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1. Introduction

The ability to precisely structure light fields in all three spatial dimensions,

Abstract: The precise longitudinal control of structured light, particularly the class of helical beams
known as optical vortices, represents a significant and rapidly advancing frontier in modern photonics.
By strategically and intricately modulating the core properties of light, including amplitude, phase, and
polarization, in the transverse plane, their unique and complex spatial structures can be meticulously
engineered to exhibit remarkable and highly useful behaviors as they propagate through space. This
review is dedicated to systematically summarizing and contextualizing the pivotal progress achieved
over the past five years within the expansive and dynamic field of the longitudinal engineering of vortex
light fields. We categorize and analyze the field’s most impactful advancements through the four key
technological platforms, each with a unique profile of capabilities: metasurfaces, which offer unprecedented,
subwavelength-resolution control over the wavefront; spiral phase plates, providing robust and high-fidelity
static phase control; structured optical arrays, which masterfully utilize the principles of diffraction and
interference; and liquid-crystal spatial light modulators (LC-SLMs), which grant unparalleled capabilities
for dynamic, real-time beam shaping. For each of these distinct platforms, we delve deeply into their
fundamental operating principles, examine their sophisticated and often computationally intensive
design methodologies, and highlight their most salient and impactful applications. This is accompanied
by a critical and balanced discussion of their respective advantages, such as efficiency, compactness, or
tunability, and their inherent limitations. To conclude, we project our view forward, outlining the most
promising future research directions, identifying the key technological and scientific challenges that must be
overcome, and speculating on the potential for paradigm-shifting breakthroughs. This work aims to provide
a comprehensive, detailed, and didactic reference for both the fundamental physics and the burgeoning
applications of longitudinal optical control, thereby inspiring and catalyzing further innovation in fields such
as multi-plane super-resolution imaging, coordinated multi-particle optical micromanipulation, ultra-high-
capacity optical communications, robust quantum information science, and other emerging technological

arenas.

quantum information processing, optical trapping and micromanipulation, and
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super-resolution imaging” .

moving beyond simple Gaussian beams to complex and tailored distributions
of intensity and phase, has become a central and indispensable pillar of
modern optics. This capability is catalyzing profound innovations across a
multitude of scientific and technological domains. Among the diverse and
growing family of structured light, optical vortex beams have remained a
subject of relentless and fruitful research for decades'”. These beams are
uniquely distinguished by their helical phase fronts, mathematically described
as exp(ilp), which carry a quantized orbital angular momentum (OAM) of /i
per photon, where / is the integer topological charge. This helical phase results
in their characteristic annular or “doughnut” intensity profiles, which surround
a point of complete darkness, as a central phase singularity. Their unique
physical properties have proven to be the enabling factor for transformative
advances in fields as diverse as high-capacity optical communications,

Historically, the vast majority of research efforts were predominantly, and
very successfully, focused on the modulation of the transverse profile of
vortex beams. Scientists achieved remarkable success in tailoring the phase,
amplitude, and polarization in the (x, y) plane to generate intricate and
beautiful intensity patterns or to dynamically switch between different OAM
modes for multiplexing applications®™. However, the ever-increasing demand
for higher precision, greater functionality, and more complex manipulation in
three-dimensional optical systems has starkly revealed the inherent limitations
of relying on purely transverse control. The capacity to deliberately engineer
a beam’s properties not just across its profile but also along its axis of
propagation, as the longitudinal axis, has thus emerged as a critical, vibrant,
and highly consequential research frontier. Longitudinal control unlocks access
to a vastly expanded library of far more complex spatial architectures for
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Figure 1. Core technological platforms for the longitudinal control of
optical fields. Four primary device categories, each with distinct physical
principles, enable the engineering of a light beam's properties along its
propagation axis (z-axis). Metasurfaces"*"**!, composed of subwavelength
antennas, offer unprecedented, user-defined control over phase, amplitude,
and polarization at the nanoscale, enabling extreme multi-functionality and
device miniaturization. Spiral arrays”*>****") such as pinhole plates or slits,
structure the light field through the fundamental principles of diffraction
and interference from multiple engineered spiral sources, representing a
simple and intuitive approach. Phase plates™ " including g-plates”, spiral
phase plates, and more complex "optical vortex ladders," introduce a static
but highly engineered, spatially variant phase delay to precisely sculpt an
incident wavefront with high efficiency. Light modulators®*>****" such as
cascaded liquid crystal metadevices or bilayer photonic crystals, provide
dynamic, real-time control over the beam's evolution, allowing for adaptive,
interactive, and reconfigurable optical systems.

vortex beams, including self-accelerating or rotating trajectories, and directly
enhances their performance in depth-resolved applications like multi-plane
axial particle transport, deep-tissue biological imaging, and high-precision
laser machining™'”.

