PHOTONICS

INSIGHTS

Spatiotemporal optical wavepackets: from
concepts to applications

Xin Liu,**¢ Qian Cao,*® and Qiwen Zhan®®*"*

2School of Optical-Electrical and Computer Engineering, University of Shanghai for Science and Technology, Shanghai, China

®Shandong Provincial Engineering and Technical Center of Light Manipulations and Shandong Provincial Key Laboratory of Optics and Photonic Device,
School of Physics and Electronics, Shandong Normal University, Jinan, China

°Collaborative Innovation Center of Light Manipulations and Applications, Shandong Normal University, Jinan, China

9Zhangjiang Laboratory, Shanghai, China

*Westlake Institute for Optoelectronics, Hangzhou, China

fInternational Institute for Sustainability with Knotted Chiral Meta Matter (WPI-SKCM2), Hiroshima University, Hiroshima, Japan

Abstract. Spatiotemporal optical wavepackets refer to light fields with sophisticated structures in both space
and time. The ability to produce such spatiotemporally structured optical wavepackets on demand attracted
rapidly increasing interest as it may unravel a variety of fundamental physical effects and applications.
Traditionally, pulsed laser fields are treated as spatiotemporally separable waveform solutions to
Maxwell’s equations. Recently, more generalized spatiotemporally non-separable solutions have gained
attention due to their remarkable properties. This review aims to provide essential insights into sculpting
light in the space-time domain to create customized spatiotemporal structures and highlights the recent
advances in the generation, manipulation, and characterization of increasingly complex spatiotemporal
wavepackets. These spatiotemporally non-separable light fields with diverse geometric and topological
structures exhibit unique physical properties during propagation, focusing, and light-matter interactions.
Various novel results and their broad potential applications as well as an outlook for future trends and
challenges in this field are presented.
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1 Introduction experienced significant maturation, leading to the development
of new classes of optical beams. Consequently, a variety of spa-

The term “structured light” (also termed tailored light, shaped tially structured light fields have been proposed and experimen-

light, customlzed light, or sculpted llght) refers to light fields tally realized, including Airy beams'>'®, Bessel beams'*?",
that are engineered to have specific spatial or temporal patterns Weber beams22*. Mathieu beams=". Ince—Gauss beams®'—*

Hot1] .. . ) ) )
and degrees of freedom (DoFs)"'~", such as their intensity, Caustic beams™™!, Laguerre-Gauss (LG) beams“**"!, and

phase, polarization (or spin of photon), frequency (or wave- Hermite—Gauss (HG) beams“*. These beams exhibit dis-
length), time, and coherence. Unlike a standard laser beam, i tive optical properties, such as non-diffraction™, self-

which has a uniform (plane wave) or Gaussian distribution of bending!"*'*17), self-healing™*"), and the ability to carry orbital
light intensity, structured light can be manipulated to exhibit angular momentum (OAM)*>*!, which are associated with their
a variety of complex forms in the space or time domain.  gpecific spatial intensity distributions and phase structures
With the rapid advancement of optical shaping technologies ithin their two-dimensional (2D) transverse spatial profile, en-
and laser sources, manipulating the spatial DoF has also  apling precise control over light evolution dynamics. When ac-
counting for the polarization characteristics of light, the spatial
*Address all correspondence to Qiwen Zhan, qwzhan @usst.edu.cn polarization of structured light can be precisely engineered into
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various complex distributions”™*" to alter the spin property of
the photon'®**, Two notable examples of broad interest are the
optical vortex carrying OAM™ 1 and cylindrical vector
beams®**”, In addition, the spatial coherence of light, a second-
order statistical optical parameter, offers an additional DoF that
can be harnessed for light shaping'®~"". By controlling these spa-
tial DoFs, one can further refine the beam’s properties, enabling
more precise manipulation in applications ranging from optical
imaging”*”, microscopy”””, micro-particle trapping”*”, op-
tical computing®™ ", optical communication®*!, and laser
processing™*” to quantum information®**", leading to practical
applications with economic impact. Meanwhile, advances in
ultrafast lasers and pulse shaping techniques have enabled the
generation of optical pulses with nearly arbitrary waveforms
in their one-dimensional (1D) temporal profile**, Temporal
shaping of light, particularly in the ultrafast domain—such
as in chirped pulse amplification®®, optical frequency
combs®™™, and pulse train generation® "' —has already
proven valuable across a wide range of applications. These ad-
vancements continue to push the boundaries of light manipula-
tion for scientific and technological innovation.

Joint sculpting light in the three-dimensional (3D) spatio-
temporal domain by accessing its temporal and spatial DoFs is
termed spatiotemporally structured wavepackets. Research on
spatiotemporal wavepackets (STWPs) has made significant pro-
gress in recent years, driven by advancements in temporal shap-
ing and spatial structure light. Traditionally, STWPs are treated
as spatiotemporally separable entities, with their spatial and tem-
poral components considered independently in the space—time
domain, with notable examples including the extended families
of focus-wave modes!"®®  X-waves!'™* % O-waves!'®112
Airy-Bessel wavepackets''”, and other forms!'*'' all of
which simultaneously resist both diffraction and dispersion ef-
fects. In recent experimental demonstrations (after 2017),
STWPs have been synthesized with specific correlations among
various DoFs. By leveraging these emerging techniques, tempo-
ral frequencies can be entangled with their corresponding spatial
wavevectors, enabling the generation of diverse, localized
spatiotemporal structures such as spatiotemporal optical vorti-
ces (STOVs)!'""*%1 space—time light sheet wavepackets' >,
space—time helical wavepackets"?”'#*], and toroidal pulses?-"*"!,
These emerging STWPs exhibit unique physical properties,
such as transverse OAM, diffraction-free propagation, tunable
group velocity, and time-varying optical characteristics, due
to the existence of space-time couplings where spatial and
temporal effects become entangled. This leads to distinct behav-
ior during propagation, focusing, and interaction with matter,
offering new avenues for controlling light in advanced applica-
tions. In this review, we provide a comprehensive overview of
the recent developments in spatiotemporally structured wave-
packets, covering fundamental concepts, methods for their gen-
eration and manipulation, techniques for characterization, as
well as their applications, challenges, and future opportunities
(Fig. 1).

This review highlights the rapid advancements over the past
5 years in the generation, manipulation, characterization, and
applications of spatiotemporally structured wavepackets, along
with the novel physics emerging from these developments, as
illustrated in Fig. 1. Unlike conventional wavepackets, where
spatial and temporal degrees of freedom are treated separately,
this review focuses on wavepackets modulated through coupled
spatial-temporal interactions.
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Section 2 covers the fundamentals of shaping STWPs and
introduces cutting-edge techniques for synthesizing them,
whether spatially, temporally, or in a spatiotemporally coupled
manner. These methods combine ultrafast pulse manipulation
with spatial beam shaping, leveraging Fourier optics principles.
Key technologies include 2D pulse shapers, multi-plane light
conversion (MPLC) devices, metasurfaces, and nanophotonics
platforms, each offering precise control over the wavepacket’s
structure for novel applications across various domains.

Section 3 delves into recent breakthroughs in the generation
and manipulation of novel STWPs, focusing on several key
types. These include STOVs with transverse OAM, non-
diffracting space—time light sheets, helical wavepackets with
time-varying optical properties, and vectorial electric-magnetic
toroidal pulses. This section also involves significant advance-
ments in the nonlinear regime of STOVs and other intriguing
wave phenomena that arise in these contexts. Additionally, it
explores the realization of space—time optical topologies en-
abled by STWPs, examining how these complex wave struc-
tures have led to new opportunities in optical manipulation
and control. These pioneering developments are shaping the fu-
ture of optical science, providing insights into both fundamental
physics and potential applications.

Section 4 is devoted to the characterization methods for
STWPs, emphasizing the reliable retrieval of both intensity
and phase information in the space—time domain. Accurate char-
acterization of ultrafast wavepackets is essential for understand-
ing and controlling their complex dynamics. This section
outlines advanced techniques for capturing the full spatiotem-
poral profile of STWPs, including temporally sliced 3D recon-
structions and single-shot 2D reconstructions using both linear
and nonlinear approaches. By combining spatial and temporal
diagnostics, these methods enable comprehensive insight into
the behavior of STWPs and their underlying physics.

Section 5 presents some of the emerging applications of
STWPs across various fields, including light—matter interaction,
data encoding and transmission, optical information processing,
and superintense fields. These novel applications demonstrate
the versatility of STWPs in enabling new ways to control light
and manipulate information, offering promising advances in
both fundamental research and technological innovation.

Finally, Sec. 6 summarizes recent advancements in spatio-
temporally structured wavepackets and discusses future trends,
including ultracompact synthesis devices, modal sorting/
detection/multiplexing/demultiplexing, quantum control and
entanglement, more complex space—time topologies, and high-
dimensional wavepackets, as well as the nonlinear microscope
and laser processing. This section also explores emerging
opportunities and challenges, proposing potential solutions to
overcome technical barriers. Additionally, it provides a for-
ward-looking perspective on the future of spatiotemporal light
sculpting, envisioning its role in shaping next-generation optical
technologies.

2 Fundamentals of Spatiotemporal
Wavepackets

Due to their ultrafast time variation and ultrashort pulse dura-

tion, directly manipulating the time dimension of these wave-

packets is challenging. Traditional pulse modulation typically

occurs through the time Fourier spectrum. However, STWPs
feature an inseparable 3D space—time structure. In the following
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Fig. 1 Schematic illustration of recent advances in spatiotemporally structured wavepackets.

sections, we review and summarize the principles, methods, and
common configurations for manipulating STWPs.

2.1 Wave Equations and Space-Time Duality

From Maxwell’s equations, the evolution dynamic of a scalar
spatiotemporal electric field U(x,y,z;t) in a homogeneous-
permittivity and source-free medium is described by

1 azU(x v,251)

ViU t
(x,y,2;0) — ¥

=0, (D

where V2 =

of light in a medlum w1th refractive index n(w) and ¢ is the
light speed in vacuum. Equation (1) is the scalar wave equation.
In this review, we adopt the common model of assigning z to be
the wave propagation axis. Under the slowly varying
envelop approximation (|0*U/df*| < |wdU /dt| < |w?*U|) and
paraxial condition (|0*U/dz?| < |koU/dz| < |k*U|), the com-
plex field of U(x,y,z;t) can be rewritten as at a carrier fre-
quency wy:

ax2 + 4 02 S+ "2 ¢ = co/n(w) represents the speed

U(x,y,z;t) = Y(x,y,z: 1) exp(iogt — ikgz), (2)

where W (x, v, z; f) stands for the envelope of a pulsed beam, also
called wavepacket. If W(x,y, z;1) # Pg(x,y,2) x Pr(7), such

Photonics Insights

R08-3

STWPs are considered entangled in both space and time, mak-
ing them spatiotemporally non-separable—a property known as
spatiotemporal coupling'?>'*>"*, ko = wy/cy = 27/Ay is the
propagation constant. Substituting Eq. (2) into Eq. (1) and con-
sidering the above assumptions, we can obtain the following
equation:

10
Vi¥(x,y,z;1) + 12k0( -I———)‘I‘(x y,z;1) = 0, 3)

0z

where V4 = 0% /0x* + 0% /dy?* denotes the transverse Laplacian
operator. Based on the duality of space and time, the temporal
evolution of a pulse in a dispersive medium can be described by

0 2(0 1
F‘P(Z;t)—i-lg(a +——) (z:1) = “4)

where f3, and v, are the second-order dispersion coefficient and
the group velocity, respectively. Equation (4) only takes into ac-
count the linear second-order dispersive effect. By making the
change of variables { =z, 7=1t—2z/v, and d/dt = d/or,
0/0z = d/d¢ — ¢~'9/0r, Eq. (4) reduces to
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” 2 0
~W(z1) 4 i——W(z;7) = 0.
922 (Z’T)+lﬂ202 (zz7)=0 (%)

Thus combining Eqgs. (3) and (5), the evolution dynamic of
an STWP in a dispersive medium is described by

1
—V%‘I‘(xyzr) ﬂ2 ‘I‘(xyzr)+12 lI’()cyzr)—O

(©6)

where 7 = t — z/v, is the local time frame. When f, = —1/k,
i.e., in an anomalous dispersive medium, Eq. (6) can be reduced
to the following symmetric form in both space and time:

720 I, 2 R 2 oY
2y -1 =0, 7
F +02+02+l F )

where y = 1/ky = —f,. Equation (7) highlights the space—time
duality, illustrating an analogy between the paraxial diffraction
of spatially confined beams and the dispersion of narrow-band
pulses in a medium'?", suggesting the potential to manipulate
both within a linear system.

2.2 Diffraction Grating and Two-Dimensional Pulse
Shaper

Since the oscillation frequency of ultrashort light fields is much
higher than that of electro-optic modulators, it is impractical to
directly control the timing of light pulses. Instead, the spectrum
of the light pulse is typically manipulated using dispersive el-
ements, which in turn allows for control over the temporal wave-
form of the pulse. The common dispersive elements in the
laboratory include diffractive gratings and prisms; they provide
an angular dispersion and spatially expand the spectrum of an
ultrashort pulse to further modulation. Their cascading and com-
bination can achieve resolved spectroscopy and dispersion con-
trol, with the most common approach being the use of grating
parallel pairs to achieve pulse compression in the chirped pulse
amplification techniques and 3D STWP diagnostic measure-
ment techniques. The common parameters of a commercial gra-
ting include blazed wavelength, grooves per millimeter, nominal
blaze angle and size, etc. The grating equation for order m is

d(sin 6; £ sin 0,) = mJ, ®)

where 6; and 6, are the incident angle and diffractive angle, re-
spectively. d = 1/N is the grating period and N is the grooves
number. The plus sign indicates that the incident and outgoing
lights are on the same side of the grating normal, while the mi-
nus sign indicates they are on opposite sides. For a blaze grating,
the blaze angle is defined as 8, = (6; + 6,;)/2. The real blaze
wavelength can be calculated as A, = 2d sin 6, cos(0,—
0;)/m. As such, the nominal blaze wavelength A, nom =
2d sin 6, and has a relation with A,: A, = ) Nom COS(6,—
0;)/m. The angular dispersion of a grating is given by D4 =
dO,/dA = m/d cos 6, and the chromatic resolving power at or-
der m is given by RA = 1/6A4 = mN, where 64 is the spectral
resolution. Parallel placement of grating pairs can provide neg-
ative group delay dispersion (GDD) as follows'**:
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i

GDD = —— 20
2nc*d? cos’ 0,

©

where D is the distance between gratings.

