes c7; and ¢y, weigh the contributions of the different polarization and spatial
modes to the quantum state, as well as set their relative phases. Often, one will work with
a reduced set of modes, so that only a few coefficients may contribute to the structured
light beam, if not a single one. When the coefficients are factorizable, i.e., if we can write
Clé = m;jCy and cl‘]/ = m;;jCy, the polarization and the spatial structures of the light are
decoupled. In that case, the state is separable: it can be expressed as a single tensor product

(culH) +cv|V)) @ Y Y my| Mj)e™. 3)
i0j=0

Otherwise, the polarization and the spatial degrees of freedom are correlated, with a
quantum state (2) appearing formally as entangled, even though a single photon is involved.

One of the significant benefits of structured light beams as quantum resources is their
ability to carry orbital angular momentum (OAM). The spin angular momentum (SAM)
of light, i.e., its polarization, corresponds to a two-level quantum system, known as a
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quantum bit, or qubit. Polarization qubits are widely used in quantum optical studies.
Geometrically, their pure states correspond to the full surface of a sphere (Figure 14), called
the Bloch sphere in the context of quantum physics, or the Poincaré sphere in the context
of classical polarization optics [102] (actually, a representation of CP!, the complex pro-
jective line [103]). Left and right circularly polarized photons carry S, = £1% of angular
momentum. However, OAM states are associated to integer quanta L, = ¢% of orbital
angular momentum. OAM orthogonal modes can thus build higher-dimensional quantum
spaces, defining qudits. OAM qudits benefit experimentally from the light’s advantage of
interacting very little with its environment, avoiding decoherence, and thus preserving
quantum superpositions and entanglement over long distances. Unfortunately, the compli-
cated geometry of the qudit state space prevents a simple generalization of the Bloch sphere
representation [103], even in the three-dimensional, qutrit case [104]. Nevertheless, trans-
positions of the polarization Poincaré sphere describe two-dimensional subspaces of OAM
modes [105] (Figure 14), as well as higher-order Poincaré spheres depict the polarization
structure of vortex beams in terms of the total angular momentum [106], along with their
associated Pancharatnam-Berry geometric phase acquired under parametric evolution on
this sphere [107]. For example, structured light can acquire a geometric phase when prop-
agating in helical fibers [108]. Representations of generalized Hermite-Laguerre-Gauss
modes exist now in terms of Jones vectors [109], rays [110], and the Majorana stellar repre-
sentation of the modes [111]. A synthetic approach in terms of SU(2) coherent states [112]
englobes these prior descriptions [113]. We note in passing that the so-called fractional
angular momentum vortex beam actually consists of a quantum superposition of many
integer OAM states [114,115], generating high-dimensional spatial entanglement in twin
photons [116].

High angular momentum states are advantageous for quantum communications,
including quantum key distribution [117] (commonly referred to as QKD) because qudits
carry more information than qubits and are theoretically more secure (for example, they
are harder to clone optimally [118]). Atmospheric turbulence generally degrades the beam
spatial profile in practice [119], including for vector beams [120] (although they confer an
enhancement [121]). Nevertheless, it is possible to avoid the consequences of distortions,
notably by using structured states invariant under turbulence [122] (the latter are not based
on OAM, though), or to improve pattern recognition at detection by exploiting machine
learning [123]. Entanglement is a key concept in many quantum information processing
tasks. Early on, it was realized that spontaneous parametric down-conversion (SPDC) in
nonlinear crystals, with a Gaussian pump, produced pairs of photons entangled in OAM
(each photon carrying opposite values, considering a pump photon with no OAM) [124].
More explicitly, the conservation of angular momentum can yield entangled states of the
modes of twin photons, such as