Over the past five years, a powerful confluence of breakthroughs, as in
nanofabrication techniques like electron-beam lithography, in computational
design tools including inverse-design algorithms, and in material science,
has produced a powerful and versatile suite of platforms for the sophisticated
longitudinal engineering of vortex beams!"" "\, This review aims to provide a
systematic and comprehensive overview of these pivotal developments. Our
narrative is structured around four principal technological pillars (Figure
1): metasurfaces"* "), which offer subwavelength control over the optical
wavefront; spiral arrays”* ", which utilize diffraction from engineered
apertures; customized phase plates™ >, which impart static but complex
phase transformations; and liquid crystal spatial light modulators (LC-
SLMs)***, which provide unparalleled real-time reconfigurability essential
for adaptive systems. For each platform, we will delve into the underlying
physical mechanisms, analyze their design strategies and experimental
implementations, and highlight recent breakthroughs, offering a balanced
discussion of their respective capabilities and trade-offs.

This review is structured to guide the reader from fundamental concepts to
the technological cutting edge. Section 2 first establishes and elaborates upon
the fundamental physical principles that empower the longitudinal control of
vortex beams, serving as a toolkit for understanding the subsequent sections.
Section 3 then provides a detailed, platform-by-platform analysis of the state-
of-the-art, spotlighting seminal works, explaining the practical implementation,
and exploring the emerging techniques for each technology. Finally, Section
4 offers a forward-looking perspective, engaging with the key challenges that

remain as roadblocks to progress, identifying promising interdisciplinary
trends that will likely define the following years of research, and speculating
on the future applications that this vibrant field is poised to enable. By
synthesizing these latest advancements into a single, cohesive narrative, we
aim to provide a valuable and inspiring resource for both seasoned researchers
and newcomers, and to catalyze further synergistic progress in the full three-
dimensional manipulation of light.

2. Fundamental Principles of Longitudinal Vortex Beam
Manipulation

The longitudinal modulation of a vortex beam, or any light field, is
fundamentally an exercise in sophisticated wave-field engineering, governed
by the foundational principles of diffraction, interference, and Fourier
optics. The propagation of any monochromatic light field through space,
as described by the Helmholtz equation, is precisely determined by the
coherent superposition of its constituent plane waves®”. These plane waves
form the basis of the field’s spatial frequency spectrum, its representation
in Fourier space. Therefore, by meticulously tailoring the amplitude and
phase of these individual spectral components at a source plane (z=0), one
can deterministically dictate the beam’s complete structural evolution, as
its intensity, phase, and polarization, at every subsequent point in three-
dimensional space™* .

The intrinsic three-dimensional characteristics of vortex beams themselves
provide a unique and particularly advantageous foundation for this control.
Unlike simple Gaussian beams whose phase front is nearly planar near
the waist, vortex beams possess a helical phase structure exp(ilp) that is
intrinsically and inextricably coupled to their propagation dynamics. This
inherent link between the transverse phase profile and the longitudinal
evolution gives rise to several key features that can be actively exploited™***!
as following aspects.

Topological Stability: The central phase singularity is not merely a point
of zero intensity; it is a topologically protected feature of the wavefront.
The integer value / cannot change continuously and is robust against minor
perturbations, meaning the vortex maintains its core structural integrity over
very long propagation distances.

Annular Intensity Profile and Poynting Vector: A direct consequence of the
phase singularity is the complete destructive interference at the beam’s center,
creating the characteristic “doughnut” intensity profile. The helical phase also
imparts a transverse component to the Poynting vector, causing the energy
of the beam to flow in a spiral path around the propagation axis. The size
and shape of this hollow core evolve in a well-defined manner governed by
diffraction.

Self-Healing Property: This remarkable property is a direct consequence
of the principles of diffraction. If a portion of the vortex beam is obstructed
by an opaque object, the remaining parts of the wavefront will act as a new
set of Huygens sources. During subsequent propagation, the light from these
sources will diffract and interfere to reconstruct the original beam structure,
including the central vortex core and its topological charge. This is crucial
for applications in turbulent or scattering environments like atmospheric
communication or deep-tissue imaging.

Longitudinal control is achieved by actively exploiting these intrinsic
properties through three primary physical mechanisms, which form the
building blocks of all the technologies discussed later:

Coherent Superposition of Modes: The most direct and intuitive method
for shaping the longitudinal intensity profile is the coherent superposition
of multiple co-propagating spatial modes. A powerful implementation of
this is the “frozen wave” concept, which typically utilizes a superposition of
Bessel beams. By carefully selecting the relative amplitudes, phases, and,
most critically, the distinct longitudinal wave vectors k. of these constituent
beams, one can construct nearly arbitrary intensity distributions over a finite
axial range*>*"*"). The interference pattern is static in the transverse plane but
evolves longitudinally in a pre-defined way. This principle is mathematically
formalized by diffraction integrals, like the Rayleigh-Sommerfeld formula:

E(r,0,z) = %//K(@@M @)dS 1)
S

where a desired longitudinal field E(r, 6, z) is reverse-calculated to find
the required complex transmission function 7(p, ¢) at a source plane.
K(60) = <% i the tilt factor, which describes the tilt loss of the light field
during propagation. k is the wave vector in the propagation direction, and
R=/2%2+ (p—r)? represents the propagation distance from the spiral

array pinhole to the observation point. This transmission function essentially
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encodes a complex hologram containing the necessary spatial frequency
spectrum.