Given the time scale of the light field, modulation in the fre-
quency domain is the natural choice. A 4f pulse shaper is an
optical device used to manipulate the spectral characteristics
of ultrafast laser pulses. It is called “4f” because the setup typ-
ically involves the integration of a pair of diffractive gratings, a
pair of cylindrical lenses, and a modulator separated by a focus
length f, as shown in Fig. 2. Figure 2(a) describes a conven-
tional 1D pulse shaper, which involves a 1D array modulator
or mask along temporal frequency direction®”. By adjusting
the phase or amplitude of different frequency components, the
temporal shape of the pulse can be modified through Fourier
transform™'**!, In this arrangement, the spatial dispersion D, =
|dx/dw| = mA®>f/2zcd cos 6; and the radius of each fre-
quency beam is given by w, = 2f cos 6;/kw; cos 6, where
w; is the input Gaussian beam spatial radius. This is useful
in applications requiring precise control over pulse duration
and shape. Such pulse shaper architecture is well-established,
with commercial products available on the market.

In the conventional 4f pulse shaping apparatus, a 1D ampli-
tude or phase mask is used as the frequency plane filter, modu-
lating only the 1D frequency components while leaving the
spatial dimension untouched. The successful development of
two-dimensional optical modulators, such as liquid crystal spa-
tial light modulators (LC-SLMs), metasurfaces, and diffractive
optical elements (DOEs), has enabled arbitrary control over ul-
trafast pulse shaping in a space—time coupled manner. The spec-
trum of an input pulse beam is spatially spread along the y-axis
by a grating and collimates onto a spatial light modulator (SLM)
through a cylindrical lens so that each wavelength A is assigned
to a position y(4) forming a 2D spatial-spectral domain. The
spatial spectrum of a pulsed beam is modulated by a phase mask
[usually imparts an added phase by a phase-only reflective
SLM"®¥ as shown in Fig. 2(b)]. Recombining the spectrum
via the cylindrical lens and grating reconstitutes the pulse (com-
plete a time-frequency Fourier transformation), and the STWP is
realized after free-space diffraction of a distance. Generally
speaking, the light field at the spectral-space plane inside the
pulse shaper and the light field in the far field or any other planes
beyond the pulse shaper are connected through a linear trans-
formation. Under the paraxial approximation and narrow band-
width condition |Q| = |@ — wy| < o, the spatial light field after
the pulse shaper at a distance of L can be described by the
Fresnel diffraction integral

Wiy i) = 77 [ Vo(en. @ agan, (10)

where (x,y) and (&, 7) are the spatial coordinates at the output
and SLM plane, respectively. The temporal envelope can be cal-
culated by the time-frequency Fourier transformation:

1
Y(x,y,L;7) = / W(x,y, L;Q)e ™ ¢ dQ, (11)

where exp(iaQ?) is a group delay dispersion (GDD), which can
be adjusted by the SLM. Thus, the spatiotemporal envelope of
this STWP at location L can be described by the combination of
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Fig. 2 Schematic of 4f ultrafast pulse shaper. (a) 1D pulse shaper for temporal modulation®®,
(b) 2D pulse shaper for spatiotemporal phase-only modulation*®. (c) 2D holographic pulse
shaper for spatiotemporally sculpting STWPs via a complex-amplitude modulation™. (d) The
intensity modulation and phase compensation analysis of a complex-amplitude modulated

hologram!*,

Egs. (10) and (11), which reads

2

Beyond phase-only modulations, a 2D ‘“holography” pulse
shaper concept, analogous to spatial off-axis holography, has
been established to enable complex-amplitude modulation, as

W(x,y,L;7) W Wy (&, 5, Qe +"”’Qze”'k<>x‘fsz’"Qfdédﬂd.(.?. shown in Fig. 2(c). This arrangement is similar to the aforemen-
tioned 2D pulse shaper but involves a specific hologram, which
(12) s given by!"**13
Equation (12) has an equivalent angular spectrum form in a
Plane 2

dispersive medium as
Y(x,y,L;7)

uﬁ‘f‘o(ké,kn,ﬂ)ei

K2+k2
¢y e i i
LB ei,(k§x+k,,y)*lQTd!2dk§dk,7,

(13)

where (£,5,€) is the corresponding coordinate of (x,¢,7) in
momentum space. ¥, is a 2D transmission function on the fre-
quency plane of a pulse shaper, typically phase modulation for
STWP generation such as spatiotemporal optical vortices and
space—time light sheets.
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Fig. 3 Schematic of an afocal optical system for conformal
mapping.
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wsLm(Q. &) = mod[Arg(¥o) + 7 - sinc™" (|¥o|) + sinc™" (| ¥o|)
-mod(2zgé, 2x) + a - Q2, 27, (14)

where g denotes the frequency of a linear phase ramp, the depth
of which depends on the magnitude of the desired mode;
sinc™!(-) stands for an inverse sine cardinal function. The en-
coding technique utilizes a one-dimensional blazed phase gra-
ting with different modulation depths in order to diffract light
into the first order with different light intensities, as shown in
Fig. 2(d). Additionally, to minimize residual modulation, the
phase-only SLM must be calibrated to ensure a linear 2z phase
response across all 256 gray levels at the operating wavelength.
To generate high-quality STWPs, the spatial-spectral band-
widths of the pulsed beam should fully cover the hologram.
In this scheme, the desired STWP with an arbitrary waveform
is produced by filtering the zeroth-order diffraction light via
a simple spatial filter. It should be noted that the spatial dimen-
sion of the light field can also be imaged onto the output plane
using a 4f relay system, completely circumventing spatial dif-
fraction. Recently, a spatiotemporal pulse shaping method,
termed the dispersion magnifier, using conventional optical
elements, has been proposed to generate STWPs in the non-
paraxial regime!*",

2.3 Theory for Optical Conformal Mapping

Conformal mapping is a powerful tool in various fields of math-
ematics and engineering due to its angle-preserving properties,
making it invaluable for transforming complex problems into
simpler ones while retaining essential geometric features™**'*¥,
An afocal system for optical coordinate transformation between
Cartesian (x,y) and log-polar (u,v) coordinates is a typical
demonstration by utilizing phase-only computer-generated
holograms, which usually involves a 1D line segment to 2D
circle mapping operation. Figure 3 shows an afocal system con-
sisting of two-phase elements separated by a distance of f. The
phase profiles of the phase elements are denoted by @, (x, y) and
@, (u, v). A collimated beam is mapped from plane 1 to plane 2
by the first phase element and collimated from plane 2 by the
second phase element. Consider a plane wave E(x, y) normally
incident on the first plane 1; the electric field in plane 2 can be
calculated by

E(u,v)

— eik(u2+1)2)/2f /E(x, y)ei(I)](x,y)+ik(x2+y2)/2fe—ik(ux-&-vy)/fdxdy'

s5)

The deflection angle of the transmitted field right after plane
1 is given by!"*”

_ Oy _0®i(xy) k.o
ox | ox 7l %), (16)

and

Oy _ 0P (x,y) Kk
dy dy f

w(x,y) = @ (x,y) + k(x* + ¥ /2f — k(ux + vy)/f.

B = (v =), a7

where
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According to the stationary phase approximation, all contribu-
tions of Eq. (15) are vanished except about the saddle points of
w(x.y) at (xg.yo), given by

dy
ox

oy
o ay

=0. (18)

Yo

Combining Eqgs. (16) and (17) with Eq. (18), we obtain a pair
of partial differential equations as follows:

aq)](xv y) _ k .

and

0P (xy) _k

T = ?(U ¥)- (20)

For the coordinate transformation of a Cartesian (x, y) coor-
dinate to a log-polar (u, v) coordinate, the relation is given by
u=6, and v=1Inr|, 21

where 6, = tan~!(y/x) and r; = y/x* + y?. The reverse rela-
tion is

x=-e"cosu and y = e’ sin u, 22)

Substituting Eq. (21) into Egs. (19) and (20), it becomes

00 (x.y) _ k[ (y)
T = f [tan (_x) x] s (23)
oD (x,y) k

oy ? |:1n VX2 4y — y:|. (24)

Using the method of integration by parts, one can obtain

@ (x,y) = ; B In(x? +y?) + xtan™! (%) —y _%(xz n yz)].

(25)

The second phase element is used to collimate the mapped
beam. In the time-reversal direction, the second phase element is
capable of performing a log-polar to Cartesian transformation

from plane 2 to plane 1. Therefore, the gradient of ®,(u, v)
and the mapping relation can be expressed as

oD, (u,v) k

o = ? (x—u), (26)
and
oD, (u,v) k
T—?()’—U)- 27

Combined with Eq. (22), one can obtain the phase profile of
the second phase element:
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D, (u,v) = ]_]i |:e” sin u —%(u2 + 1)2):|. (28)

Similarity, a log-polar to Cartesian inverse transformation
requires the following coordinate relations:

u = e’ cos |:tam1 Xi| and v = ¢ sin I:tan1 X]. (29)
x x

2.4 Multi-Plane Light Conversion

Multi-plane light conversion (MPLC) can be used to perform
arbitrary spatial basis transformations using a cascade of phase
planes separated by a unitary transformation, typically free-
space propagation or a Fourier transform. An MPLC device
consists of a series of phase masks separated by free-space
propagation”®), as shown in Fig. 4(a). It can convert one
orthogonal set of beams (including spatial positions) into an-
other orthogonal set through unitary transformation. Different
methods have been used to optimize the patterns of phase
masks. Since the design of MPLC falls in the general category
of inverse design, quite often, patterns of the optimized phase
masks are not intuitive. Modified wavefront matching is the

method commonly used to iteratively update phase masks.
Wavefront matching propagates the input fields [f;(x, y, z)] for-
ward through the k-th phase mask [®;(x,y)] and the output
fields b;(x,y, z) backward through the phase mask. The only
way for an input to excite an output is if the phase fronts of
the N forward propagating inputs, f;, and backward propagating
outputs, b;, match at every spatial coordinate. When the fields
do not match, the phase error at each spatial coordinate can be
computed and subtracted from that phase plane. In a multi-plane
system, the algorithm moves all f; and b; forward together to
the next plane or backward together to the previous plane and
iterates until the error is minimized. To find the phase distribu-
tion @, (x, y) for a given phase masks, the algorithm iteratively
computes a corrective phase distribution given by

ADy(x,y) = —Arg [Zokii(x» y)e"’"], (30)

where ¢; is the average phase of oy;;. The field overlap matrix at
the k-th plane oy;; is given by

0kij (X, y) = fi(x, y, )b} (x, y, 2) e, GD
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Fig. 4 Multi-plane light conversion (MPLC) for spatially controlling light fields. (a) Schematic for
MPLC". (b) Laguerre/Hermite-Gaussian mode sorter based on MPLC!"™". (c) A high-dimen-
sional MPLC-based mode sorter for arbitrarily randomized spatial mode basis sorting!®2.
(d) Processing entangled photons in high dimensions with an MPLC!"*®. A pixel-entangled
two-photon state undergoes a general unitary transformation implemented using an MPLC.
(e) Sensing quantum-state-based rotations with an MPLC!'®4,
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The i x j dimensional coupling matrix O, with entries

Ouij = /Okij(x’ y)dxdy (32)

quantifies how well each input mode couples to each output
mode. The phase distribution of the k-th element in the n-th iter-
ation is calculated as follows:

O = Y frbyre HOL, (33)

where 0, = [[ of,;(x.y)dxdy and of,;(x,y) = frbr*eAel® ],
The marker n denotes the n-th iteration. As such, the k-th phase
mask @, can be calculated through a sufficient number of iter-
ations @} as described above. For a few specific modal bases,
elegant MPLC designs have been found that are capable of ef-
ficiently sorting many spatial modes using a small number of
planes. In 2019, Fontaine et al. realized a Laguerre—Gaussian
mode sorter capable of decomposing a beam into a Cartesian
grid of identical Gaussian spots each containing a single
Laguerre-Gaussian component'®!, The input Gaussian array,
represented as spatially orthogonal modes, undergoes an MPLC
transform, which converts the Cartesian coordinates (x, y) to the
Cartesian indices (m,n) corresponding to Hermite-Gaussian
modes. Then the HG basis can easily be converted to LG modes
through two cylindrical lenses. Besides, Kupianskyi ef al. inves-
tigated high-mode-capacity MPLCs to create arbitrary spatial
mode sorters and linear optical circuits, focusing on designs
with a low number of phase planes for experimental feasibil-
ity!"*?, as shown in Fig. 4(c). They develop a new inverse-design
algorithm based on gradient ascent, which achieves lower modal
cross-talk and higher fidelity in the low-plane limit, and dem-
onstrate prototype sorters capable of operating on up to 55
modes, sorting photons by various spatial mode bases. MPLCs
have potential applications in both the classical and quantum
optics domains, in fields ranging from optical communications
to optical computing and imaging. For example, Lib et al. dem-
onstrated the use of MPLC as a versatile and scalable platform
for high-dimensional quantum information processing with en-
tangled photons'*”, as shown in Fig. 4(d). They perform four
key tasks—high-dimensional entanglement certification, tail-
ored two-photon interference, arbitrary random transformations,
and spatial mode conversions for entanglement distribution—by
simply changing the reconfigurable phase patterns of the MPLC
without any hardware changes, showcasing its universality and
applicability in quantum information processing. Eriksson et al.
experimentally proposed a scheme to estimate the three param-
eters of a general rotation using quantum states that achieve the
ultimate precision set by the quantum Cramér-Rao bound™*,
The states are realized through the orbital angular momentum
of light and rotations are implemented with an MPLC setup,
indicating potential for advanced rotation sensors, as shown
in Fig. 4(e). The incorporation of an ultrafast pulse shaper with
MPLC devices will also enable a certain level of reconfigurabil-
ity in both space and time.