[YaB) = co—oll) @ [y — £) +c_y |ty — £) @ |0), (4)

for a pump photon of angular momentum £, assuming that only two modes are produced,
of angular momentum /% and (¢, — ¢)h. Here, the tensor product involves the states of
different photons, meaning correlations can become nonlocal, contrary to the single-photon
correlations described by Equation (2). SPDC involving structured light [125-127] is thus
at the heart of many sources of photon pairs entangled in OAM. Interestingly, spin to OAM
coupling may occur in nonlinear conversion processes [128], going beyond the simple
phenomenon illustrated by (4). For the interested reader, a recent review [129] brings
into focus the specificity of nonlinear optics with structured light propagating in bulk
crystals. SPDC provides heralded single photons as well, that can be tailored to specified
beam shapes using standard structured light technologies (such as spatial light modulators
and holographic plates): for example, Airy single photons put in shape after SPDC [130]
(actually, the entanglement resulting from SPDC can even produce correlated Airy pho-
tons [131] or correlated Airy-non-Airy photons [132]). This technology enabled the creation
of entangled photon pairs in high dimensions and confirmed their entanglement through
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the measurement of a Bell inequality violation. For example, structured beams of entan-
gled photons demonstrated quantum cryptography with qutrits [133], as well as quantum
key distribution implemented in a 7-dimensional basis [134] or using mutually unbiased
bases encoded in OAM [135]. Over the years, structured light technology has substantially
pushed the boundaries of achievable entanglement: notably, by entangling high quantum
numbers of OAM [136,137]; by using hybrid entanglement schemes involving several de-
grees of freedom of photons, such as coupling spin and orbital angular momentum in single
photons [138] or in entangled photon pairs [139]; by entangling more than two degrees of
freedom [140], such as mixing polarization, OAM, and time-frequency modes [141], degree
of polarization [142,143], paths [144], or wavelength [145]; by increasing the number of
photons entangled in OAM [146,147] (the last example involves six photonic qutrits); and
by increasing the amount of entanglement using high-dimensional spaces, for example
involving many spatial (Laguerre-Gauss) modes of entangled photons [148]. For a review
of hyper-entanglement schemes (involving N photons entangled in d—dimensional qudits),
we suggest [149]. Recently, the spatial dependence of both classical and quantum mani-
festations of entanglement were resolved in photon and biphoton vector modes [150,151],
indicating that entanglement must not necessarily be a global property. Storing and convert-
ing OAM information is also crucial for quantum communication purposes. Memories were
notably realized using electromagnetically induced transparency in cold atomic ensembles
(for a recent long-lived qutrit memory [152]), with doped crystals [153], or with paths [154].
In order to develop technologies for quantum key distribution networks, entanglement
was successfully transferred from free-space OAM modes to energy-time entanglement in
fibres [155], and OAM transmission in fibres was demonstrated [156]. Entangled photons
of structured beams may also be useful for quantum metrology and imaging, for example
in generalizations of quantum ghost imaging techniques [157] or for sparse sensing [158].