Wave-Vector Engineering and Caustic Theory: A more advanced and
geometrically intuitive approach involves designing a phase mask that maps
specific input field coordinates to desired propagation trajectories. Drawing
from caustic theory, where a beam’s path can be visualized as the envelope
of a family of geometric rays, it becomes possible to engineer an initial phase
profile that guides the beam’s peak intensity along a prescribed 3D curve,
such as a spiral, a parabola, or even more complex paths (Figures 2a, 2b)!"**".
This is achieved by locally controlling the gradient of the phase, which in
turn dictates the direction of the local wave vector k. This effectively couples
the transverse (k,, k,) and longitudinal (k,) components to precisely steer the
flow of optical energy through space"". Such phase control can be used
to dynamically manipulate the propagation of terahertz beams, enabling the
steering of their intensity and phase along desired paths. (Figure 2c) wal
Spin-Orbit Coupling and Polarization Effects: The vector nature of light
offers additional, powerful, and often non-intuitive degrees of freedom.
The phenomenon of spin-orbit interaction (SOI) in light allows the beam’s
polarization state (its spin angular momentum, SAM) to be intricately linked
to its spatial mode structure. The most common mechanism to achieve this is

the geometric phase, also known as the Pancharatnam-Berry (PB) phase™".

When a circularly polarized beam is passed through an anisotropic element
(like a rotated nano-antenna), it acquires a phase shift equal to twice the
rotation angle of the element. By creating a spatially variant pattern of these
rotations, one can write any desired phase profile onto the beam, but in a
spin-dependent way. This is the key to creating vector vortex beams and
enabling polarization-dependent propagation dynamics, causing left- and
right-circular polarizations to follow entirely different paths or to evolve their
polarization state continuously along the longitudinal axis (Figures 2d-2f)
64752 Eurthermore, the Gouy phase shift—an intrinsic phase anomaly
that a focused beam acquires as it passes through its focal region, which is
a consequence of transverse confinement—is different for different spatial
modes (e.g., Laguerre-Gaussian modes with different radial indices p). This
subtle difference can be cleverly exploited to drive the longitudinal evolution
of a superposition state’s topological charge or polarization state.

These fundamental mechanisms, all rooted in the unique structure of vortex
beams and the basic principles of wave optics, form the comprehensive toolkit
that enables the advanced control techniques and technological platforms

discussed in the subsequent section.

Figure 2. Fundamental physical mechanisms enabling longitudinal control. (a) Wave-vector engineering demonstrated via a phase mask at a pupil plane,
followed by a focusing lens. The initial phase profile Qo(r, @) is computationally designed to impart a specific transverse momentum to different parts of the
beam, creating an array of spatially separated focal spots along the longitudinal axis™”. (b) An arrayed metasurface, acting as a phase-gradient hologram,
imparts a locally tailored phase to an incident plane wavefront. This spatially modulates the longitudinal component of the wave-vector, £., effectively forc-
ing the beam’s peak intensity to follow a pre-defined, arbitrary 3D trajectory!”). (c) A cascaded terahertz (THz) device, consisting of static polarizers and a
voltage-controlled liquid crystal cell, exemplifies dynamic phase and intensity control. The voltage actively tunes the birefringence of the LC layer, thus mod-
ulating the phase of the transmitted beam and allowing for active control of the structure along the z-axis™*”. (d) A vector beam propagates through a chiral
liquid crystal superstructure. The inherent coupling between the beam’s complex polarization structure and the medium’s molecular chirality drives a deter-
ministic evolution of its polarization and spatial mode, which can be visualized as a predictable trajectory on a logical space like the Poincaré sphere'*. (e) A
Pancharatnam-Berry phase element (PBPE) transforms various input polarization states (e.g., Gaussian, high-order Poincaré) into vector vortex beams (e.g.,
radial, azimuthal). The spin-orbit coupling inherent in the device causes the beam’s intensity profile and polarization state to evolve periodically during propa-
gation™. (f) A spin-decoupled metasurface enables independent control of the TC at two different longitudinal focal planes (fi, f2) for left- and right-circularly

polarized light (|L), |R)), demonstrating cooperative and decoupled structural and phase control within a single, monolithic device*”..
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3. Key Technological Platforms for Longitudinal Modulation metasurfaces, spiral arrays, phase plates, and LC-SLMs. Each of these
The theoretical principles of longitudinal control are translated into practical ~ technological systems has its unique features and can be adapted to meet the
reality using a variety of sophisticated optical devices and systems. With  light field control requirements of different application scenarios.

the continuous progress in materials, structural design, and manufacturing

processes, researchers have successfully made significant breakthroughs in 3,1, Metasurfaces: The Apex of Subwavelength Control

achieving high precision, real-time capability, and integration in longitudinal Metasurfaces—planar optical elements meticulously engineered with dense
light field control. Currently, the realization of longitudinal light field control arrays of subwavelength-scale nano-antennas—have emerged as a truly
relies on a wide range of functional devices and combined systems, including paradigm-shifting platform for achieving arbitrary control over light. Their
additional g-plate™, magnetized plasma polarizers™, freeform diffractive defining strength lies in the ability to impart complex, spatially varying phase,
lenses (FFDL)"¥, and reflective pure-phase spatial light modulators™. amplitude, and polarization transformations to an incident wavefront, all