2.5 Metasurfaces and Nanophotonic Platform

Conventional generation of structured light typically relies on
multiple cascaded phases and wave plates in bulky form, impos-
ing major challenges for their practical applications. Over the

Photonics Insights

R08-8

past decade, flat optics, also known as ultrathin metasurfaces,
have become a new topic in the photonics community. Recently,
such metasurfaces have been largely developed for the genera-
tion, manipulation, and detection of structured light"*>"'>"!, In
meta-optics, both plasmonic antennas and dielectric pillars have
been used for the metasurface generation of different structured
light fields in real space. Figure 5(a) shows dynamic phase
metasurfaces with phase-only modulation with the use of a
set of meta-atoms for helical phase imprinting!'**"'%", Besides
utilizing phase-only elements to generate phase vortices, plas-
monic and dielectric nanostructures can be engineered to exhibit
significant polarization birefringence, resulting in distinct phase
accumulations along their long and short axes. Geometric meta-
surfaces, following the Pancharatnam-Berry phase principle,
enable the creation of polarization-encoded phase vortices by
rotating identical asymmetric nanostructures in-plane!®'%%,
as shown in Fig. 5(b). Furthermore, meta-atoms featuring vary-
ing orientations and sizes have been advanced to independently
manipulate arbitrary orthogonal polarizations. Figure 5(c) ex-
hibits the J-plate metasurfaces by exploiting the complete
and independent phase and polarization control by single meta-
atoms based on the Jones calculus!'®>'%!,

Designing and optimizing a novel metasurface to fully and
independently manipulate both the amplitude and phase of
transmitted light is crucial for customizing structured light.
Ren et al. proposed a geometric metasurface with complex-
amplitude modulation using polymer-based rectangular nano-
pillars (refractive index n = 1.52) with an aspect ratio up to
15 as meta-atoms""". Such high-aspect-ratio nanopillars exhibit
strong birefringence, altering the polarization states of transmit-
ted light and forming the basis for a geometric phase response
controlled by the in-plane rotation angle (6), depicted in
Fig. 5(d). Numerical simulations, under periodic boundary con-
ditions, analyzed the amplitude and initial phase retardation of
cross-polarization in light beams transmitted through these
nanopillars as functions of nanopillar height (H) and length (L),
as illustrated in Fig. 5(e). By adjusting the out-of-plane height
(H) and in-plane rotation angle (6) of these 3D meta-atoms, in-
dependent modulation of both amplitude and phase can be
achieved, offering versatile control over structured light. As
shown in Fig. 5(f), a dielectric metasurface is used in the 4f
pulse shaper configuration to manipulate, simultaneously and
independently, the amplitude and phase of the constituent
frequency components of the pulse”®!, With modern nanofab-
rication capabilities, nanophotonic devices used as SLMs offer
the advantage of higher spatiotemporal resolution due to their
smaller pixel size. Additionally, these devices enable multidi-
mensional modulation, including phase, polarization, and
amplitude, within a single device, providing a significant advan-
tage over traditional phase-only SLM- or amplitude-only digital
micromirror device (DMD)-based pulse shaper configurations.

3 Generation and Manipulation of STWPs

The emergence of novel STWP synthesizers and advancements
such as the 2D pulse shaper and STOVs have sparked a surge in
research activity in this field. Recent innovations, including
space—time light sheets, toroidal pulses, and hopfions, signal
that this area is on the brink of significant breakthroughs.
This section summarizes some of the latest developments in spa-
tiotemporal light sculpting reported over the past few years.
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Fig. 5 lllustration of some typical metasurfaces for the structured-light field generation.
(@) Dynamic phase directly imprints a helical phase profile via phase-sensitive elements!®®.,
(b) Geometric phase metasurfaces encode the helical phase profile onto the cross-polarization
component from the metasurface using birefringence™®. (c) J-plate metasurfaces exploit the
complete and independent phase and polarization control, capable of creating different OAM
modes at arbitrary orthogonal polarization outputs!®®. (d) Design and optimization of a 3D meta-
surface for the complete and independent manipulation of both amplitude and phase re-
sponses of transmitted light"®”. (e) Numerical characterization of the amplitude and initial phase
retardation of cross-polarization transmitted from a nanopillar with different heights (H) and lengths
(L)', (f) Ultrafast optical pulse shaping using dielectric metasurfaces!'®®. In a 4f configuration, a
metasurface device is used to perform the 2D complex-amplitude modulation at the frequency

plane.

3.1 Spatiotemporal Vortices with Transverse OAM

Light fields with twisted wavefronts of the form exp(—il@),
known as optical vortices, exhibit a symmetric hollow intensity
profile due to on-axis phase singularities. The integer [ is an
azimuthal quantum number referred to as the topological
charge. In 1992, Allen et al. discovered that spatial optical vor-
tices possess a longitudinal OAM proportional to the topologi-
cal charge . This OAM is parallel to the wavevector and the
propagation direction of the beam®, Until very recently, optical
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vortices carrying intrinsic transverse OAM perpendicular to the
wavevector (see Refs. [118,134]) had remained elusive. STOV
is a typical space—time coupled wavepacket, which has a screw
phase dislocation and a zero-intensity center raised by the phase
singularities on the space—time plane. The spatiotemporal vor-
tices were first proposed in Ref. [169]. Such wavepackets carry
transverse orbital angular momentum perpendicular to the
wavevector and the propagation direction of the beam'”*'"",
The first experimental observation of STOVs occurred during
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filamentation processes in air but the desired STOVs only ac-
counted for a very small fraction of the total energy'’.
Recently, the STOV wavepacket has been successfully gen-
erated in the linear regime with the help of a 2D pulse shaper'"'®,
as shown in Fig. 6(a). Since the OAM is a conserved physical
property, such singularities in the frequency domain are then
transformed into singularities in the space—time domain, creat-
ing an STOV wavepacket with controllable transverse OAMs.
To vividly visualize such wavepackets, a Mach-Zehnder-like
scanning interferometer is utilized to measure their 3D spatio-
temporal complex amplitude information. A Fourier-transform-
limited ultrashort reference pulse spatially interferes with the
target wavepacket at a small angle, varying the time delays
to create a series of time-dependent fringe patterns, like the
off-axis holography, as shown in Fig. 6(b). The contrast and
relative displacement of the interference fringes contain the

(a) Grating (c)
. Cylindrical lens

\

ASLM

Mirror '-:Grating rz?rﬂl}qirror
' BS """"
/ ______ \ Ny = 2
g _ Delay line
! Mirror =
N 20
>

intensity and phase information of each time slice, respectively.
Figure 6(c) exhibits the reconstructed 3D STOV wavepackets by
stitching all temporal slices, demonstrating a phase singularity
and null-intensity center in the space—time domain. Figure 6(d)
shows the process of STOV formation in free space after the
pulse shaper""'”. A space—time symmetry donut is formed only
at a specific location where the spatial diffraction and temporal
dispersion are matched.

Since the STOV wavepacket is defined on the space—time
plane in a coupled manner, it experiences dispersion and diffrac-
tion effects during propagation in free space or a dispersive
medium. If the accumulated dispersion phase during propaga-
tion does not match the diffraction phase, the wavepacket gradu-
ally loses the integrity for its spatiotemporal field and splits
into multiple separated lobes. Furthermore, even if an STOV
wavepacket maintains a balanced dispersion and diffraction
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Fig. 6 Experimental generation and characterization of STOV wavepackets. (a) A 2D pulse
shaper with a helicoidal phase is used for STOV generation, and a Mach-Zehnder-like scanning
interferometer is utilized for STOV measurement''®, (b) Time-dependent interference fringes
measured at different time delays!'*®, as indicated in (c). (c) Theoretical and reconstructed 3D
iso-surface and phase of an STOV!""® based on (b). (d) Forming process of an STOV wavepacket

in free space after a pulse shaper''.,
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to preserve its donut-shaped spatiotemporal field distribution, it
still spreads in both space and time due to these effects. Spatial
Bessel-type optical vortices featured by infinite concentric rings
carry infinite energy and exhibit a diffraction-free property dur-
ing propagation. A Bessel beam can be simply generated in
space via the Fourier transform of a conical phase or Dirac-ring.
Cao. et al. first generated Bessel-type STOVs (BeSTOVs) by
adding a conical phase into a helical phase inside the pulse
shaper''™. Figure 7(a) shows the corresponding phase for the
BeSTOV wavepacket generation, in which the GDD phase and
focus or defocus phase is used to manage dispersion and diffrac-
tion phase in a “virtual” dispersive medium. An experimentally

(a) , _ Conical

(de)focus

. GDD
“ =
W — Wqo

generated BeSTOV wavepacket is exhibited in Fig. 7(b), show-
ing a multi-ring structure. Figure 7(c) shows that such BeSTOV
holds a non-spreading nature and is prevented from breaking up
into multiple elemental vortices during propagation.

Most of the aforementioned STOVs are generated at a spe-
cific plane (far field) after the pulse shaper, as free-space propa-
gation is required to implement the spatial Fourier transform.
This method is challenging for generating STOVs with large
topological charges due to the significant mode degradation
of high-order modes during transmission. To circumvent this
issue, Chen er al. proposed an inverse design using a helical
phase multiplied by a Dirac-ring to generate diffraction-free
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Fig. 7 Generation of Bessel STOV (BeSTOV) wavepackets. (a) Phase-only hologram for gener-
ating BeSTOV wavepackets. Top row, from left to right: conical phase, second-order phase (GDD
phase), focus/defocus phase, and helical phase. Bottom row: total phase of the above phases
without topological charge (left) and with topological charge 2 (right)!'”. (b) Experimentally recon-
structed 3D iso-surface of a BeSTOV wavepacket with topological charge 1'%, (c) Spatiotemporal
non-diffraction property of the generated BeSTOV wavepackets with topological charge 2"
(d) Generation of BeSTOV wavepackets carrying extremely high topological charges!'“. SLM
phase patterns for generating BeSTOVs with topological charges of 10, 25, 50, and 100.
(e) Experimental setup for generating and measuring BeSTOV wavepackets!'’. (f) Experimentally
reconstructed ultrahigh-order BeSTOVs!"" from holograms in (d).
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BeSTOVs with ultrahigh-order topological charges exceeding
100", Figure 7(d) shows the phase patterns, where the 1D spa-
tial Fourier transform from k, to x is pre-calculated, allowing
these phases to be located on the x — w plane instead of the k, —
o plane, thus eliminating the need for spatial Fourier transform.
Figure 7(e) illustrates the experimental setup for the generation
and characterization of high-order BeSTOVs. In this setup, the
target BeSTOV wavepacket is generated immediately behind
the grating and then imaged onto the camera using a 4f-imaging
system (L,; and L,,). Figure 7(f) displays the generated
BeSTOVs with high-order topological charges of 10, 25, 50,
and 100. These STOV wavepackets exhibit an asymmetric pro-
file in space due to the absence of energy redistributions caused
by the space—time coupling effects.

Beyond the phase-only modulation, a complex-amplitude
modulation technique has recently been developed, significantly
broadening the range of sophisticated STWPs with specially de-
signed structures tailored to specific applications'*”, as shown
in Fig. 8(a). Figure 8(b) illustrates the generation of a fundamen-
tal Bessel wavepacket using only a ring mask. This holographic
technique allows for the realization of spatiotemporal optical
lattices by selecting appropriate pinhole masks in the spatial-
spectral domain. Figure 8(c) demonstrates several configurations
for generating ST crystal-like and quasi-crystal-like structures
experimentally. Additionally, Fig. 8(d) presents the 3D intensity
map and projection views of the reconstructed spatiotemporal
flat-top pulses. This innovative spatiotemporal hologram tech-
nique, which controls both the amplitude and phase of optical
spatiotemporal wavepackets, leads to enhanced space—time
coupling and more flexible manipulation of light fields.

Recent years have witnessed a breakthrough in the realm of
STOVs. However, the predominant emphasis in current initia-
tives has been on STOV wavepackets rooted in Gaussian-type
(described by a Hankel transform) and Bessel-type (described
by a Bessel function) with one controllable degree of freedom

Fig. 8 Complicated STWP generation
(a) Realization of spatiotemporal complex amplitude modulation with redistribution of energy into
other diffraction orders. (b) Demonstration of spatiotemporal complex modulation with the gener-
ation of a spatiotemporal Bessel wavepacket via complex-amplitude modulation. (¢) Experimental
results of spatiotemporal optical time crystals and spatiotemporal optical time quasi-crystals via
complex-amplitude modulation; top row: SLM phase patterns. (d) 3D iso-surface of the generated
spatiotemporal flat-top wavepacket via complex-amplitude modulation.
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of azimuthal quantum numbers in the space—time domain.
Laguerre-Gaussian and Hermite—Gaussian modes offer dual
controllable degrees of freedom in cylindrical and Cartesian co-
ordinate systems, respectively. Both modes define complete and
orthonormal bases for the spatial structure of light, providing an
infinite set of functions to describe the light field’s spatial prop-
erties. Liu et al. first demonstrate the synthesis of STOVs with
controllable radial and azimuthal quantum numbers, referred to
as spatiotemporal Laguerre—Gaussian (STLG) wavepackets, by
imprinting 2D complex modulation onto the spectrum of ultra-
short laser pulses, opening new possibilities for spatiotempor-
ally sculpturing of light™*Y. The STLG wavepacket is given by

ﬁ 7] 2 2,2 '
Yoo = (W_Z”) exp (— %)LLZ (%) exp(—ilf),  (34)

2 2

where p = v/Z2 + x% and 6 = tan~! (x/7). L} () denotes asso-
ciated Laguerre polynomials of the orders p and /. Figure 9(a)
shows the experimental setup for STLG wavepacket generation
and characterization. This nested spatiotemporal topology
within the wavepacket’s profile can be precisely measured
by temporal slice interference, as illustrated in Fig. 9(b).
Figure 9(c) presents the 3D reconstructed iso-surface and re-
trieved phase of an STLG wavepacket, highlighting its intrinsic
transverse orbital angular momentum (OAM) and cylindrical
phase dislocations within the spatiotemporal profile. By prop-
erly adjusting dispersion and diffraction, STLG wavepackets
with large mode indices can also be successfully generated, as
shown in Fig. 9(d). In addition, the spatiotemporal Hermite—
Gaussian wavepacket with various orders is given by!"*"
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Fig. 9 Synthesis and characterization of STOV wavepackets with controllable radial and azimu-
thal quantum numbers!™4, (a) Optical setup for synthesizing and characterizing STLG wavepack-
ets. The apparatus comprises three sections: (i) 2D ultrafast holographic pulse shaper consisting
of a diffraction grating, a cylindrical lens, and an SLM; (ii) a pulse compressor system consisting of
a parallel grating pair; (iii) a time delay line system for fully reconstructing 3D profile of generated
ST wavepacket. (b) Time-dependent interference fringes of STLG wavepacket of p =2,/ =1 at
several time delays. (c) Experimentally reconstructed 3D iso-surface, intensity, and phase of an
STLG wavepacket with p = 2,/ = 1. (d) Generation of STLG wavepackets with high-order radial
and azimuthal quantum numbers of p=4,/=1; p=5,I=1;, p=2,1=2; p=2,/ =5; and

p=21=10.

where H,,(-) denotes Hermite polynomials of the order m. Mode
conversion between an STLG wavepacket and an STHG wave-
packet can be achieved by applying controlled spatiotemporal
astigmatism. Both STLG and STHG sets as the laser modes
of space-time form complete bases in the space—time
domain, laying a crucial foundation for future advancements
in spatiotemporally structured light engineering. Recently,
Ponomarenke et al. theoretically introduced the concept of per-
fect STOV (PSTOV) wavepackets through the spatiotemporal
Fourier transform of Bessel-Gauss STOVs!'”.  These
PSTOVs feature a bright ring with an invariant radius that re-
mains independent of their transverse OAM.