OAM impacts light beam interactions with matter at the quantum level, as total angu-
lar momentum exchanges occur in integer values of fi. However, total angular momentum
conservation in these interactions does not preserve a priori SAM and OAM individually,
affecting selection rules in spectroscopy [159]. Even in a Gaussian beam, photons may
contribute OAM to complete a transition [160], since orbital angular momentum can be
defined with respect to an arbitrary off-axis origin. Transfers of photon OAM to matter
were observed for bound electrons in trapped ions [161] and evaluated theoretically for
atoms [162], while light vortices might produce rare superkicks to atoms [163,164]. Inter-
actions of structured light with matter can leave the matter in a desired quantum state,
making it useful for applications, such as acting as an entangling gate for two atomic
qubits [165], or generating vortices in quantum matter (for example, imprinting the OAM
on the spin texture in semiconductors [166], producing coherent atomic vortices in Bose-
Einstein condensates [167,168], or storing OAM information from ultra-short pulses in the
rotational coherences of molecules in the gas phase [169]). Structured light beams affect
the selection rules of atomic transitions in a position-dependent way [170]. Conversely,
light-matter interactions may probe the OAM structure, for example through atomic pho-
toionization [171]. The interplay between chirality, optical activity, and OAM is discussed in
more detail in Section 3 of this paper. Subtly, a quantum study of the atomic emission [172]
and absorption [173] processes in the close vicinity of the vortex of an OAM-carrying
beam enables probing how the classical phase singularity becomes blurred at the quantum
level, due to the quantum uncertainty and the quantum vacuum. In particular, absorption
near the vortex line defines a quantum core where absorption produces predominantly a
spinning motion of the atom around its center of mass, contrary to absorption occurring in
the coherent, classical field far from the vortex [173], which causes negligible spinning of
the atom. Let us note in passing that the rotations of atoms, molecules, and small objects
that are induced by the classical mechanical torque associated to OAM beams are of con-
siderable interest, including for studying quantum effects. Structured light beams can act
as optical spanners, where the beam total angular momentum, combining both SAM and
OAM, contributes to the induced rotational motion of the particle [174,175]. For a particle
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located off-axis, the different mechanical actions of SAM and OAM transfer can be tracked
experimentally, as SAM induces spinning of the particle around its own axis, while OAM
transfer makes it rotate around the beam axis [176-179]. The mechanical motion of atoms in
structured light was extensively reviewed [180]. Structured light enables optical trapping
and microparticle manipulation [181-183] (there is a nice earlier account of field [184] in
addition to the recent reviews [182,183]). The in-depth study of particle rotations promises
many quantum applications [185], such as probing the collapse of macroscopic quantum
superpositions by tracking orientational quantum revivals in nanorotors [186], or evi-
dencing quantum friction [187] and rotation-induced quantum phases [188]. Mechanical
rotations probe the complex structure of vortex beams as well, such as in this study of
beams evidencing transverse (instead of longitudinal) phase singularities and transverse
OAM [189]. To conclude this part on structured-light-matter interactions, let us add that
new material developments are crucial to efficiently tailor the structured light properties at
the single-photon level, notably through the use of metasurfaces [190-192].