Based on the technical principles and structural characteristics, these devices  within an ultrathin, flat form factor that is orders of magnitude thinner than
can be simplified into four core dominant and rapidly evolving platforms:

Figure 3. Metasurfaces enabling multi-dimensional and integrated longitudinal control. (a) A form-birefringent metasurface, composed of anisotropic
nano-fins with varying orientation and size, is designed to engineer a continuous, diffraction-free evolution of a beam's polarization state from linear, to radial,
and then to azimuthal along the propagation z-axis"”. (b) A metasurface designed for multi-plane OAM holography encodes different, independent helical
phase profiles that come into focus at several distinct longitudinal planes (z1 to zs). This demonstrates a capacity for 3D multiplexed information storage or
multi-plane, parallel particle trapping””’. (¢) An on-chip integrated photonic system where a metasurface is fabricated directly onto a silicon nitride waveguide.
This sophisticated coupler efficiently converts a confined, single-mode guided wave into a complex, structured free-space beam, essential for future applica-
tions in LiDAR or holographic projection”. (d) A Bessel beam, characterized by its non-diffracting and self-healing properties, is generated by an axicon-like
metasurface. The beam is shown to maintain its tight, annular intensity profile over a long propagation distance, demonstrating robust longitudinal stability™. (e)
A stereo-vectorial holographic metasurface achieves simultaneous and independent control of amplitude, phase, and polarization to project two different holo-
graphic images with fully arbitrary and distinct polarization states onto two separate longitudinal planes™®’. (f) A dielectric metasurface transforms an incident
linearly polarized beam into a vector optical field. The polarization state of this output field, mapped on the surface of the Poincaré sphere, is shown to evolve

continuously and predictably along the z-axis as the beam propagates”™.
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conventional refractive optics. This unprecedented level of control over the
fundamental properties of light makes them an exceptionally powerful and
versatile tool for the longitudinal engineering of vortex beams.

A principal advantage of metasurfaces is their capacity to decouple and
independently control multiple properties of light, often by designing
individual “meta-atoms” that leverage multiple physical mechanisms
simultaneously. For instance, by judiciously designing the shape, size, and
material of a nano-antenna, one can control the propagation phase (a resonant
effect that affects all light). By simultaneously controlling the in-plane
orientation of that same anisotropic nano-antenna, one can independently
control the geometric or PB phase, which is spin-dependent. This powerful
design freedom has enabled several key functionalities for longitudinal
control:

Continuous Longitudinal Polarization Transformation: This sophisticated
technique leverages spin-decoupled metasurfaces to encode a z-dependent
phase difference between the left- and right-circular polarization channels,
typically by manipulating the focal length for each polarization. As the
two spin components propagate and diffract, this accumulating phase
difference between them induces a continuous evolution of the beam’s
overall polarization state. Seminal works have demonstrated the elegant
transformation of a simple linearly polarized input beam into a radially or
azimuthally polarized vector vortex beam, with the polarization state evolving
smoothly and continuously along the z-axis (Figures 3a, 3f)!'*"*7*l_ Fyrther
extending this concept, holographic principles have been integrated into
metasurface design to generate arbitrary and complex polarization trajectories,
effectively “painting” with polarization in full 3D space”>"".

Dynamic Longitudinal TC Control: The very same spin-decoupling
mechanism can be harnessed to engineer the topological charge of a vortex
beam as it propagates. By imparting opposite helical phase profiles (+/ and
-0) to the two orthogonal spin states, researchers have used all-dielectric
metasurfaces to demonstrate the remarkable reversible evolution of a vortex
beam’s TC (e.g., from /=+2 to /=-2 and back again) within the terahertz
band™. This concept can be merged with “frozen wave” techniques, where
the complex hologram required to generate a superposition of co-propagating
Bessel beams is encoded onto the metasurface. This allows the TC to vary in
a controllable, stepwise manner in different, pre-defined spatial regions along
the propagation axis (Figure 3b)*" %,

Multi-Degree-of-Freedom Integrated Control: The ultimate promise of
metasurfaces lies in their potential to integrate a multitude of optical functions
into a single, monolithic element, thereby controlling several beam parameters
simultaneously and independently. Recent groundbreaking demonstrations,
often aided by computational inverse design, include single devices that
concurrently shape a beam’s propagation trajectory (e.g., forcing it to follow a
prescribed S-shaped or helical curve), actively rotate its polarization state, and
vary its topological charge along that very path. This achieves a truly holistic
control over the light field in 3D that is impossible with conventional optics
(Figures 3d, 3e) P3¢,

On-Chip Integration for Compact Systems: A burgeoning and highly
promising research direction is the direct integration of metasurfaces with on-
chip photonic components, such as silicon nitride (SiN) or silicon-on-insulator
(SOI) waveguides. In this architecture, the metasurface functions as an ultra-
efficient and highly sophisticated grating coupler, converting a confined guided
mode from a photonic integrated circuit (PIC) into a complex, structured
free-space field. This approach is seen as a key enabler for fully integrated
LiDAR systems without moving parts, chip-scale holographic displays for
augmented reality, and highly miniaturized optical systems for sensing and
communication (Figure 3c)!'***¢",