Partially coherent beams have gained significant interest
over the past decade due to their unique properties in beam
propagation, robustness against turbulence, and self-healing
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capabilities. A key feature of partially coherent vortices is the
transformation of their phase singularity into coherence singu-
larity due to random phase fluctuations'’®'"””, Similar to parti-
ally coherent vortices in the spatial domain, partially coherent
spatiotemporal coupling wavepackets with transverse OAM
have also been theoretically studied by Hyde, including spatio-
temporal twisted wavepackets [Fig. 10(a)] and their propagation
in dispersive media and atmospheric turbulence!’*"*, Mirando
et al. expanded STOVs to temporal partial coherence STOVs by
applying random phases to the spectrum of an amplified sponta-
neous emission source, as shown in Fig. 10(b)"*". Due to the
high spatial coherence and temporal incoherence of the ASE
source, the shape of the STOV is severely distorted from the
ring-shaped profile, with multiple singularities occurring at
various temporal locations as phase randomness increases.
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Fig. 10 Partially coherent STOVs and spatiotemporal coherence vortices. (a) Schematic for spa-
tiotemporal twisted wavepacket generation''”®., (b) Generation of STOVs with temporally partial
coherence!™®", (c) Spatiotemporal coherence vortices!'® '8,

Ding et al. have also proposed spatiotemporal coherence vorti-
ces through coherent-mode representation and Fourier trans-
forms. Unlike partially coherent STOVs, which have phase
singularity and null intensity, spatiotemporal coherence vor-
tices exhibit singularities in their spatiotemporal degree of co-
herence, termed spatiotemporal coherence singularities, shown
in Fig. 10(c)!"**"%,

Despite the remarkable progress in generating STOV wave-
packets using 2D ultrafast pulse shaping techniques, existing
methods typically require bulky and sophisticated optical sys-
tems. Recently, nonlocal metasurfaces and nanophotonic struc-
tures much more compact than pulse shapers were proposed to
create phase singularities in the spatiotemporal domain by
breaking spatial mirror symmetry. Wang et al. theoretically gen-
erated a set of STOVs by engineering transmission functions in
the momentum-frequency space based on the transmission mo-
dal lines model™®¥, This transmission function can be achieved
using a nanograting structure that is periodic in the x direction
and asymmetric in the x—z plane, as shown on the left of
Fig. 11(a). An incident pulse normally transmits this geometric
structure, forming a nodal line surrounded by null-intensity and
phase winding in the momentum-frequency domain, as marked
on the right of Fig. 11(a), ultimately generating an STOV in the
space—time domain. Figure 11(b) shows a spatiotemporal differ-
entiator with a spatial mirror symmetric breaking structure
designed to generate STOVs!"®'®, The Si-SiO, slanted grating
was fabricated to excite STOV wavepackets. When a pulse
passes normally through the nanograting, the wavefront of
the incident pulse is partly sculptured by the dispersion relation
of the optical resonance, resulting in a helical phase in the
k, — w domain at a specific slant angle'*”’, as shown on the bot-
tom of Figs. 11(c) and 11(d). The STOV wavepacket is even-
tually synthesized in the far field. Topological darkness, where
intensity vanishes due to topological principles, is marked by
optical phase singularities. Figure 11(e) shows that this phe-
nomenon in a photonic crystal slab can be used for STOV
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generation!"®. In addition, a simple diffractive grating has been
demonstrated to generate an STOV wavepacket by utilizing
symmetry, resonance, and diffraction [Fig. 11(f)]. This process
constructs a helical phase in frequency-momentum space, re-
sulting in the formation of transverse OAM in both time and
space!"™. However, traditional nanophotonic devices lack re-
configurability, hindering the dynamic switching and optimiza-
tion of optical singularities. Ni et al. proposed tunable bilayer
photonic crystals for spatiotemporal phase and polarization
singularities generation and manipulation”, as shown in
Fig. 11(g). By adjusting the interlayer gap » and misalignment
vector d, these photonic crystals allow adjusting various optical
singularities in momentum and frequency space and exciting
STOVs in the spatiotemporal domain.

Understanding the physical properties of STOVs, including
diffraction, propagation, reflection, and refraction, is significant
not only for theoretical studies but also for the practical appli-
cation of STOVs. As previously mentioned, an STOV wave-
packet exhibits a symmetric and perfect helical phase when
the diffraction phase and dispersion phase are balanced. If this
balance is disrupted, the spatiotemporal distributions and struc-
tures change and eventually stabilize into a spatiotemporal pro-
file that may differ significantly from the initial distributions.
Generally, under paraxial and SVE approximations as described
by Egs. (6) and (7), the STOVs can be assumed to be stable
within the Rayleigh range zz = zw3/1 and dispersion length
zp = 73/|p,|. Figure 12(a) illustrates the optical setup for inves-
tigating the diffraction properties of STOV wavepackets using a
grating!"'!. In this setup, the final grating performs a temporal
Fourier transform without a spatial Fourier transform. Due to
this mismatch, the STOV degrades into a multiple-lobe structure
along the diagonal caused by singularity splitting on the space-
spectrum plane. The tilt direction and number of lobes are re-
lated to the sign and magnitude of the OAM, respectively.
Only when diffraction and dispersion match can the STOV
maintain a regular vortex morphology. The mismatch caused
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Fig. 11 Metasurface and nanophotonic structure for STOV wavepacket generation. (a) Photonic
crystal slab design for generating pulses with transverse OAM'®, Left: the geometry of non-
symmetric nanograting, with incident pulse indicated by the red arrow. The grating cross section
in the x—z plane is shown on the top left inset. Right: transmission function in the momentum
space; the red line represents the transmission nodal line. (b) Spatiotemporal differentiator with
spatial mirror symmetry breaking for STOV generation"®. (c) STOV generation in a microscale
platform composed of a slanted nanograting. A tilted-view and a side-view scanning electron mi-
croscope image of this slanted nanograting"®”.. (d) The corresponding complex transmission co-
efficient distributions in the frequency-momentum space for slant angles of 10°, 15°, and 20°"®"),
(e) Basic principle of STOV generation utilizing topological darkness of a photonic crystal slab!®,
A Gaussian pulse strikes a reflective photonic crystal slab with a periodic pattern on a dielectric
membrane generating an STOV structure with a curved vortex line. (f) An STOV centered at a
specific frequency can be generated from Gaussian pulses by a simple mirror-based resonant
grating"®.. A phase singularity in specular reflection is formed at the X point in momentum space
due to resonance-induced total retroreflection. (g) Concept of 3D optical singularities in bilayer
photonic crystals!®,

by the lack of dispersion for free-space propagation makes the
STOV wavepackets split'"®”, as shown in Fig. 12(b).
Propagation dynamics of STOVs in the dispersive medium were

plane [Fig. 12(d)]. These cases reveal the spatial orbital-Hall-
effect shift (y), the OAM-amplified angular Goos—Hénchen and
Hall-effect shifts (k,), (k,), and the longitudinal shifts ({).

theoretically studied by Porras and Hyde et al."”, as shown in
Fig. 12(c). Furthermore, Mazanov et al. recently investigated
the OAM-dependent transverse and longitudinal pulse shifts
of the reflection and refraction of an STOV at a planar isotropic
interface [Fig. 12(d)]"*". The reflection/refraction of STOVs can
be categorized into two cases: (A) when the OAM is orthogonal
to the plane of incidence; and (B) when the OAM lies within this
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Recently, Tang et al. theoretically investigated the spatial and
angular shifts of a 3D STOV with an arbitrarily oriented
OAM at planar reflection and refraction. The spatial and angular
shifts induced by the topological charge can be attributed to two
topologically distinct tangent vector fields on the spheres®'.
Additionally, the dynamics of STOV pulses undergoing tight
focusing and self-focusing propagation in nonlinear media
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Fig. 12 Diffraction and propagation properties of STOV wavepackets in free space and dispersive
medium. (a) Left: experimental setup for investigating the diffraction property of STOV wavepack-
ets by a grating. Right: diffraction pattern of STOVs with various topological charges!".
(b) Experimental propagation dynamics of an STOV wavepacket in free space demonstrate that
the absence of dispersion leads to wavepacket splitting!'*?.. (c) Calculated propagation dynamic of
an STOV wavepacket in a dispersive medium with different dispersion coefficients"*®. When
dispersion and diffraction are balanced, the wavepacket remains stable; otherwise, the singularity
splits. (d) Schematics of the reflection and refraction of STOV at the planar isotropic interface!®.
STOVs carrying intrinsic transverse OAM exhibit peculiar properties of beam shifts and time
delays depending on the value and orientation of the OAM.

and evolution in free space have been theoretically demon-
strated, revealing complex spatiotemporal properties'?2",
Recently, the propagation dynamics of an STOV pulse in the
spatial fractional system were theoretically investigated in
Ref. [201]. The study reveals that the propagation of a
Bessel-type STOV in the fractional wave equation can be
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understood as the coherent superposition of two linearly shifted
half-BSTVPs, which can exhibit orbital angular momentum
backflow.

The STOV wavepacket has a helical phase on the space—time
plane and carries intrinsic pure transverse OAM in the direction
of propagation. A natural next step is to develop a wavepacket
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that carries OAM in arbitrary directions, as the tilted angle of the
OAM offers a new degree of freedom that could potentially be
utilized in optical tweezing, spin-orbit angular momentum cou-
pling, and quantum communications. Wan et al. studied, both
analytically and experimentally, an STOV wavepacket with
its phase singularity located in the x—z plane intersecting with
another phase singularity in the x—y plane™. Such wavepacket
has two perpendicularly crossed vortex lines resulting in a
controllable magnitude and direction of OAM, as shown in
Fig. 13(a). A theoretical proposal for a photonic crystal slab
structure capable of generating STOV with arbitrary OAM di-
rection has been introduced [see Fig. 13(b)]. This design
achieves flexibility by strategically managing the structural
symmetry of the device, thereby controlling the position and
dispersion characteristics of the transmission nodal lines.

This enables the creation of STOV oriented along any desired
direction of the nodal line and OAMP™!. Subsequently, Zang
et al. experimentally demonstrated tilted STOV's using astigmatic
mode converters comprising a pair of counter-rotating cylindrical
lenses [Fig. 13(c)]. By adjusting the rotation angle, these lenses
introduce a longitudinal torque component to the initial trans-
verse OAM, enabling STOVs with arbitrary OAM ilt**,
Recently, Porras et al. theoretically proposed a method for con-
trolling the vortex orientation of ultrashort optical pulses using
spatial chirp, as shown in Fig. 13(d). This method allows tuning
the purely longitudinal OAM of a pulsed vortex into a mixed
state with both longitudinal and transverse components™”’,
Combination and interaction of various types of optical
singularity (spatiotemporal phase singularities, spatial phase
singularities, polarization singularities, etc.) may lead to the
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Fig. 13 STOV wavepackets with tilted transverse OAM. (a) The intersection of spatiotemporal
vortices and spatial vortices within a wavepacket leads to a tilted OAM due to the interaction
of these two types of optical vortices®?. (b) A photonic crystal slab structure can generate
STOVs with arbitrary OAM direction based on the design of transmission nodal lines®™,
(c) Manipulating the transverse OAM direction can be achieved using a cylindrical lens system
with a relative rotational angle. The additional longitudinal torque introduced by the cylindrical
lenses couples with the original transverse OAM, adjusting its direction®, (d) The orientation
of vortices in ultrashort optical pulses can be controlled using spatial chirp®®. Introducing spatial
chirp into a spatial vortex pulse results in an arbitrary orientation of the line phase singularity.
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emergence of novel physical phenomena, such as intricate
wavefront deformations, unique interference patterns, and com-
plex energy transfer dynamics. By leveraging the chirping prop-
erties of ultrashort pulses, one can implement temporal
manipulations of transverse OAM within an STOV wavepacket.
It is well known that a chirped pulse exhibits a tilted wavefront
in space—time, causing different spectral components within the
pulse to reach the modulator at different times. This observation
allows for the derivation and utilization of a linear mapping re-
lationship between the spectral-space modulation on the SLM
and the spatiotemporal distribution after the pulse shaper, facili-
tating spatiotemporal structuring. For example, applying an
additional quadratic phase ¢(x,®) = GDD - (o — w,)* on the
SLM can arbitrarily alter the pulse chirp. As illustrated on
the left side of Fig. 14(a), a spatiotemporal optical vortex
(STOV) with varying chirp levels presents different distributions
in space—time™. By placing phase singularities separately on
the x — w plane, lattices of STOVs within the same wavepacket
can be generated on the space-time plane [Fig. 14(a) middle].
These STOV lattices can be further manipulated by applying
a linear phase @(w) = a - |w — wy| to achieve spatiotemporal
collisions of two STOVs in space-time, as shown on the right
side of Fig. 14(a). The STOV wavepackets with phase singular-
ities embedded in multiple space-time domains have also been
theoretically studied in Ref. [207]. Both types of STOV wave-
packets have the capability of tuning the magnitude and the
orientation of the transverse OAM by changing the parameters
0 and the domains of the phase singularities definition
[Fig. 14(b)]. When STOVs are combined with simple spatial
vortices in an optical wavepacket as perpendicular lines, vortex
reconnections appear with propagation®, Figure 14(c) shows
the experimental setup for realizing two perpendicular vortices
and therefore vortex reconnections, in which just a cylindrical z-
phase shift is loaded in a pulse shaper, and a 45° rotated cylin-
drical lens turns this into a spatiotemporally oriented loop recon-
nection at the focus. The experimental result clearly shows a
loop structure with two vortex connections for connected
vortices, as shown at the bottom of Fig. 14(c). Chen et al.
experimentally created a new type of wavepacket with both spa-
tiotemporal phase singularities and spatially polarized singular-
ities by combining a 2D pulse shaper and a vectorial vortex
plate™, demonstrating that these two types of singularities
can exist together, as shown in Fig. 14(d). Recently, they also
theoretically studied a novel type of orbit-orbit coupling be-
tween the longitudinal and transverse OAMs carried by an
STOV during the process of tight focusing™'”.