Figure 14. Top: Bloch sphere representation of a two-level quantum system. Any pure quantum
state can be represented as a coherent superposition cos(8/2)|z) + sin(/2)e!?|—z) of the two basis
states |tz), with 6 and ¢ corresponding the usual spherical coordinates of points on the unit sphere.
Mixed states correspond to points inside the sphere. They can be described with density operators as
p=1+p)/2|6,¢)(0,¢|+ (1—p)/2|r—0,—¢)(rr — 6, —¢| with p € [0,1] linked to the state purity.
First row: Polarization ellipses for a polarization qubit with |z) = |H) (horizontal), |-z) = |V)
(vertical), |x) = |D) (diagonal), |—x) = |A) (anti-diagonal), |y) = |R) (circular right), |—y) = |L)
(circular left), along the zx, zy, and xy great circles, respectively. The red arrow indicates the z axis,
the green arrow, the y axis, and the blue arrow, the x axis. Second row: Intensity profiles of beams
generated by the coherent superpositions of the Laguerre-Gauss beams LGgEl with |z) representing
the LG& mode and |—z) representing the LGy 1 mode, also along the zx, zy, and xy great circles,
respectively. We can observe that the superposition generate the Hermite-Gauss modes HGjq for
|x) and HGy for | —x). Equivalent representations also exist for two-level systems based on coupled
degrees of freedom (for example with |z) = |R) ® ‘LG61> and |—z) = |[L) ® ‘LGOH>).
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At low intensities, structured light beams exhibit photon shot noise that can be detri-
mental to highly sensitive applications. With reduced quantum noise, sources of squeezed
structured light [193,194] can improve detection, imaging, and laser position measurements
(Figure 15). Thus, a quantized theoretical description of the fields and their observables
is necessary to describe the various quantum statistics, for polarization [195] and vortex
modes [196,197], including for phase [198], intensity, position, and angular measurements.
It can be obtained from the raising and lowering operators of quantum harmonic oscillators
associated to the classical electromagnetic modes, typically in the paraxial approximation,
but considering the photon wavefunction [199] is also fruitful to provide the appropriate
photon quantum numbers [200] and Stokes parameters [201]. An approach emphasizing
symmetry at the photon level sheds light on the essential features of the quantized field
operators and their associated quantum uncertainties relevant for light-matter interac-
tions [197]. Additionally, the raising and lowering operators for OAM can be constructed
from Schwinger’s representation of angular momentum using pseudo-oscillators [110].
The algebraic formalism of the quantum raising and lowering operators can notably relate
the mode families of purely classical paraxial beams [202], such as Hermite-Gauss or
Laguerre-Gauss modes. Certain complex beams can even be described at the theoretical
level with quasiparticles, such as skyrmions and hopfions [203,204], as well as effective
bosonic particles [205]. One practical question is whether structured light beams preserve
their useful classical properties down to the photon level. This has been shown, for example,
for the self-healing properties of heralded single photons of Airy [206] (Figure 16) and
Bessel [207] beams, and for the healing of entanglement in entangled Bessel beams [208].
OAM-entangled Airy biphotons were shown theoretically to be more resilient against
underwater turbulences than Laguerre—-Gauss beams [209]. Perhaps counter-intuitively,
the photon group velocity is slower than c for a beam propagating in free space [210,211]: a
simplified argument links this to the projection, on the beam axis, of the twisting movement
in a beam carrying OAM, which reduces the average propagation along the axis. This effect
was described in a quantum formalism using a Dirac-like equation, in which the photon
acquires an effective mass [212] and in terms of bosonic quasiparticles [205]. Thus, the
advent of structured light forces us to reconsider the nature of photons beyond the simple
plane wave or standing wave models. Conversely, the nonseparability of many properties
of photons in classical, structured light beams, as illustrated in (2), makes us revisit the
notion of entanglement in a classical context [213], such as nonseparability of polarization
and position or of ray-wave duality [214]. Nonseparability of classical space-time wave
packets, such as in the flying doughnut, has also been studied using the tools of quantum
information theory, such as fidelity, entanglement of formation, and concurrence [215],
while a quantum formulation of space-time wave packets has also been developed [196].
Another point of interest for the statistical quantum description is the study of phase singu-
larities in the global biphoton states, that manifest themselves in the detection coincidences,
i.e., in the quantum correlations [216].

We wish to highlight the importance of structured light beams for fundamental studies
of quantum mechanics. As an alternative to polarization qubits, OAM modes allow us to
investigate higher-dimensional quantum spaces with the advantages of low decoherence.
Many archetypal quantum experiments were carried out with OAM, such as Young’s two-
slit experiment [217,218], the verification of Heisenberg’s uncertainty relations for angular
position and OAM [219] (recently performed with entangled photons to test Popper’s
conjecture [220]), the demonstration of a delayed choice quantum eraser based on OAM
and SAM [221], the realization of entanglement swapping and/or teleportation [222,223],
including the teleportation multiple degrees of freedom [224] (operations that are also very
relevant for quantum information processing tasks useful for quantum technologies), and
performing Hong-Ou-Mandel interferences [225] to produce high-dimensional entangle-
ment. The azimuthal phase of vortex beams affects the Wigner phase time in quantum
tunnelling, effectively controlling the Hartman effect [226]. OAM modes enable the testing
of local realism through the violation of Bell [227] or Leggett [228] inequalities, including
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for high-dimensional systems [229] and for local degrees of freedom [230], but also of
contextuality [231,232]. In addition, a nonlocal game exploiting quantum correlations to
win with certainty [233], quantum correlations in optical-angle-OAM [234], and quantum
steering in a set-up closing the detection loophole using hybrid OAM-polarization entan-
glement [235] have all been demonstrated. Bell-like inequalities for continuous variables
expressed in terms of Wigner functions were violated for Laguerre-Gauss beams [236]
and studied theoretically for Ince-Gauss beams [237] (which include Hermite-Gauss and
Laguerre-Gauss modes as limits of their ellipticity parameter). Experimental tests of quan-
tum mechanics and quantum technologies require generating specific quantum states such
as Dicke [238], GHZ-like [213] and GHZ (entangled qutrits actually) [239] states, as well
as W states. Processing these states necessitates implementing mutually unbiased bases
(MUB) [135] and Bell basis [240,241], as well as building sets of quantum gates for single-
photon OAM states [242-244] and two-qubit SWAP gates [245]. For additional information
on the quantum aspects of structured light in high dimensions, we refer the reader to a
recent tutorial [246]. Light beams carrying OAM demonstrated quantum sensing of three-
dimensional rotations with parameter estimation near the optimal Cramer-Rao bound [247].
In addition, structured light beam concepts inspire applications in other fields, such as
atom optics with Bose-Einstein condensates [248].
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Figure 15. Noise reduction and amplification obtained for squeezed and anti-squeezed structured
light, respectively (the solid line corresponds to the theoretical model). The noise reduction reaches
up to 10 db for the Hermite-Gauss modes. Using higher-order spatial modes could mitigate the effect
of thermal noise in advanced interferometers. Reproduced from APS under CC4.0 license [194].