Despite their immense potential and the rapid pace of innovation, significant
and persistent challenges for metasurfaces remain. The overall device
efficiency, particularly for transmissive designs operating in the visible
spectrum (where material losses are non-negligible) or the terahertz regime
(where absorption can be high), can be a limiting factor. Furthermore, while
tremendous progress is being made, creating dynamically tunable metasurfaces
with the microsecond- or nanosecond-scale response times needed for high-
speed applications like beam steering remains a formidable materials science
and electrical engineering hurdle, with active research exploring phase-change
materials, liquid crystals, and micro-electromechanical systems (MEMS)

integration***"%,

3.2. Spiral Arrays: Harnessing Diffraction and Interference

Spiral arrays, which in their most fundamental form are implemented as simple
amplitude or phase masks containing one or more spiral-shaped apertures,
represent a foundational, elegant, and highly intuitive method for generating

and controlling vortex beams. Their operation relies on the most fundamental
principle of wave optics—Huygens-Fresnel diffraction. The coherent or
incoherent superposition of the multitude of spherical wavelets emerging from
the continuous points along the spiral arms produces a complex, dynamically
evolving interference pattern that, in the far-field, consolidates into a structured
vortex beam™”.

The primary and most widely explored function of a spiral array is to directly
imprint a topological structure onto the light field and to govern the stability
of that structure during propagation. A key finding, highlighted in recent
theoretical and experimental literature, is the critical performance distinction
between single-spiral and multi-spiral arrays (Figures 4a, 4¢)™’7. It has
been rigorously shown that the topological charge of a beam generated by a
single Archimedean spiral slit tends to decay continuously and rapidly with
propagation. This decay is often accompanied by a phenomenon known as
vortex core breaking, where the central singularity splits into multiple smaller
vortices, leading to significant structural instability that limits its practical use.
In stark contrast, an array of multiple, rotationally symmetric spirals generates
a far-field TC that decays in discrete, stable, integer steps. This stepwise
evolution dramatically enhances the robustness of the OAM state, making it
far more suitable for applications requiring propagation over long distances,
such as free-space optical communication (Figure 4b)*.

Recent research has focused on leveraging and expanding upon these
fundamental diffractive properties for more advanced forms of control and
new applications:

Stable Ultrashort Pulse Generation: Moving beyond the realm of
continuous-wave (CW) lasers, spiral arrays have been effectively employed
to structure ultrashort, femtosecond laser pulses. They have been successfully
used to generate spatiotemporal optical vortices (STOVs)—exotic and
fascinating wave packets that carry OAM in the space-time domain rather
than the spatial domain. These experiments have demonstrated the creation
of stable vortex pulses with a well-defined and controlled topological charge,
opening doors for new studies in light-matter interaction (Figures 4a, 4£)>°",
Controllable Phase Singularity Dynamics: The individual phase singularities
that constitute the overall vortex beam are not static; their positions evolve in
a predictable manner with propagation distance. In the specific case of multi-
spiral arrays (Figures 4b, 4d)*** the constituent OAM magnitude undergoes
a stepwise change as the beam propagates. This provides another controllable
parameter or degree of freedom that can be harnessed for applications such
as guiding and sorting different populations of microscopic particles based on
their size or refractive index***”.

Generation of High-Symmetry Intensity Distributions: The geometry of
the array of apertures in the near-field directly maps to the far-field intensity
pattern via the Fourier transform relationship. This provides a straightforward
method for generating beams with high-order rotational symmetry and
polygonal shapes, where the rotational angle of the OFW’s symmetric
structure is precisely tuned by adjusting the spiral arrays’ relative orientation.
Such rotationally tunable symmetric beams are particularly useful for dynamic
optical manipulation such as rotational trapping of micro/nanoparticles or for
applications requiring real-time adjustable energy deposition profiles (Figure
4 e)[zl,()}].

The main and enduring advantages of spiral arrays are their inherent simplicity
of design and extremely low cost of fabrication, especially for amplitude
masks which can be produced via standard photolithography or even 3D
printing. However, they suffer from several notable and often deal-breaking
drawbacks. These include intrinsically low energy efficiency (as amplitude
masks by definition block a significant portion of the incident light), a limited
effective distance over which control can be maintained before diffraction
corrupts the structure, and an inherent lack of dynamic tunability. Future work
in this specific area will likely focus on implementing these elegant spiral
designs using high-efficiency all-dielectric metasurfaces to mitigate loss or
integrating them into more complex photonic chip systems to overcome their
static nature and add a layer of control.