The transverse OAM of the above-mentioned STOV wave-
packets is temporally static, i.e., the OAM does not vary in time.
Wan et al. first proposed the concept of time-varying transverse
OAM and experimentally achieved the generation of STWPs
with temporally separated phase singularities by imprinting a
phase hologram™"! [Fig. 15(a)] on a chirped pulse via the 2D
pulse shaper. Such STWP shows the temporally separated sin-
gularity with specific topological charges that demonstrates
a time-varying transverse OAM, as shown in Fig. 15(a).
Hancock et al. demonstrate that the transverse OAM of a light
pulse can be changed only for transient phase perturbations well
overlapped with the pulse in space-time, or by removing energy
from a pulse already containing nonzero transverse OAM den-
sity®"?1. As such, they successfully observed the subtle changes
in the quantity of T-OAM over time by imparting a transient
phase perturbation into an STOV pulse in the experiment, as
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shown in Fig. 15(b). Figure 15(c) shows the measured perturbed
intensity and phase difference at various transient wire onset
times 7,. The change in intrinsic transverse OAM per photon
A(Ly) = (Lv)sp —(L,),, where (L) and (L) denote the ex-
pectation values of fransverse OAI\% for the pre- and post-
perturbation optical fields, was calculated in Fig. 15(c) as a
function of 7. These results demonstrate the spatiotemporal
torquing of light. Huang et al. recently demonstrated a wave-
packet carrying numerous STOVs with a customizable topo-
logical charge arrangement”'”. These STWPs are generated
in the far-field by a 2D pulse shaper, which imprints a multi-
singularity phase pattern onto a non-chirped pulse beam, as
shown in Fig. 15(d). Although the resultant STWP has an
irregular intensity distribution and phase [Fig. 15(e)], it can still
be identified from the corresponding temporal diffraction pat-
tern by a grating, as shown in Fig. 15(f). The diffraction patterns
of these strings exhibit more energetic lobes, with the number of
dark bands between each lobe corresponding to the topological
charge. This demonstrates the time-dependent transverse OAM
within the same STWP.

Despite these notable advances in time-varying transverse
OAM, practical applications remain challenging. The distorted
STOV profiles not only degrade the purity of the time-varying
OAM but also exacerbate cross-talk between singularities after
transmission. As a result, generating a set of isolated spatiotem-
poral wavepackets with time-varying OAM remains an elusive
goal. Inspired by the concept of optical frequency combs***!
and pulse bursts® """, recently, Liu et al. demonstrated an in-
novative approach by creating an ultrafast pulse comb of inde-
pendent STLG modes with variable quantum numbers®'¥. They
achieved this by using a spatiotemporally multiplexed hologram
to construct “spatiotemporal vortex bursts”, as illustrated in
Fig. 16. Unlike traditional spatial modes, each pulse in the burst
is positioned on the space-time plane in a coupled manner. The
radial and azimuthal quantum numbers of each pulse can be tail-
ored on demand. The resulting spatiotemporal vortex bursts,
akin to a series of flying toroids with ultrafast switchable quan-
tum numbers, facilitate terahertz-rate conversion between high-
purity mode indices™.

Recently, the research on transverse OAM wavepackets has
been extended to the nonlinear domain. In nonlinear frequency
conversion, the conventional OAM of light with a topological
charge [, follows a simple scaling rule, where the Nth harmonic
has a topological charge NZ, reflecting OAM conservation.
This rule has been validated for second-harmonic generation
(SHG) and high-order harmonic generation (HHG). As depicted
in Fig. 17(a), Gui et al. investigated SHG by cascading a non-
linear barium borate (BBO) crystal at the output of the STOV
generator and confirmed the conversion of transverse OAM of
STOV"™"!. Figure 17(b) displays the experimentally measured
fundamental STOV and its SHG after passing through a thin
BBO crystal, illustrating the conservation of transverse OAM
in the SHG process. Hancock et al. simultaneously reported
similar experimental results®'®" and provided a physical explan-
ation for the principle of OAM conservation. The conservation
of photon number implied by the Manley-Rowe relation™” for
SHG implies photons at the second harmonic averagely carry
twice the OAM of photons at the fundamental. SHG is a quan-
tum process involving light-matter interactions in the quantized
electromagnetic field, and all photons in the STOV pulse from
the pulse shaper have the same bandwidth, polarization, and
spatiotemporal phase; energy and angular momentum are
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Fig. 14 Manipulation and interaction of multi-singularities within an STOV wavepacket.
(a) Sculpturing spatiotemporal wavepackets with chirped pulses®®. Left: intensity distributions
of STOV wavepackets with different amounts of GDD. Middle: STOV lattice with multiple
STOVs multiplexed in space and time. Right: collision of two STOVs. Linear phases with opposite
signs are applied on the left/right side of the input light field to advance/delay input wavepackets in
the corresponding time domain. (b) Spatiotemporal intensity and phase profile of STOV wave-
packets with phase singularities embedded in different space—time domains®°”. By tuning different
parameters, the magnitude and orientation of the photonic OAM in space-time can be tuned.
(c) Observation of vortex reconnections within an STWP®%I, The transverse crossing of two vor-
tices with a topological charge of one can produce unique vortex loop reconnection patterns.
Higher topological charges result in arrays of vortex loops and connection points.
(d) Generation of cylindrically polarized STWP with both phase and polarization singularities
by cascading a vectorial vortex plate after a pulse shaper™.

conserved at the individual photon level. As such, the transverse
OAM in STOV pulse is conserved in SHG. Mathematically, the
second-harmonic STOV pulse generated using a thin BBO crys-
tal can be described by a simple theory. In this straightforward
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scenario, with perfect phase matching, an undepleted pump
approximation, and a lossless medium, the second-harmonic
field is proportional to the square of the complex input funda-
mental field:
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Fig. 15 STOV wavepackets with time-varying transverse OAM. (a) Generation of rapidly changing
transverse OAM within an STOV wavepacket?®'", Top: 3D intensity reconstruction of a wavepacket
of two spatiotemporal vortices with dynamic transverse OAM and temporal separation of 0.74 ps.
Bottom: corresponding phase pattern loaded onto the SLM inside a 2D pulse shaper.
(b) Configuration for measuring the effect of a transient phase perturbation on the ultrafast field
imposed by the ultrafast optical field ionization plasma®®'?. (c) Effect of transient wire onset time 7,
on changing the transverse OAM of STOV®'2, (d) A phase pattern loaded on the SLM for gen-
erating STPV string with time-dependent transverse OAM?', (e) Complex field of generated
STOV string?'. (f) The temporal diffraction pattern of STOV string by a grating®'?.

E*(x,y,7)

= el « [E@) (x,y, 1) « (') «x 2. (36)

Fang et al. theoretically studied the HHG of transverse OAM
of STOVs™®'™. Figure 17(c) shows a spatially resolved HHG
spectrum driven by the fundamental STOV with hydrogen
atoms and indicates that the Nth harmonic carries a phase sin-
gularity with a topological charge of NI, thus verifying the
above-mentioned scaling rule. Recently, attosecond pulse trains
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featuring an STOV structure have been theoretically proposed,
generated by a two-color femtosecond light field, with each
color carrying transverse OAM and a properly truncated
HHG spectrum™"",

3.2 STOV in High Dimension and Other Waves

The STOV wavepackets mentioned above are typically gener-
ated in optics and localized within the 2D space-time domain.
However, in recent years, the generation and control of STOV
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Fig. 16 Synthesizing spatiotemporal vortex pulse burst with time-varying transverse OAM?'4,

wavepackets in other waves’ 3D space-time have become a
growing area of research, particularly in the study of interactions
with acoustic waves and a cascade of further spatial optical
transformation systems. By extending to 3D space-time, the po-
tential applications of STOV wavepackets are significantly en-
hanced, allowing for more precise control in complex physical
systems. For instance, 3D STOVs not only offer stronger spatial
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and temporal structure but also provide a novel experimental
platform for investigating many-body effects and nonlinear
interactions.

STOVs are essentially 2D spatiotemporal wavepackets in the
space-time domain (x— plane) and typically have a uniform dis-
tribution or Gaussian profile along the y direction, which is
often neglected in some calculations for simplicity. As a
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Fig. 17 Harmonic generation of STOV wavepackets. (a) Second-harmonic spatiotemporal OAM
pulse generation and characterization®. Left: experimental setup; fundamental STOV of topo-
logical charge # = 1 is generated by a 2D pulse shaper. Second-harmonic STOV is generated in
BBO crystals and characterized by interference with reference pulses. Right: experimentally re-
constructed 3D intensity iso-surface profile of the fundamental STOV (top) and its second har-
monic (bottom). (b) Complex field of fundamental STOV (left) and its second harmonic (right)?'!,
The second-harmonic fields with # = 2 demonstrate the conservation of OAM in an SHG process.
(c) Controlling photon transverse OAM in HHG?'®., Spatially resolved HHG spectrum driven by the

fundamental STOV with hydrogen atoms.
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result, the intrinsic 3D nature of the STWP is reduced to a 2D
space due to the one-step reshaping by a 2D pulse shaper.
Transformation optics can be utilized to take a leap forward
to the customization of 3D spatiotemporal wavepackets. One
interesting example is the demonstration of a photon toroidal
vortex!'"** A toroidal vortex of light is a ring-shaped wave-
packet with a poloidal spatiotemporal helical phase. A typical
2D pulse shaper is used to generate an STOV wavepacket with a
Gaussian profile along y-axis; then this STOV wavepacket is
elongated to an STOV tube (x, y) through a pair of cylindrical
lenses with a large magnification along y-axis and then confor-
mally mapped to a toroidal vortex (u, v) using transformation
optics that complete log-polar to Cartesian mapping, as shown
in Figs. 18(a) and 18(b). The log-polar to Cartesian coordinate
transformation requires u = b exp(—x/b)cos(y/a) and v =
b exp(—x/a) sin(y/a). The first phase mask performs the map-
ping from a tube to a toroid, and is given by

_ko x Yy _ x4y
(A (.X, y) = g [—ab exp (— E) Ccos (5) — T], (37)

where d is the distance between the two phase masks, and a and
b are used to adjust the beam size and position in the (u, v)
plane. To suppress the residual phase, the second phase mask
is used to recollimates the light. In the time-reversal direction,
the second phase mask performs a Cartesian to log-polar coor-
dinate transformation, which is given by

k Nu? 2 2 2
¢1(X,)’)=—0 —au IHL—H)—Favtan‘] v +M T v )
d b u 2
(38)

After travelling through the two-phase masks, the spatiotem-
poral vortex tube will be mapped into a photonic toroidal vortex.
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Fig. 18 High-dimensional manipulations of STWP. (a) Simulation of the conformal mapping from a
spatiotemporal vortex tube to a vortex ring through log-polar to Cartesian coordinate transforma-
tion™®), (b) Schematic of the experimental apparatus for STOV wavepacket generation and im-
plementation of the conformal mapping. (c) Experimental reconstruction of the photonic toroidal
vortex from different views. (d) Generation of scalar optical hopfions by further applying a spatial
helical phase to the x-y domain of the generated photonic toroidal vortex???",
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The photonic toroidal vortex possesses a 3D phase structure that
rotates around a closed loop, forming a ring-shaped vortex line
while advancing in the direction perpendicular to the ring orifice
at the speed of light, as shown in Fig. 18(c).

The realization of optical toroidal vortices and toroidal pulses
opens new avenues for topological photonics. The techniques
used to create toroidal vortices can generate much more com-
plex optical topologies. A recent example is the optical hopfion,
a 3D topological state discovered in field theory, magnetics, and
hydrodynamics, which resembles particle-like objects in physi-
cal space. Building upon the optical toroidal vortex, dynamic
scalar optical hopfions in the shape of a toroidal vortex can
be created simply by adding a spatial vortex phase, which can
be shown as a solution to Maxwell’s equations under the para-
xial approximation™". This spatiotemporally varied optical
hopfion is proposed through an analytical expression as an
approximate solution to Maxwell’s equations. Numerical sim-
ulations and experimental data demonstrate that the equiphase
lines form disjoint and linked closed loops, manifesting as links
and knots with a linking number determined by the Hopf invari-
ant. As shown in Fig. 18(d), each closed loop, painted in a spe-
cific color, corresponds to a point in the parameter space and to a
circle on the unit sphere in 4D space. These closed loops are
equiphase lines, and all equiphase loops collectively form com-
plete tori that fill the entire 3D space.

The above toroidal vortex generated from the conformal
mapping of an STOV has a ring-shaped symmetric 3D structure,
which is a solution of the scalar wave equation in a uniform
medium with anomalous group velocity dispersion, and can
be approximately expressed as
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where r, = ~/u®> + 1%, ry is the spatial radius of the circular
vortex line. Recently, Chen et al. introduced “photonic conchs”
theoretically as a new type of toroidal-like state exhibiting
geometrical chirality, and experimentally observed these wave-
packets with controllable topological charges. The BeSTOV
wavepacket is used to generate a vortex tube, and then the tube
is conformally mapped into a photon conch through Cartesian to
log-polar transformation. Instead of a symmetric form, the chiral
symmetry breaking log-polar to Cartesian coordinate transfor-
mation is u = ry exp[—(ay + x)/b]cos[(y — ax)/b] and v =
ro exp[—(ay + x)/b]sin[(y — ax)/b]. The generated photon
conch has a spiral intensity 3D distribution, as shown in
Fig. 19(a). Notable, the photon conch exhibits space—time vary-
ing OAM density due to its changing integral OAM value during
evolution™!, Lin et al. produced a spatiotemporal coupling
wavepacket, light spring pulse, by means of spatial dispersion
and conformal mapper, in which a tilted pulse front of an ultra-
fast light field is introduced, thereby producing a space-
dependent time delay, then performing a geometrical transfor-
mation to spatially shape the pulse front tilted laser, as shown in
Fig. 19(b). The pulse front tilted pulse, created through angular
dispersion, exhibits continuous spatiotemporal variation, result-
ing in a high-quality beam for the targeted STC of a light field.
The generated STWPs show a single-coil light spring and
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Fig. 19 Generation of high-dimensional STWP based on conformal mapper. (a) Photonic conch
with symmetry breaking®??. (b) Generation of a light spring with time-varying OAM through the
conformal mapping of a spatially azimuthal dispersive pulsed beam???,
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possess a tunable topological charge with a broad topological particles moving due to wave-induced Stokes drift. In 2023,
charge bandwidth™, Ge et al. developed the STOV concept in the field of acoustics