Figure 16. Self-healing of Airy photons with the main lobe blocked (the lobe is located in the top-left
corner of the beam). (a) Intensity profile in the plane z = 0, (b) z = 5 mm, (¢) z = 10 mm. The
main lobe reappears upon the beam propagation, evidencing self-healing at the photon level. The
images correspond to the accumulation of 3500 heralded single photons. Reprinted with permission
from [206] © Optica Publishing Group.
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A salient feature of light beams is their practical connection to quantum weak measure-
ments, at the very boundary between classical and quantum optics. Weak measurements
were introduced in 1988 by Y. Aharonov et al. to study foundational issues in quantum
mechanics [249]. Since then, however, weak measurements found their way into many
applications, especially because they enabled the detection of tiny physical phenomena,
through what is called weak value amplification [250]. A typical weak measurement of
a quantum system involves three successive steps: a pre-selection, which corresponds to
setting the initial state |¢;) of the probed system; a weak unitary interaction involving the
property of interest, that entangles slightly the probed quantum system with an ancilla
system (also called the pointer) that will act as a quantum measuring device; and the
measurement of the ancilla’s final state conditioned on the successful post-selection of the
system on a predefined final state [¢¢) (this can be accomplished by performing a projective
measurement on the system, followed by a filtering of the results of the system-ancilla joint
measurement). A classic weak measurement set-up involves the light’s polarization as
the probed system and the transverse position of the beam center as a pointer [249] (see
Figure 17). Let us note as an illustration that a usual quantum measurement of the OAM of
a structured light beam involves post-selection, performed by combining a specific OAM-
to-Gaussian mode converter followed by a Gaussian single-mode fibre [251]. Interestingly,
the results of a weak measurement of an observable A depend on the real and imaginary
parts of a complex number called the weak value

(9514l ) 5
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an expression that bears some resemblance to a generalized conditional quantum average.
Weak measurements are well-suited to probe fundamental issues of quantum mechanics
because, as the coupling becomes weak, the ensuing perturbation of the quantum state
due to measurement becomes negligible. This has allowed probing quantum paradoxes,
such as the three-box paradox [252] and quantum Cheshire cat [253] (which could be per-
formed using OAM as suggested here [254]), and to determine average photon trajectories
in superposed Gaussian beams in a model of the two-slit experiment [255], where both
interferences and trajectories are observed. The correspondence between paraxial optics
and Schrodinger’s equation for a massive particle in two dimensions [202] make such
experiments even more interesting from a fundamental point of view. Structured light
is inviting to probe more complex structures of the quantum probability flux [256,257],
although interpreting the optical current may be complicated [258]. In particular, a phe-
nomenon corresponding to quantum backflow [259] is observed for OAM, whereby the
interference of two light beams carrying negative orbital angular momentum results in
locally occurring regions of positive angular momentum [260].