3.3. Phase Plates: High-Fidelity Static Wavefront Sculpting

Phase plates are a well-established and foundational class of transmissive
or reflective optical components designed to impart a precisely engineered,
spatially varying phase delay to an incident wavefront. In the specific context
of vortex beam control, the most common and well-known variant is the
spiral phase plate (SPP), which is a transparent plate whose physical thickness
increases azimuthally in a spiral fashion to introduce a phase of exp(ilgp).
However, by moving beyond this simple canonical form and engineering far
more complex, non-trivial phase distributions, these static optical elements can
be used to exert surprisingly sophisticated and robust control over a beam’s
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Figure 4. Longitudinal OAM control using spiral pinhole plates. (a) A direct side-by-side comparison of the intensity and phase profiles generated by a
simple single-spiral plate versus a more complex multi-spiral plate. The multi-spiral structure is clearly shown to produce a more stable and well-defined cen-
tral vortex core™. (b) Simulated trajectory of the constituent off-axis phase singularities generated by a multi-spiral plate. The overall topological charge / is
shown to decay in stable, discrete, integer steps as a function of propagation distance z, a key advantage for robust OAM transmission in free space’™. (¢) A
numerical propagation simulation showing the longitudinal evolution of a light field after passing through a single-spiral versus a multi-spiral mask. The sim-
ulation clearly shows that the multi-spiral design prevents the central vortex from breaking up and destabilizing during propagation, maintaining its structural
integrity®”. (d) An experimental setup using an axicon-lens-pinhole-plate (ALPP) system to generate a vortex laser. The specific spiral mask patterns, fabricat-
ed on a substrate and used to generate different topological charges™. (e) Multi-dimensional visualization of the generated optical Ferris wheel (OFW) evolu-
tion, including its 2D transverse intensity profile and 3D intensity isosurface. The images clearly show the controlled variation of the OFW’s complex structure
along the z-axis'). (f) A sophisticated experimental setup for the ultrafast measurement and control of OAM states generated by a spiral plate. The setup in-

volves advanced spectral characterization and a transient grating pump-probe scheme to analyze the complex optical dynamics on a femtosecond timescale

[51]

longitudinal evolution®* %,

The advanced control mechanisms enabled by these custom-designed, static
phase plates are diverse and powerful, including:

Engineered Longitudinal TC Evolution: While a simple SPP generates a
vortex with a fixed topological charge, more advanced and intricate designs
enable its variation along the propagation axis. One powerful technique
involves designing a phase plate that generates a superposition of multiple
co-axial Laguerre-Gaussian (LG) modes, all with the same azimuthal index
[ but with different radial indices p. Due to the differing Gouy phase shifts
experienced by each of these constituent modes as they propagate through a
focus, their relative phases evolve continuously. This causes the effective TC
of the superposed beam to change along the z-axis, often in discrete steps.
This has been used to create a so-called “optical vortex ladder,” where the TC
appears to climb from one integer value to another (Figures 5a, 5%, In
a related vein, phase plates designed to generate fractional-TC vortices can be

used to create intricate optical vortex knots and chains whose very topology
dynamically transforms during propagation”®.

Coupled Longitudinal Intensity and Focus Control: By mathematically
combining a spiral phase profile with the phase profile of a diffractive lens
(such as a Fresnel zone plate), one can create multi-functional phase plates
known as “lens-icons” that simultaneously focus light and impart OAM. This
has been exploited in the field of fiber optics, where such complex patterns are
etched directly onto a fiber tip to achieve super-variable focusing and OAM
generation in a compact package (Figure 5d)®). In free-space systems, this
principle is used for generating ordered, three-dimensional arrays of individual
focal spots, where each focus can be independently assigned a different
topological charge™*** 7",

Coupled Polarization and Magnetization Control: When phase plates are
combined with other elements, their utility expands further. In conjunction
with polarization-sensitive elements like g-plates, they enable independent

X-Disciplinarity



and decoupled control over a beam’s longitudinal amplitude, phase, and focal
depth (Figure 5b)°*™. An even more exotic and cutting-edge application lies
in the field of magneto-optics. Here, the structured phase from an SPP, when
imprinted on a high-intensity femtosecond laser pulse, can be used to all-
optically write complex 3D longitudinal magnetization textures into a suitable
magnetic material via the inverse Faraday effect. This opens the door for
ultrafast, terabyte-density, all-optical magnetic data storage (Figure 5¢)™" %>,

Recent advancements in this area have focused heavily on miniaturization
and on overcoming the inherently static nature of traditional phase plates.
By integrating customized phase patterns directly onto the facets of optical
fibers, researchers have created extremely compact, robust, and permanently
alignment-free devices suitable for demanding applications like medical
endoscopy and telecommunications”. The function of dynamic control,
however, has largely been ceded to LC-SLMs, which can be thought of as fully
programmable, real-time phase plates. They can display computer-generated

holograms that digitally combine the functions of SPPs, lenses, axicons, and
other elements, offering flexibility that a static plate cannot (Figure 5¢)°>"*).
However, significant fabrication challenges persist for static phase plates. The
manufacturing of high-quality, high-TC (/ > 10) SPPs with nanometer-scale
surface precision remains difficult and expensive, as even small fabrication
errors can lead to significant vortex mode instability and performance
degradation. Metal-based plates, while easier to make, suffer from high ohmic
absorption and thus low transmission efficiency. Multi-level dielectric phase
plates, which approximate a continuous profile with discrete steps, are more
efficient but are complex and costly to manufacture. Future progress will
likely involve leveraging machine learning and deep learning to discover and
optimize novel, high-performance phase designs, and using advanced additive
manufacturing techniques like two-photon polymerization to create arbitrary,
3D-printed, multi-functional phase plates for next-generation optical systems.