The STOV wavepackets are also applicable to other physical ~ and reported the generation of acoustic Bessel-type STOVs™,
fields that involve wave phenomena. Bliokh™* was the first to ~ Figure 20(a) shows the basic experimental setup for generating
describe the transverse OAM properties of STOV wavepackets and measuring acoustic STOV wavepackets. An acoustic
in acoustic and quantum-relativistic contexts, with different phased array, controlled by a multichannel sound card, repre-
spins and masses. The transverse intrinsic OAM has a universal sents 10 modes with their spatial frequencies distributed equally
form across these cases. The OAM of acoustic pulses is deter- on the Dirac-circle. The emitter has a center spatial frequency
mined by the mechanical angular momentum of the medium of ky =119 (rad/m) and a bandwidth of Ak = 0.15k,,
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Fig. 20 STOV generated in other wave phenomena. (a) Schematic of the experimental setup for
acoustic STOV wavepacket generation and measurement. The acoustic STOV wavepacket is
generated by an acoustic phased array and measured along a scan line. A separate pulse signal
from the sound card synchronously triggers each recording. The inset shows a time sequence of
acoustic signals acquired at one point®®. (b) A meta-grating with broken spatial mirror symmetry
for the generation of acoustic STOV wavepackets. The meta-grating exhibits vortices in the trans-
mission spectrum function in the momentum—frequency domain, which appear in pairs at the criti-
cal value of the asymmetry parameter??. (c) Synthesizing 3D acoustic STOVs with OAM oriented
in arbitrary directions??”.. There are two methods for manipulating OAM orientation: the first ap-
proach involves the direct rotation of wavepackets carrying longitudinal or transverse OAM in 3D
space (top left); the second approach is achieved through the intersection of vortices carrying
longitudinal and transverse OAM. By modifying the topological charges of these vortices, the ori-
entation of the tilted OAM can be adjusted (top right). (d) Plasmonic toroidal vortex generation
under radially polarized beam illumination??, Left: configuration of a plasmonic nanotorus under
a radially polarized beam. Top: electric field evolution and surface charge distribution on a gold
nanotorus at four resonance phases. Middle: simulated scattering intensity and field enhance-
ment; comparison of light intensity with and without the nanotorus. Bottom: simulated electric
and magnetic fields, and orbital momentum density of scattered light; detailed view of the electric
field and orbital momentum density; broader x—z plane electric field distribution with the nanotorus
marked in yellow.
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corresponding to an acoustic frequency range of 5525-7475 Hz.
The acoustic phased array consists of 20 speakers spaced 3.3 cm
apart. The acoustic STOV wavepackets can be characterized ei-
ther in the x—z plane by a time snapshot or in the x—¢ spatial-
temporal domain at a fixed z position. A typical time sequence
of acoustic signals at each point along a scan line is shown in the
inset of Fig. 20(a). Zhang et al. utilized an acoustic meta-grating
to robustly generate acoustic STOV wavepackets, as shown in
Fig. 20(b). This meta-grating, which has broken mirror sym-
metry and is controlled by a synthetic asymmetry parameter,
exhibits a pair of singularities in the transmission spectrum
function within the frequency-momentum domain[226]. This
method provides topological protection against structural disor-
der of the meta-grating, ensuring the generation of high-quality
acoustic STOV wavepackets even under random distortion, as
shown at the bottom of Fig. 20(b). The above-mentioned acous-
tic STOVs exist in 2D space and carry purely transverse OAM.
Recently, the 3D acoustic STOV wavepackets with arbitrary ori-
entated OAM have also been reported by Liu ef al.””. The au-
thors introduced two approaches to manipulate the orientation
of OAM: through the direct rotation of vortices in 3D space and
the intersection of vortices carrying distinct types of OAM, as
shown in Fig. 20(c). The orientation of OAM can be regarded as
a new degree of freedom, offering potential advantages in the
field of acoustic communications. In addition, Yang et al. have
theoretically presented the generation of a plasmonic toroidal
vortex, which is a novel manifestation of the toroidal vortex
within the realm of nano-plasmonics™. The plasmonic toroidal
vortex is created by directing a radially polarized beam onto a
plasmonic nanotorus positioned strategically where the longi-
tudinal and radial fields of the incident wave achieve equal
strength, as shown in Fig. 20(d). Besides, 2D van der Waals
materials can confine light to subwavelength scales and support
hyperbolic polaritons, a unique light-matter interaction mode
where light is guided along conical rays. Hence, Zhang et al.
recently introduced a time-domain near-field interferometry ap-
proach to characterize the spatiotemporal beating of hyperbolic
polaritons as they undergo total internal reflections within the
van der Waals material. These reflections generate STOVs on
the nanometer (60 nm) and femtosecond (40 fs) scales along
the propagation trajectory'””. This result presents opportunities
for chiral spatiotemporal control of light-matter interactions.

3.3 Diffraction-Free Space-Time Light Sheet
Wavepackets

Another typical example of the spatiotemporal coupling wave-
packets is the space-time light sheet wavepacket, which features
a 2D pattern in space-time that can remain nearly nondiffracting
during propagation*'*, The evolution of light beams can be
described by a superposition of plane waves with different spec-
tral-space frequencies:

E(x,z,1) = /Eo(kx,a))ei(kx)‘*kzz’“”)dkxda), (40)

where Ey(k,, ) is the Fourier transform of E(x,z = 0,1) at
2 =0. k, and k, are the transverse and longitudinal wavenum-
bers, respectively, having a relationship with o, given by

w?

ki + k2 =—, (41)
c

Photonics Insights

R08-25

where the y-component is neglected, i.e., k, = 0. Equation (41)
denotes a light-cone'*”, as shown in Figs. 21(a)-21(d). For a
monochromatic continuous wave light beam, the spatial spectra
lie on circles at the intersection of the light-cone [described by
Eq. (39)] with an iso-frequency plane w = w, [Fig. 21(a)],
whose plane wave expansion is E(x,z,7) = [f Eo(k,, o)
8(w — wy)e'kitkimandk dw = [[ Eo(k,)e'**+*Idk,, such
that all the spatial frequencies are assigned to the same temporal
frequency, resulting in diffractive spreading during propagation,
as shown in Fig. 21(a). For a pulsed light beam, the spatial spec-
tra corresponds in general to a “patch” on the light-cone, as
shown in Fig. 21(b), such that each k, is assigned to multiple
frequencies. The multi-point mapping between k, and w leads to
the different k, associated with each k, or @ and further results
in diffractive and dispersive spreading. Instead, the space-time
light sheet wavepackets have 1D spectral trajectories on the
light-cone, as shown in Figs. 21(c) and 21(d), where |k,| and
® have a one-to-one correspondence, like the intersection line
of the light-cone with spatiotemporal spectral planes at a tilted
angle ¢. As such, the 2D spectrum E(k,, @) is now reduced to
the 1D form E(k,)8[w — w(k,)] and k. becomes a function of
k, only. The integral now simplifies to

E(x,z,1) = /EO(kx)ei[k).erkZ(kx)zfm(kx)t]dkx. (42)
The tilted spatiotemporal spectral planes can be expressed as

w

— — ko = (k, — ko) cot ¢, (43)

c

where ¢ is the spectral tilt angle with respect to the @ axis. Such
a constraint results in transforming a wavepacket E(x, z,t) =
Y(x,z, )eiko=®0) into the reduced form E(x,z,t) =
W(x,z — ct tan ¢)e'%oz=)  Therefore, such space-time light
sheets are indeed all pseudo-diffraction-free through rigid trans-
port of the envelope W(x, z) with a group velocity v, = ¢ tan ¢.
To synthesize such a wavepacket, the authors utilized a 2D pulse
shaper to efficiently synthesize pulsed light beams with the
above spatial-spectral correlations, as shown in Fig. 21(e). The
initial pulsed beam is a pulsed plane wave E(x,0,1) = E(1),
whose separable space-spectrum is E(k,, ) = E(1)6(k,) and
spatially spreads the spectrum along the y-axis with a grating.
As such, for each temporal frequency, spatial frequencies can be
imprinted through a 2D phase mask, given by

D(x,y) = mod{sign[a]- |x| - v/2alyl, 27r}, (44)

where @ = 1/c—1/v, = c cot ¢p. Some typical phase holo-
grams and resultant space-time spectrum are shown in
Fig. 21(f). After the phase mask, each wavelength is assigned
a linearly varying phase, where the slope corresponds to a
specific k, = /2akg(w — wy). Figure 21(g) shows the experi-
mentally measured space-spectrum of the output pulse, demon-
strating a tight relationship between k, and w, resulting in a
spatiotemporally non-separable wavepacket. Such STWPs
maintain peak integral intensity with a narrow spatial size and
can preserve their profile unchanged over several Rayleigh
lengths, as shown in Fig. 21(g). The theoretical model assumes
infinite spectral resolution, which is not feasible in practice due
to the limited dispersive power of optical devices, the spectral
content of the source, and the pixel of the SLM. Consequently,
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Fig. 21 Diffraction-free STWPs: space-time light sheet!'?®. Top: (a)-(d) Light fields explained with
the superposition of plane waves lie on the surface of a k, — w light-cone. (a) A continuous mono-
chromatic beam lies on the intersection of the light-cone with an iso-frequency plane, featured by a
narrow temporal frequency range (Aw) and a wide spatial frequency range (Ak,). These optical
fields exhibit diffractive spreading during propagation. (b) A pulsed Gaussian beam corresponding
to a patch on the light-cone has a wide range in both spatial and temporal frequencies. These
optical fields exhibit diffractive and dispersive spreading during propagation in a dispersive
medium. (c), (d) Diffraction-free space-time light sheet lies on the intersection of the light-cone
with a tilted frequency plane (parallel to k, axis), and has a tight relationship between spatial fre-
quency and temporal frequency (each k, is associated with a unique w). Such STWPs exhibit
diffraction-free property and controllable group velocity during propagation. (e) Synthesis and
analysis of diffraction-free space-time light sheets. The spatiotemporal frequency relationship
is created by a phase-only mask via the 2D pulse shaper. The input pulsed beam is a pulsed
plane wave. (f) Measured space-time spectral intensity |¥(k,, A)|?> of a hollow light sheet, with
the z-step implemented along k, superimposed. (g) Measured temporal integral intensity /(x, z) =
ijT |¥(x, z, t)[2dt of the space—time light sheet at various propagation distances. The insert de-
notes the Rayleigh length. The results verify the propagation-free property of the generated
space-time light sheet wavepacket.
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there is always a finite spectral uncertainty associated with these
STWP synthesizers. This spectral uncertainty influences the
characteristics and quality of the generated propagation-invari-
ant STWPs by affecting their group velocities and diffraction-
free propagation distance. Based on this scheme, STWPs with
unique properties have also been structured, such as space-time
Airy wavepackets with non-acceleration™”, space-time veiled
Talbot effect™", etc.; for details, please refer to the recent review
on space-time light sheet wavepackets'*',

3.4 Time-Varying Helical Wavepackets

The conventional OAM carried by a pulsed beam typically re-
mains static and does not vary over time. A significant hurdle in
efficiently managing the temporal characteristics of light for
practical applications lies in the slow modulation speeds of cur-
rent technologies. STWPs with correlations between transverse
spatial fields and temporal frequency spectra can lead to unique
spatiotemporal dynamics, enabling control of instantaneous
light properties. A particularly interesting type of spatiotempo-
ral coupling wavepacket is the helical beam, or light spring, with
temporally varied properties—essentially an STWP containing
time-varying OAM. Such self-torque pulses have been demon-
strated in a high harmonic generation driven by two collinear
and linearly polarized infrared pulses with different OAMs
and a time delay between them!”” [Fig. 22(a)]. However, this
setup is bulky, expensive, and complex to synthesize and char-
acterize. In contrast, this type of STWP can be easily syn-
thesized using OAM pulses with different center frequencies
and topological charges in linear optics™**", as shown in
Figs. 22(b) and 22(c). Multiple optical-frequency-comb lines
with superposition of Laguerre-Gaussian modes for each line
have been proposed and numerically studied to produce spatio-
temporal beams with dynamic rotation (OAM) along a spring-
like trajectory!'* [Fig. 22(d)]. However, the spatiotemporal dy-
namics generated by previous approaches manifest at a specific
propagation distance and are not arbitrarily tailorable along the
longitudinal path. Recently, based on Frozen Wave theory,
Su et al. demonstrated a new class of versatile, judiciously syn-
thesized STWPs, whose spatiotemporal evolution can be engi-
neered to occur at various predesigned distances along the
longitudinal propagation path [Fig. 22(e)]***.

In addition, the compact footprint and ease of fabrication
make nanophotonic devices ideal candidates for developing flat
optical components integrated into on-chip devices. In this con-
text, a time-modulated metasurface with an azimuthal frequency
gradient has been theoretically proposed to generate vortex
pulses with time-varying topological charges™' [Fig. 22(f)].
In addition, nanophotonic devices also provide multidimen-
sional modulation (phase, polarization, and amplitude) capabil-
ity within the same device, representing another advantage over
the traditional phase-only SLM-based pulse shaper configura-
tions. Chen et al. demonstrated a versatile photonic platform
capable of controlling the complete 4D spatiotemporal evolu-
tion of ultrafast pulses over an ultrawide bandwidth by leverag-
ing the multidimensional control of light at the nanoscale
offered by metasurfaces™®. This platform enables the synthesis
of wavepackets with time-varying polarization and temporally
encoded spatial-wavefront evolution, as shown in Fig. 22(g).
Recently, Chen™” and Liu et al™® nearly simultaneously
achieved an integrated optical vortex microcomb by merging
optical vortices with whispering gallery mode microresonators.
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This integrated nonlinear ring microresonator can emit spatio-
temporal light springs comprising 50 OAM modes. Each fre-
quency of the microcomb carries a unique OAM value, as
illustrated in Figs. 22(h) and 22(i).