By exploiting the complex nature of weak values, weak measurements enable direct
measurement of the wavefunction [261], avoiding the state reconstruction procedures of
the usual quantum tomography, which become demanding in large dimensions. Structured
light beams were exploited to demonstrate the reconstruction of a photon state in 27 OAM
dimensions [262] (Figure 18) and of a transverse beam profile [263] (actually, structured
light was also featured in direct methods [264] going beyond the standard weak measure-
ment paradigm, such as when using strong measurements [265,266], or in combination
with a wavefront restoring algorithm [267]). However, in addition to their exploitation as
high-dimensional quantum systems, structured light beams connect naturally with weak
measurements. Indeed, in the paradigmatic weak measurement experiment, the system
is played by light polarization, while the ancilla corresponds to the spatial profile of a
Gaussian beam [250] (Figure 17). Therefore, structured light is bound to play the role of
advanced pointer states in the transverse position or momentum spaces. Indeed, weak
measurements were demonstrated with Laguerre-Gauss and Hermite-Gauss beam pointers
and modeled theoretically [268,269]. Neatly, using a Laguerre-Gauss beam as a pointer

A>w ==
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enables the direct observation of the stereographic projection of the polarization quantum
state in the pointer final position [270] (Figure 19), including the case of density matrices
describing partially polarized states [270]. This method measures the concurrence of en-
tangled qubits [271] as well. With Hermite-Gauss beam pointers, higher modes provide
increased sensitivity compared to Gaussian profiles [272] and improve the estimation of
small parameters [273]. Using structured-light pointers, weak measurements exploiting
amplification determined extremely small rotations with high sensitivity [272,274]. Weak
value amplification occurs for nearly orthogonal pre- and post-selected states, as the weak
value (5) becomes very large then (the weak value denominator is the state overlap); accord-
ingly, the observed pointer shift becomes large as well. The small rotation measured in [272]
is nicely mapped to a large, amplified rotation of the spatial profile of the pointer, shaped
as a small angular sector in this case. Weak measurements with Laguerre-Gauss beams
offer the advantage of allowing the measurement of joint observables (without a nonlinear
Hamiltonian) [275-277] and of higher moments of single particle observables [278], which
is not possible with Gaussian beams. Interestingly, the imaginary part of the weak value
under amplification conditions can be determined from the spatial profile of a pointer
carrying OAM [278], while, with Gaussian beams, only the transverse wavevector profile
can provide this information through the pointer conjugate variable [250]. Conversely, we
can also weakly measure the OAM of a beam [279,280] and visualize it directly on the beam
profile (interestingly, the result is linked to the argument of the weak value [281-283], a fact
that does not seem to have been pointed out explicitly, to our knowledge). Actually, weak
measurements can identify both indices of Laguerre-Gauss beams [284,285]. An alternative
procedure exploiting optical differentiation in combination with weak measurements [286]
was recently used to determine the OAM of Laguerre-Gauss beams from the post-selected
beam profile [287] (i.e., without averaging the meter observable).