Figure 5. Engineered phase plates for structuring light fields in the longitudinal dimension. (a) A phase-plate-based optical system generating an "optical
vortex ladder." The effective topological charge of the beam is engineered to evolve in discrete integer steps (e.g., from /=2 to /=4) as it propagates, a result
of the mode-dependent Gouy phase shift®”. (b) A white-light spiral phase contrast imaging system. An object is imaged through a 4f Fourier-plane system
containing a spiral phase component (SPC). This component acts as a spatial filter that converts invisible phase variations in the object into visible intensity
variations in the final image®. (c) A high-order vortex beam generated with a high-quality spiral phase plate (SPP), with its complex fine-grained structure
analyzed post tight focusing by a high-numerical-aperture objective lens (OL); a cutting-edge setup for all-optical writing of ultra-long 3D longitudinal
magnetization textures into a magneto-optical medium is also shown, utilizing a focused azimuthally polarized circular Airy vortex beam via complex phase
modulation®*”. (d) A system for generating multi-TC light fields, showing the intricate, computer-generated phase masks required and the resulting intensity
and phase profiles measured at different propagation distances, demonstrating longitudinal evolution'®. (e) Calculated longitudinal evolution of a beam's
spatial self-torque, optical rotation, and its amplitude/phase profiles at different z positions after being modulated by a custom-designed, non-trivial phase
plate”®. (f) A schematic explaining the Sisyphus pumping mechanism in a photonic lattice, the physical basis for the vortex ladder. The carefully designed

interplay between discrete mode coupling between lattice sites and the continuous Gouy phase shift drives a stepwise, unidirectional increase in OAM”,
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3.4. Liquid Crystal Spatial Light Modulators (LC-SLMs): The
Power of Real-Time Reconfigurability

image displayed on a computer screen, all without any moving parts™ .

The core control mechanism of a standard LC-SLM relies on applying

a variable voltage to a large array (often millions) of transparent indium
tin oxide (ITO) electrodes, where each electrode controls a single liquid
crystal cell or “pixel”. The applied electric field reorients the long, rod-like
birefringent LC molecules within the cell, thus locally modifying the effective
refractive index experienced by light passing through it. By displaying a 2D
map of voltages, typically encoded as an 8-bit grayscale image, the device acts
as a high-fidelity, programmable phase mask, enabling several advanced and
dynamic control schemes:

Liquid Crystal Spatial Light Modulators (LC-SLMs) are electrically
addressable, pixelated devices that enable real-time, dynamic, and high-
resolution control over a light field’s phase, amplitude, or polarization state.
This unparalleled programmability and reconfigurability make them an
exceptionally versatile and indispensable tool for longitudinal light field
engineering. They allow researchers to generate, modify, and switch between
different complex optical functions entirely on the fly by simply changing the

Figure 6. LC-SLMs for dynamic and reconfigurable longitudinal control. (a) A bi-chiral liquid crystal device that produces different, wavelength-
dependent longitudinal holographic image evolutions. This multi-dimensional control is enabled by the voltage-controlled orientation of the helical molecular
superstructures within the LC material®". (b) A numerical simulation characterizing the electric field control within a single pixel of an LC device. It shows the
electric potential distribution, the resulting field strength, and the subsequent reorientation of the anisotropic liquid crystal molecules that underpins the device's
phase-modulating function”®. (¢) A programmable liquid crystal array generates a self-propelling beam whose complex structure dynamically evolves along
the z-axis. This creates intricate 3D optical patterns that can function as dynamic optical actuators for moving or rotating micro-particles”". (d) A composite
optical system that combines multiple diffractive elements, including a high-resolution SLM, to generate a 3D array of high-order Poincaré sphere beams, with
each beam located at a different, well-defined longitudinal plane””. (e) A hybrid metadevice that synergistically integrates a passive dielectric metasurface with
an active liquid crystal layer and patterned graphene electrodes. This novel architecture enables dynamic electrical control over both near-field and far-field

polarization vortex states, combining the static complexity of metasurfaces with the active tunability of liquid crystals””.
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Dynamic Phase and Holographic Modulation: By displaying a computer-
generated hologram (CGH) on a phase-only SLM, the device functions as a
completely reconfigurable diffractive optical element (DOE). This is by far the
most common and flexible method for generating arbitrary and complex vortex
beams. It is routinely used to create dynamic arrays of optical traps, to project
foci with different topological charges onto different longitudinal planes,
and to generate self-accelerating or self-rotating beams that follow arbitrary,
pre-defined 3D trajectories (Figures 6¢, 6d)***7*""). The ability to update
the hologram at video rates (typically 60-120 Hz) is crucial for interactive
applications like real-time particle sorting.

Chiral and Helical Superstructures for Advanced Control: Beyond
standard nematic LCs, more advanced devices utilize special chiral liquid
crystals that self-assemble into helical superstructures, effectively forming a
tunable, one-dimensional photonic crystal. The pitch of this molecular helix
can be tuned with an external stimulus like an electric field or temperature.
This allows for dynamic control over the device’s optical rotatory dispersion
and its geometric phase response, enabling complex holographic effects that
evolve dynamically with both wavelength and propagation distance, adding
yet another layer of controllable complexity (Figures 6a, 6b)°"".