Most methods for space-time beam shaping typically involve
a multi-step process. Briefly, in a standard 2D pulse shaper, the
frequencies of the incoming laser pulse are first angularly dis-
persed by a grating, and then a holographic device positioned at
the Fourier plane of the grating modulates the spatially sepa-
rated spectral components of the input pulse. When applying
these methods to establish a relationship between the frequen-
cies and topological charges of pulsed beams, it becomes evi-
dent that the linear geometry of conventional pulse shapers does
not align well with the circular symmetry of OAM-carrying
beams. This inherent mismatch limits the demonstrations of
topological-spectral correlations to pulses with a restricted
OAM bandwidth, typically around unity. Therefore, most
demonstrations also operate within a relatively narrow band of
optical frequencies, corresponding to pulse durations in the pi-
cosecond range. A relatively compact setup using diffractive ax-
icons with circular geometry was employed by Piccardo et al.
recently to create broadband topological correlations in space-
time beams and produce light coils™'. The diffractive axicon
enables radial separation of laser pulse frequencies on an SLM,
enabling independent addressing and shaping, as shown in
Figs. 23(a)-23(d). This capability extends to handling ultra-
short, highly broadband laser pulses, facilitating the precise
shaping of 7 fs pulses from a noncollinear optical parametric
amplifier, as shown in Fig. 23(e). The results extend the ability
to encode orbital angular momentum in ultrashort pulses, with
correlations between frequency and topological charges being
produced and tailored over a bandwidth of 200 nm in the visible
range and helicity values up to 80, as shown in Figs. 23(a),
23(b), and 23(f). Recently, Oliveira et al.**" proposed a method
to introduce femtosecond-scale modulation of light’s orbital
angular momentum (OAM) through engineered space-time cou-
pling in ultrashort pulses, dynamically altering spatial distribu-
tion via azimuthally varying wavefront transformations and
demonstrating self-torqued wavepackets with rapid temporal
OAM changes and angular self-acceleration capabilities, as
shown in Fig. 23(g). In this setup, the time-varying wavepackets
with self-torque at a femtosecond timescale [Fig. 23(h)] and an-
gular self-acceleration [Fig. 23(i)] are successfully generated.

Since one spatial dimension is used to map the pulse spectrum
in a 2D pulse shaper, spatial shaping cannot be applied along
this dimension, limiting the setup to 2D STWP manipulation.
Consequently, achieving comprehensive three-dimensional
space-time control with this method is likely unattainable.
Although conventional spatial modulation elements (such as
SLMs and vortex plates) can be cascaded, the resulting wave-
packets remain spatiotemporally separable. To address this is-
sue, Cruz-Delgado et al. report on the production of fully
three-dimensional STWPs, marking a significant advance in
manipulating space-time electromagnetic wavepackets in all di-
mensions™", in which they combine a 2D pulse shaper with a
spatial mode multiplexer borrowed from telecommunica-
tion systems and based on an MPLC device, as shown in
Figs. 24(a) and 24(b). The MPLC can convert a linear array
of Gaussian beams into a set of co-propagating two-dimensional
spatial modes. The first module is a typical 2D pulse shaper
that imprints a linear spectral phase profile along the direction
in which the pulse spectrum is spread. Simultaneously, it
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Fig. 22 Light spring wavepackets with time-varying properties. (a) Generation of EUV beams with
self-torque. Two time-delayed, collinear IR pulses with the same wavelength (800 nm) but different
OAM values are focused on an argon gas target, serving as the HHG medium!'?”, This setup pro-
duces harmonic beams with self-torque. The intensity profile varies at different radii over time
during the emission process, resulting in a pulsed beam with temporally varying OAM. (b) A spa-
tiotemporal light spring is achieved by imprinting spatially azimuthal mode indices of a Laguerre—
Gauss beam onto the pulsed frequency®®. (c) Propagation-invariant spatiotemporal helical wave-
packets carrying OAM that evolve on spiraling trajectories in both time and space in bulk media or
multimode fibers®®. (d) Generation of spatiotemporal coupling wavepackets exhibiting both dy-
namic rotation and revolution is achieved by coherently adding multiple frequency comb lines!',
(e) Synthesizing spatiotemporal coupling wavepackets with temporally and longitudinally varying
dynamics involves introducing a spectrum that includes both temporal and longitudinal wavenum-
bers?*, This spectrum is associated with specific transverse Bessel-Gaussian fields. (f) The sche-
matic demonstrates a time-varying optical vortex generated by reflecting a laser beam off a
time-modulated metasurface with an azimuthal frequency gradient®®. The beam exhibits a ring-
shaped intensity pattern whose radius continuously and periodically oscillates due to variations in
the topological charge. (g) Generating a spatiotemporal coupling wavepacket that carries time-
dependent OAM and exhibits polarization-swept using a pulse shaper in conjunction with a meta-
surface®®., (h), (i) An integrated optical vortex microcomb capable of simultaneously emitting spa-
tiotemporal light springs comprising 50 OAM modes, with each frequency of the microcomb
carrying a unique OAM value®¥2%,
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Fig. 23 Light coils with broadband topological-spectral correlations. (a) Characterization trace of the
femtosecond pulses from the NOPA measured by polarization-gated frequency-resolved optical gat-
ing (left). The intensity spectrum covers a broad portion of the visible range (right). (b) Spectral peak
distribution in the far field of the axicon characterized by a hyperspectral camera®. (c) Conceptual
scheme for space-time beam shaping involves an axicon grating that maps the spectral content of the
input ultrashort pulse into concentric rings. A hologram displayed on an SLM in the far field of the
axicon customizes a topological-spectral correlation, yielding helical wavepackets. (d) Optical profil-
ometry image of the fabricated gray-scale axicon. Scale bar: 50 pm. (e) Diagram of the spatially re-
solved spectral setup designed for space-time beam characterization. This setup integrates a spatial
interferometer utilizing off-axis digital holography with a temporal interferometer employing Fourier
transform spectroscopy. Both are unified within a common-path birefringent interferometer. (f) Iso-in-
tensity surfaces of synthesized helical wavepacket with specific correlations. (g) Digital Fourier space—
time beam shaper for helical wavepackets with time-varying OAM at femtosecond timescale®. The
ultrashort pulse is incident normal an axicon grating, which is encoded as a phase hologram on the first
SLM, which maps the spectral content into concentric rings in the far field. A metallic disk mask placed
is used to block the zero order of the first SLM. A hologram displayed on a second SLM in the far field
imparts a topological-spectral correlation. The helical wavepackets are generated at the imaging plane
of the first SLM. The characterization setup combines a delay line and spatial interferometer based on
off-axis digital holography. The interference images are recorded by the charge-coupled device cam-
era located at the imaging plane of the first SLM. CM, concave mirror; BS, beam splitter; CCD; charge-
coupled device. (h) Modal decomposition analysis of the synthesized helical wavepacket confirming a
continuous increase in topological charges, signifying a dynamically evolving OAM and a measured
self-torque of 0.36 fs~'. (i) Analysis of the wavepacket's angular position over time of a generated
angular self-acceleration wavepacket, fitted with a third-degree polynomial.
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Fig. 24 Synthesis of STWPs with tailored spatiotemporal properties. (a), (b) Generation of spa-
tially and temporally correlated wavepackets using the combination of 2D pulse shaper and MPLC.
The MPLC cascaded after the 2D pulse shaper enabling the precise engineering of the space-
time correlation®". The 2D pulse shaper is used to steer the spectrally modulated pulse to differ-
ent spatial positions with distinct time delays before entering an MPLC system. The MPLC com-
prising an SLM and a mirror is used to modulate the spatial phase and intensity profiles of each
pulse spot at different spatial positions. (c) Synthesized STWP with spectral and time-dependent
OAM. (d) Synthesized STWP with an intricate spatiotemporal texture comprised of HG basis.
(e) Synthesis and analysis of multidimensional ultrashort pulses®?. (f) Reconstructed iso-intensity
profile (top) and retrieved pulse field attributes (bottom) of the optical field. (g) Transport of spa-
tiotemporal light pulses in multimode waveguides?*.,

differentially steers the frequencies along a set of vertical posi-
tions. Thus, at the output of the pulse shaper, the field comprises
a set of N temporally shaped pulses centered at different
frequencies, with Gaussian spatial distributions evenly spread
along a vertical array of positions. After passing through relay
lenses, the field is sent to the second module to engineer the
spatial phases and amplitudes of the N sub-pulses. When enter-
ing the second MPLC system, the light bounces back and forth
between an SLM and a mirror that faces each other. At each
reflection on the SLM, a spatial phase is imparted, gradually
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morphing the 2D field. After six bounces, a careful design of
the six holograms on the SLM enables a Gaussian beam at
any given vertical coordinates to be adiabatically transformed
into a specific spatial basis (LG and HG modes) at the output
of the MPLC. The resultant wavepackets show time-dependent
and spectra-dependent longitudinal OAM properties by allocat-
ing different LG bases at different parts of the spectrum, as
shown in Fig. 24(c). This setup can be readily reconfigured on
demand to produce even more elaborate optical-field structures.
Figure 24(d) exhibits the generation of a wavepacket involving a
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temporal train of three pulses, each assigned to a different spatial
HG mode with a distinct prescribed frequency chirp, resulting in
anon-separable wavepacket. After successfully synthesizing 3D
STWPs, discerning their complete physical properties is crucial
for effectively harnessing these spatiotemporal light structures.
To address this, Cruz-Delgado et al. developed a ptychography
technique to characterize optical fields with dynamic spatial and
spectral structures™?, as shown in Fig. 24(e). Using a fre-
quency-resolved holographic technique, which provides the
complex (amplitude/phase) spatial composition of each spectral
component at different time locations, the iso-surface and pulse
attributes of 3D STWPs can be reconstructed, as depicted in
Fig. 24(f). Recently, Cruz-Delgado et al. tailored the spatiotem-
poral structure of ultrashort light pulses to overcome the physi-
cal limitations imposed by chromatic and modal dispersion in
multimode optical fibers®*'. By applying a sequence of trans-
formations via a pulse shaper and MPLC device, they syn-
thesized light states with predefined spatial and chromatic
dynamics, effectively shaping the optical field in all its dimen-
sions [Fig. 24(g)]. This approach not only addresses dispersion
issues in multimode optical fibers but can also be applied to
other physical settings such as acoustics and electron optics.

3.5 Electric-Magnetic Toroidal Pulses

Flying donuts (FDs) are single-cycle pulses, distinguished by a
donutlike configuration of electric and magnetic fields, which
feature strong longitudinal field components parallel to the pulse
propagation direction. Concurrently, toroidal light pulses with
a vectorial structure of the electric-magnetic field were re-
ported™”. In 1996, Hellwarth and Nouchi theoretically identi-
fied a fundamentally different, non-transverse electromagnetic
pulse with a toroidal topology. These pulses are propagating
analogs of localized toroidal dipole excitations in the matter,
exhibiting unique properties such as non-transversal, vectorial,
space-time non-separability, and single-cycle nature. A numeri-
cal model has shown that conventional pulses can be trans-
formed into FD using a specialized metamaterial converter
designed to control both the spatial and spectral characteristics
of the input pulse®*. However, these same characteristics make
them extremely challenging to realize and characterize experi-
mentally. Consequently, the generation and observation of toroi-
dal pulses remained elusive until the recent experimental
observation of toroidal pulses in the optical and terahertz re-
gions using metasurfaces with spatially tailored dispersion.

In 2022, Zdagkas et al. created such toroidal light pulses in
the optical and terahertz regions using tailored nanostructured
metasurfaces*”, as shown in Figs. 25(a) and 25(b). The electric
field lines of TM components form deformed small circles of the
torus, while the magnetic field circulates along the orthogonal
large-circle coordinate, with the electric field decreasing inside
the torus and vanishing at the central singularity; but in TE con-
figuration, the electric and magnetic field structures are
swapped. The generation scheme for optical toroidal light
pulses, depicted in Fig. 25(c), involves a linear-to-radial polari-
zation converter and a nanostructured metasurface. Figure 25(d)
illustrates the generation of terahertz TM and TE toroidal light
pulses using plasmonic metasurfaces. Figures 25(e) and 25(f)
show iso-surfaces of the electric field of the generated toroidal
light pulse at 60% of its maximum level, with red and blue col-
ors representing the two half-cycles of the pulse. As expected,
the electric field shows vanishing transverse components at the
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center of the pulse [Fig. 25(f)] but exhibits substantial longi-
tudinal components [Fig. 25(g)].

Supertoroidal light pulses, as space-time nonseparable
electromagnetic waves, exhibit unique topological properties
such as skyrmionic configurations, fractal-like singularities,
and energy backflow in free space. However, these properties
do not survive during long propagation. Therefore, Shen et al.
recently introduced non-diffracting supertoroidal pulses™?
[Figs. 25(h) and 25(i)], which feature propagation-robust sky-
rmionic and vortex field configurations that remain stable over
arbitrary distances. Intriguingly, the energy flow structures of
such a field resemble the von Kdrmén vortex street, a pattern of
swirling vortices with staggered singularities found in fluid and
gas dynamics, which can stably propagate forward [Figs. 25(j)
and 25(k)]. In addition, a strongly longitudinally polarized toroi-
dal pulse with a longitudinal component over 10 times greater
than the transverse component was also proposed, offering ro-
bust, nondiffracting propagation, and potential for advanced
light-matter interactions, far-field superresolution microscopy,
and high-capacity wireless communication'®*’,

Despite advances in ultrafast optics and beam shaping, gen-
erating spatiotemporal light modes remains challenging due to
the complex beam structures and the difficulty in shaping the
entire pulse bandwidth. Although nanostructured metasurfaces
have been used to create tailored THz pulses, conventional
metasurfaces are static, with fixed functionalities, and cannot
handle high pump intensities beyond their thermal damage
threshold. This limits the potential for significantly improving
THz conversion efficiencies. Recently, Jana ef al. demonstrated
THz toroidal pulse emission using quantum interference
control®™”, as illustrated in Fig. 26(a). In this setup, quantum
control with two azimuthally polarized vector laser pulses indu-
ces a local ring current in GaAs, depicted in Fig. 26(b). This
dynamic ring current density acts as a source for radiating an
FD THz pulse, producing a pulse with a toroidal spatiotemporal
structure shown in Figs. 26(c) and 26(d).

Extending prior methods for generating toroidal pulses to the
microwave domain is challenging due to the need for larger aper-
tures, collimating laser sources, and the scarcity of third-order
nonlinear materials at microwave frequencies. Recently, a tran-
sient finite-aperture horn antenna emitter was designed to gen-
erate free-space microwave electromagnetic toroidal pulses™®.
The experimental configuration of a microwave toroidal pulse
is illustrated in Fig. 27. Following this approach, the electromag-
netic toroidal pulses evolve to closely resemble the Hellwarth-
Nouchi pulse during propagation. Vectorial spatiotemporal
mapping showed stable topological configurations over long dis-
tances. The emitter’s high quality and efficiency also allowed for
the experimental observation of free-space electromagnetic sky-
rmions. To date, electromagnetic toroidal vortices have primarily
been classified into scalar photonic toroidal vortices'* and vec-
tor toroidal pulse light*”. Recently, Wang et al. introduced a
novel electromagnetic toroidal vortex solution called hybrid
toroidal vortex pulses (HTVPs), which uniquely combine both
scalar and vector characteristics™*). HTVPs exhibit the coexist-
ence of transverse orbital angular momentum, electromagnetic
vortex streets, and topological skyrmion textures.