The connection between weak measurements and structured light formally goes
deeper, on both sides of the quantum-—classical frontier. Indeed, the reflection of light beams
at interfaces exhibit tiny deviations from the laws of geometrical optics, when naively
applying these laws to the beam axis: both angular and spatial deviations appear, known
as Goos-Héanchen shifts (for longitudinal deviations, in the incidence plane) and Imbert-
Fedorov shifts (for transverse deviations) [288]. In transmission, the spin Hall effect of light
occurs [289], where opposite circular polarizations of light propagate slightly shifted from
one another, following conservation of angular momentum. These effects are typically of
the order of the wavelength or less and are thus not immediately observable. However,
in a pre- and post-selected measurement, these shifts can be evidenced by weak value
amplification [290-293] (with a formal analogy pointed out by Dennis and Gotte [294]).
Thus, the intricacies of the reflection and refraction of structured light beams [295-297]
can be probed by weak measurements of the polarization for the four spatial and angular
Goos-Héanchen and Imbert-Fedorov shifts [277,296,298,299], as well as for the spin Hall
effect of light [300,301]. Here, the weak system—pointer interaction comes from the weak
coupling linking the photon polarization and wavevectors in connection to the amplitude
and phase of the reflection and transmission coefficients [288,294,302]. These effects can also
be described in terms of geometric phases (of the Pancharatnam-Berry type) [288,289,303].
We note that weak value amplification is not a cure-all miracle, as the price to pay is
vanishing post-selection success. However, the amplification advantages remain when
facing technical limitations [250,304]. Such weak measurements of light beams and photons
have a dual description [288,294,302] that can be useful to explore the quantum to classical
transition. Beyond fundamental quantum optical aspects, the interaction of structured light
at interfaces may be useful for metrology and sensing as it is very sensitive to the refractive
index [305-309], with further improvements in sensitivity to expect from exploiting higher-
order modes of structured light [272,273,277,296,298-301].
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Figure 17. Principles of a weak measurement. (a,c) The measured quantum system, here the
photon polarization, is pre-selected in the state |¢f;) by a projective measurement |;) (1;|, applied
on the system, using a polarizer. The quantum meter, here the transverse profile of the photon
wavepacket, is initially in a spatial Gaussian mode |G(x)) centered on 0. The center of the meter profile
propagates along the red line. The full quantum state of system-meter pair is [¥) = |¢;) ® |G(x)).
(a,d) The photon passes through a birefringent plate (PBS) that, for a very short time t, weakly
couples the photon propagation direction to its polarization through the interaction Hamiltonian
H;y = ghAs @ pm, where pyy is the meter momentum, while Aj is the polarization observable weakly
measured and g represents the small coupling constant. For example, we could choose |¢;) = |V)
as the initial state and the Pauli operator 0y as the weakly measured polarization observable. The
unitary evolution U;,; ~ 1 — igtAs ® py, entangles the polarization and the transverse profile of the
beam. As the coupling is weak (gt < 1), the two orthogonal polarizations (in our example, |D) and
|A), the eigenvectors of 0y ) are very slightly shifted—imperceptibly—in position; however, the two
associated Gaussian profiles cannot interfere as their polarizations are orthogonal. (a,e) Then, we

proceed to the post-selection of the system, performing a projective measurement ’(p f> <(p f’ with the
s

last polarizer. Often, one chooses <<Pf‘¢’i> ~ € with € < 1, so that the weak value (5) is amplified
by the small parameter € in the denominator (corresponding to a nearly horizontal polarization in
our example ’qﬁ f> = |H + €)). In return, the post-selection success probability decreases as €>. After
the post-selection projection, the shifted Gaussian profiles can interfere and the remaining beam
centroid is shifted by a quantity related to the weak value (5): the shift is proportional to the real
part of the weak value if we measure the meter position £,; and to the imaginary part if we measure
the meter momentum p;,. The observed shift dx;; can become anomalously large (pink direction of
propagation: a,b), as the weak value can become much larger than the eigenvalues of the weakly
measured observable As. The weak value appears as a consequence of the linearization of the unitary
U, in the weak coupling approximation.
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Figure 18. Experimental set-up enabling the direct measurement of a 27-dimensional OAM quantum
state of photons from an attenuated HeNe beam. The state preparation generates an OAM state
[y = Ypcpll) (€] < 13) of vertical polarization |V), using a spatial light modulator (SLM1)
after spatial filtering (SMF). The beam polarization corresponds to the meter. The system state is
expressible in terms of weak values of projectors 71, = |¢)(¢| on angular momentum basis states:
[i) = k¥ {ty),|€), where k = (6g|1p;)/ (6p|¢) is a normalization constant. The post-selected state
‘(]J f> = |6p) is the angular position basis state 6y = 0 (the |¢) and |6) are mutually unbiased bases,
ensuring that k does not depend on £ for 6y = 0). To perform the weak measurements of the projectors
7ty, the OAM modes with azimuthal phase ¢/‘? are first transformed to momentum modes with spatial
phase ¢/¥/4
focused on different x positions on SLM4. SLM2 and SLM3 improve the mode resolution obtained on
SLM4 (SLM2 is a fan-out element that diffracts three copies of each momentum mode, while SLM3
performs a relative-phase correction between the copies). A projector 7, is weakly probed by rotating