Integrated and Hybrid Metadevices: A powerful and recent trend is the
synergistic combination of LC-SLMs with other passive optical technologies,
most notably metasurfaces. In these hybrid devices, a passive metasurface
provides a static, highly complex optical transformation (e.g., very high-
resolution or polarization-dependent phase control that is difficult for an
SLM alone), while an active LC overlayer provides the crucial element of
dynamic tunability. This approach has been successfully used to create active
terahertz metadevices that allow for real-time electrical switching of vortex
beam properties and polarization states, effectively combining the best of both
worlds (Figure 6¢)1*""”.

The primary and undisputed advantage of LC-SLMs is their real-time
programmability, a feature that is absolutely indispensable for applications
in adaptive optics (e.g., correcting for atmospheric turbulence), dynamic
and interactive optical trapping, and reconfigurable optical communication
networks. However, they are not a perfect solution and have inherent
limitations. Their pixelated structure introduces unwanted diffraction orders
due to the grid-like pattern, which can lower overall efficiency and introduce
noise into the system. Their response time is typically limited by the viscosity
of the liquid crystals to the tens of milliseconds range, which is too slow for
some ultrafast switching applications. Finally, their power handling capacity
is significantly lower than that of static dielectric optics, as high-intensity laser
light can damage the liquid crystal material, limiting their use in high-power
laser systems. Future research will intensely focus on developing faster and
more robust liquid crystal materials, increasing device resolution and fill factor
(the percentage of active area), and achieving deeper integration with on-chip
photonic systems to broaden their applicability.

4. Outlook and Perspective

The longitudinal control of vortex light fields has demonstrably matured
from a subject of fundamental scientific inquiry and laboratory curiosity
into a powerful and increasingly practical subfield of modern photonics.
As this review has systematically shown, the parallel and often synergistic
development of advanced technological platforms such as metasurfaces, LC-
SLMs, and novel phase plates has enabled an unprecedented and previously
unimaginable level of control over the propagation dynamics of structured
light in all three dimensions. Despite this impressive and rapid progress,
several exciting, formidable challenges and profound opportunities lie ahead.
These will undoubtedly define the future trajectory of the field and lead to the
next generation of optical technologies.

Looking forward, we foresee progress being driven by three key
interdisciplinary and interconnected themes. First is the intelligent design
and multi-physics integration. The next generation of control devices will
move decisively beyond purely optical design considerations and embrace
a more holistic, multi-physics approach. The synergistic integration of
active materials—such as non-volatile phase-change materials (e.g., GST),
transparent conductive oxides (e.g., graphene, ITO for electrical gating), and
MEMS for physical reconfiguration—with metasurface and liquid crystal
platforms will enable devices that are non-volatile (holding their state without
power), faster, and more energy-efficient. Furthermore, the use of powerful
computational tools, particularly deep learning and inverse design algorithms,
will become standard practice, moving away from simple, intuitive designs.
In an inverse design approach, instead of a human guessing a structure, an
algorithm starts with the desired output (e.g., a beam that focuses at three
specific points with three different TCs) and works backward to compute the

required, often non-intuitive, nanostructure to achieve it. This will allow for
the automated discovery of highly complex structures capable of performing
multiple, previously intractable optical functions simultaneously.

Second is pushing the frontiers from spatial to spatiotemporal control. To
date, the vast majority of research in this area, as reviewed here, has focused
on structuring the spatial envelope of light. The next grand frontier, a truly
fourth dimension of control, is the achievement of full, four-dimensional
spatiotemporal control of vortex beams. This involves structuring the light
field not just in (x, y, z) but also in time () on femtosecond to attosecond
scales. The generation, manipulation, and detection of exotic wavepackets
like spatiotemporal optical vortices (STOVs), “flying doughnut” pulses,
and other custom light bullets will unlock entirely new physical regimes
and applications. These range from ultrafast information processing and
fundamentally secure communication protocols to novel light-matter
interaction dynamics for probing material properties on their natural
timescales, and even advanced particle acceleration schemes”>’*"",

Third is transitioning from classical control to foundational quantum
applications. While many of the applications discussed are classical in
nature, the ability to precisely control OAM modes in 3D has profound and
direct implications for the rapidly growing field of quantum science and
technology. Longitudinally structured vortex beams, with their robust and
dynamically evolving topological properties, can serve as high-dimensional
quantum information carriers, or “qudits.” A single photon can be prepared
in a superposition of many OAM states (/=...-2, -1, 0, 1, 2...), creating a
d-dimensional state space that is vastly larger than a qubit’s two dimensions.
This dramatically increases the information capacity and noise resilience
of quantum communication protocols. The development of integrated,
reconfigurable, and scalable devices for the high-fidelity sorting, manipulating,
and entangling of these complex OAM states will be a crucial enabling step
for realizing practical quantum information systems, distributed quantum
computing networks, and novel quantum sensing modalities that leverage
OAM’s rotational sensitivity!”*".

In summary, the longitudinal manipulation of vortex beams is a field
exceptionally rich with scientific potential and tangible technological promise.
By vigorously addressing the persistent and difficult challenges of device
integration, dynamic control speed, and overall energy efficiency, and by
wholeheartedly embracing interdisciplinary approaches that merge photonics
with materials science, artificial intelligence, and quantum physics, this field
is poised to deliver a new generation of transformative technologies that will
impact both fundamental science and practical application.
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