using two custom refractive elements (R1 and R2). These different momentum modes are

the polarization of the associated OAM mode by a small angle « (using SLM4 and the quarter-wave
plate QWPO). Post-selection on |6y) is performed by passing the beam through a 10 um slit placed in
the Fourier plane of the lens L3 (as SLM4 and the slit are in conjugated planes, the positions x in those
planes represent |¢) and |0}, respectively). Finally, the meter is read out by counting the photons at
the two exits of a polarizing beamsplitter (PBS) using single-photon avalanche detectors (SPAD). If we
note the final meter state ‘,’” f>, then measuring the polarization in the {|D),|A)} diagonal basis gives
the real part of the OAM weak value, while measuring it in the circular polarization basis {|R), |L) }
provides the imaginary part because < prlox —ioylu f> = sina(7my),, at the end of the post-selected
weak measurement [262]. Reproduced with permission from SNCSC.
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Figure 19. Stereographic visualization of a polarization state using weak measurements with a
vortex beam [270]. An arbitrary polarization state |) = cos(8/2)|H) + sin(6/2)e'?|V) of a Gaussian
beam is pre-selected. Then, a Sagnac interferometer with a g-plate converts the Gaussian mode to a
Laguerre-Gauss mode (¢ = 1), without affecting the beam polarization when optimally aligned. The
|H) and |V) components of the beam rotate in opposite directions due to the polarizing beamsplitter
(PBS) at the entrance of the interferometer. A small rotation of a mirror detunes slightly the inter-
ferometer so that the &y polarization observable couples weakly to the Gaussian beam momentum
Px. After exiting the interferometer, the beam polarization is post-selected on |V). The weak value
equals (6x),, = (H|0x|y)/ (H|p) = tan(8/2)e? = cot8¢'?, where 6’ is now the angle seen from the
pole of the sphere (between the z axis and the line joining the north pole to the state on the Bloch
sphere). The weak value is thus the stereographic projection of the state on the complex plane z = 0
(with x corresponding to the real axis and y the imaginary axis). The position of the beam vortex
after successful post-selection is shifted proportionally to the real part of the weak value along the x
axis and to the imaginary part of the weak value along the y axis, enabling the visualization of the
stereographic projection of the initial, arbitrary polarization state. Reprinted figure with permission
from [270] ©2014 by the American Physical Society.

6. Conclusions

In this perspective article, we present the theoretical background of structured light
and the properties of a few beams interesting for broad and conceivable applications in pho-
tonics, sensing, chirality, holography, and quantum technology. Structured light profoundly
connects the topology of light with matter and its responses, and uniquely interconnects
fundamental physics with quantum information science. The essential elements of struc-
tured light are not only their exceptional topology (quite different from the plane waves)
or their nondiffraction capability but also the presence of nonseparable local correlations.
We discussed in detail the importance of structured light, including in the presence of
entanglement (nonseparable correlations of their degrees of freedom), for various classical
and quantum applications. The opportunity to design and control different topologies of
light on command will lead to a new scientific and technological revolution. It can improve
quantum measurements, impacting optics and quantum physics at both the fundamental
and applied levels. It can help the design and study of original complex materials, such
as chiral and topological super- and semiconductors. It can steer chemical and biological
dynamics and affect chemical reactivity, with remarkable control, just by shaping the light
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topology. Furthermore, engineering and controlling structured light will rapidly lead to
new surface optics, nanoscale optics, and photonics breakthroughs. Even though, at the
moment, the interaction of structured light with matter is still under rapid development,
this highlight aims primarily to capture the attention of the wider physical and quantum
science community for structured light and its power. Ultimately, the structured light
unifies many ideas and perspectives in physics and material science and uniquely connects
geometry with physics. Harnessing the power of structured light is essential for future
scientific and technological advancement.
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