3.6 Typical Topological Structures with STWPs

With advancements in beam shaping techniques, precise control
over both temporal and spatial components of STWPs enables
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Fig. 25 Electric-magnetic toroidal pulses. (a), (b) Spatiotemporal and spatio-spectral structure of
the toroidal pulse!™., (c) Schematic of the generation of an optical toroidal pulse. (d) Schematic of
the generation of terahertz TM and TE toroidal pulses using plasmonic metasurfaces. (e) Side and
() front views of the transverse electric field component of generated optical toroidal pulses.
(g) Corresponding side view of the longitudinal component. (h) Propagation evolution of an
elementary optical toroidal pulse®. (i) Propagation evolution of nondiffracting supertoroidal
pulses. (j) Topological electromagnetic and energy flow structures of nondiffracting supertoroidal
pulses with parameters g, = 100 and g3 = 1 at t = 0. (k) A zoom-in of the magnetic field with the
arrow plot showing the vector distribution, the black dots referring to the singularities, and sur-
rounding red arrows marking the type of the vector singularities (vortex and saddle).

the realization of intricate optical topologies. These topologically
complex transient electromagnetic fields facilitate novel light—
matter interactions and offer enhanced degrees of freedom for
information transmission. A notable example of such electro-
magnetic excitations is the space-time non-separable single-
cycle pulses exhibiting toroidal topology, which represents exact
solutions to Maxwell’s equations first described by Hellwarth
and Nouchi in 1996 and subsequently verified experimentally.
Shen et al. expanded upon this concept by introducing a broader
family of electromagnetic excitations termed supertoroidal
electromagnetic pulses, where the Hellwarth-Nouchi pulse
serves as the simplest member™”. Supertoroidal pulses exhibit
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a skyrmionic structure in their electromagnetic fields, multiple
singularities in Poynting vector mappings, and fractal-like en-
ergy backflow distributions. Figures 28(a) and 28(b) depict
the propagation characteristics of toroidal and supertoroidal
pulses in free space, respectively. Compared to fundamental
toroidal pulses, supertoroidal pulses feature a more intricate sin-
gular vector field configuration. A particularly intriguing aspect
of supertoroidal pulse topology involves the presence of skyr-
mionic quasiparticle configurations, observable in the magnetic
field topology of these pulses.

Twisted strips, exemplified by Mobius strips, are 3D topo-
logical structures that illustrate how a surface can twist in space.
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Fig. 26 Dynamic ring current radiates FD terahertz pulse®*. (a) lllustration of FD pulse gener-
ation: two azimuthally polarized vector pulses induce transient ring currents in GaAs. The radiation
from these rapidly oscillating ring currents results in a single-cycle THz pulse with a toroidal top-
ology and an FD pulse. (b) Spatial-vectorial distribution of ring current in GaAs. (c) Spatiotemporal
structure of the radiated electric field from a dynamic ring current density source. (d) Magnetic field

map of the emitted THz pulse.

This spatial configuration can be easily demonstrated using a
rectangular strip of paper and finds practical applications in
structures like liquid crystal defects and optical microcavities.
Recently, Zhong et al. employed a spatiotemporal light field
based on toroidal vortex structures to theoretically demonstrate
how dynamic phase configurations can give rise to topological
objects with controllable twist numbers®". This structured
light field effectively utilizes the degrees of freedom within a

(e) Tor9id?l'pulse

!

Cylindrical coaxial
antenna horn

high-dimensional parameter space, establishing connections be-
tween optical strips, optical knots, and optical hopfions, as
shown in Figs. 28(c) and 28(d).

4 Characterization Techniques for STWPs

The characterization of ultrashort laser pulses has significantly
advanced beyond the standard spatial and temporal diagnostics
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Fig. 27 Experimental configuration for the generation of microwave toroidal pulses?®®. (a),
(b) Cylindrical coaxial antenna horn. (c) Driving voltage applied to the antenna feed (blue line)
and transient antenna output (red line). (d) Spatiotemporal evolution of the generated toroidal
pulse. (e) A schematic of the electromagnetic configuration of such toroidal pulse.
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to now include sophisticated spatiotemporal measurement tech-
niques. Accurately characterizing three-dimensional spatiotem-
porally coupled wavepackets (amplitude, phase, polarization,
frequency chirp, etc.) is essential for understanding their dy-
namic behavior in space and time. The measurement method
provides insights into complex wave interactions, aids in the
development of advanced optical technologies, and supports
the manipulation of light fields. In this section, we discuss
common methods employed in recent studies for characterizing
STWPs within the three-dimensional space-time domain.

4.1 Temporally Sliced Off-Axis Interference

Given that STWPs are defined by their spatial distribution and
temporal dynamics simultaneously, understanding their behav-
ior requires a comprehensive analysis that captures how they
propagate and interact in all three spatial dimensions and over
time. Without precise 3D characterization, it is challenging to
fully grasp their intricate properties, such as their shape evolu-
tion, movement, and interactions with other wavepackets or me-
dia. This detailed analysis is crucial for applications in advanced
optics, quantum information processing, and material science,
where accurate descriptions of wavepacket behavior are neces-
sary for both theoretical studies and practical implementations.
Recent advancements in ultrashort laser pulse characterization
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have been thoroughly reviewed in the excellent Refs. [252,253].
A common method in recent demonstrations is temporally
sliced off-axis interferometry, also known as self-referenced
interferometry, which relies solely on linear optics™". As illus-
trated in Fig. 29(a), the pulse being investigated (the object
pulse) is divided into two beams to create a probe pulse.
Ideally, the probe pulse is the transform-limited version of the
original pulse. These two pulses are then combined at a slight
angle ¢ and detected by a CCD camera, forming a Mach-
Zehnder-like scanning interferometry. The angle & is chosen
to ensure that the interference fringes have a spatial period that
is small but still resolvable by the CCD. The time delay between
the probe and object pulses is adjusted using an optical delay
line, and the CCD captures the time-integrated intensity
Linier (7, x, ) as a function of the time delay 7. When the duration
of the probe pulse is shorter than that of the object pulse, the
probe pulse can resolve finer details of the object pulse’s tem-
poral structure. This condition allows for higher temporal res-
olution in the measurement, enabling a more detailed
investigation of the object pulse’s dynamics. In this case, the
interference pattern recorded by a camera is given by

Iinler(79x’y) = Io(x»y) +Ip(x7y) +2\/Atp|uo(rv-x9y)|21p(x7y)

x cos[d(z, x,y) + koy sin ], (45)
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where 1,(x,y) and /,,(x, y) are the time-integrated intensity dis-
tributions of the object and the probe pulse beam, respectively. z
is the time delay of the probe pulse with respect to the object
pulse. ¢ is the tilted angle between the object and the probe pulse
beam. A, is the duration of the probe pulse. (7, x,y) is the
transverse space-variant phase difference between the object
pulse and the probe pulse at the temporal slice z. u,(z, x, y)
is the complex field information of the wavepacket at each tem-
poral slice, which reads

=Ac(@x. )/ 1, (x.y), (46)

o (7, X, )

where A, (7, x,y) is the coupling term in Eq. (45), which can be
obtained by low-pass filtering out the positive first order of
Liner(7, X, y) = 1,(x,y) —I,(x,y) in the spatial frequency do-
main, as depicted in Figs. 29(b)-29(e). The time-dependent
2D amplitude and phase information can be obtained, as shown
in Figs. 29(f) and 29(g). Finally, we can reconstruct the three-
dimensional spatiotemporal wavepacket by stitching all tempo-
ral slices of 7,,.

This method requires that the reference pulse width is signifi-
cantly smaller than the measured pulse and that its spatiotem-
poral phase remains uniform and stable. To characterize the
wavepacket, it is necessary to continuously scan across the time
dimension, capturing a series of time-dependent interference
patterns. To this end, an automated closed-loop characterization
system was built to reconstruct the three-dimensional intensity
and phase structures of STWP"”! as illustrated in Fig. 30. This
closed-loop control program automates the data collection and
reconstruction process using a LabVIEW script to simultane-
ously control the SLM, camera, and time delay, ensuring effi-
cient and precise data acquisition.

4.2 Single-Frame Spatial-Spectral Interference

Despite its ability to fully reconstruct the 3D profile of STWPs,
the temporally sliced interference method is limited to chirped,
long-duration pulses due to its restricted temporal resolution.
This is because scanning interferometry needs a much shorter
sampling pulse than the STWP for high resolution, and a delay
line is required, making it impractical for fast feedback charac-
terization. Additionally, scanning interferometry does not mea-
sure the global temporal phase of the pulses, although it can still
extract relative spatiotemporal phase singularities. In this con-
text, Gui et al. demonstrated a single-shot characterization
of STWP using a spatially resolved spectral interferometer
(SRSD™?, as illustrated in Fig. 31(a). The SRSI was created
by aligning a time-delayed Gaussian, collimated reference
pulsed beam collinearly with the object beam. This setup gen-
erates temporal interference, resulting in spectral interference
fringes in the spatial-spectral domain through a grating and a
cylindrical lens. Figure 31(b) displays a typically measured spa-
tial-spectral fringe pattern. The spatial-spectral information of
the object STOV pulse can be extracted via Fourier filtering,
as shown in Figs. 31(c) and 31(d). Finally, the complex-
amplitude information of the STWP can be recovered in the spa-
tiotemporal domain through a 1D Fourier transformation from
the temporal frequency to the time domain, as depicted in
Figs. 31(e) and 31(f).

4.3 Nonlinear Transient Refractive Index Grating

In addition to the linear characterization methods mentioned,
ultrashort laser pulses have also been extensively characterized
through nonlinear effects. These nonlinear techniques leverage
phenomena such as self-phase modulation, spectral broadening,
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Fig. 29 3D laser pulse intensity diagnostic with temporally sliced off-axis interferometry®.
(a) Concept and schematic implementation of the diagnostic method. (b) Experimental captured
“object” beam /,(x, y) (take an STOV of / = +1 as an example). (c) Experimental captured “probe”
beam /,(x, y), which has a Fourier transform limited duration of ~122 fs. (d) The interference
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Fig. 30 Automated closed-loop system for 3D characterization of
STWPs (STOV as an example)?>.

and multiphoton absorption to extract detailed information
about pulse properties. Prominent among these are autocorrela-
tion™", various forms of frequency-resolved optical gating

(FROG)™#2% and spectral phase interferometry for direct elec-
tric field reconstruction (SPIDER) and related methods™®-%!,
Techniques such as STRIPEDFISH™, d-scan™!, and single-
shot supercontinuum spectral interferometry (SSSD™"'=7!, as
well as other spectral interferometry methods”’**”*, have ex-
panded the range of capabilities in pulse characterization.

Basic FROG and SPIDER methods are designed to extract
space-independent temporal amplitude and phase information.
However, more advanced techniques”>""! have achieved the
single-shot recovery of spatiotemporal phase and amplitude,
though typically only for simpler pulse characteristics like pulse
front tilt. STRIPED-FISH**' and d-scan’" rely on iterative al-
gorithms to reconstruct pulse characteristics, but these algo-
rithms have not yet been demonstrated to converge for pulses
with complex structures or singularities. Similarly, SEA-
SPIDER requires additional assumptions for determining the
timing of spatial slices”®!. While SSSI does not provide the spa-
tiotemporal phase information, it does recover the spatiotempo-
ral pulse envelope.

In 2021, Hancock et al. introduced transient grating single-
shot supercontinuum spectral interferometry (TG-SSSI), an
enhanced version of single-shot supercontinuum spectral inter-
ferometry (SSSI) with additional phase measurement capabil-
ities™®. The schematic of this method is illustrated in
Fig. 32. TG-SSSI employs four pulsed beams: the object pulse
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Fig. 31 SRSI for STOV characterization®®., (a) Experimental setup for the generation and char-
acterization of ST-OAM light. STOV wavepackets are characterized by an SRSI, which includes
collimated reference pulses and an imaging spectrometer. (b) Spectral interference fringe by
SRSI. (c), (d) Reconstructed spatial-spectral amplitude and phase information by filtering fringe
pattern of (b). (e), (f) Retrieved intensity and phase of an STOV by implementing 1D Fourier trans-
formation (temporal frequency to time domain) of (c) and (d).
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Fig. 32 Schematic of transient-grating single-shot supercontinuum spectral interferometry for sin-
gle-frame characterization of STWP®®. The object pulse E and the reference pulse ¢; interfered
with each other at an angle 6,, in a fused silica witness plate, forming a transient grating. Such a

grating is recorded by a probe pulse E;.

E,, the reference pulse E., the probe pulse Ei,"r, and an addi-
tional reference pulse ¢;. In this setup, the object pulse E; in-
terferes with the reference pulse ¢; at an angle within a witness
plate, producing a set of interference fringes (referred to as a
transient grating) that are recorded by the witness plate. The re-
sulting interference pattern is given by I, = |E,|*> + |&;|*+
E e’ + E}e;. The probe pulse E;“r interacts nonlinearly with this
transient grating, generating an output field ES* o y® 1 En.
The amplitude and phase information of the object pulse FE|
are then encoded in the output field Ep;". While TG-SSSI offers
the advantage of single-shot measurement for both the ampli-
tude and phase of an ultrashort pulse, its practical application
is limited by the requirement for high pulse energy, with typical
pulse energies exceeding 3 pJ to effectively excite the third-
order nonlinear process.

5 Applications of STWPs

STWPs, such as STOVs with transverse OAM, diffraction-free
light sheets, and vectorial toroidal pulses, are pivotal in modern
physics and engineering. They describe wave profiles in the 3D
space-time domain and exhibit unique propagation and interac-
tion properties. Their interaction with matter promises novel ef-
fects, leading to rapid investigations in fundamental physics and
photonic engineering. Researchers are exploring STWPs to
enhance light-matter interaction understanding and develop ad-
vanced technologies, including ultrafast interactions, innovative
communication systems, optical information processing, and
new quantum rules.

5.1 Light-Matter Interaction and Optical Trapping

Light, possessing both linear and angular momentum, plays a
crucial role in particle manipulation. Optical angular momentum
itself manifests in many forms. The first distinction is drawn
between OAM and spin angular momentum. Optical trapping
refers to the interaction between light and matter that manipu-
lates micro-objects through the transfer of such momentum. The
conservation of these momenta underpins the operation of op-
tical microtools, such as tweezers, traps, and spanners. Vortex
beams, characterized by their spatial helicoidal phase and
longitudinal OAM, have emerged as a powerful tool for control-
ling particle rotation. While previous studies have primarily
focused on longitudinal OAM transfer along the beam’s propa-
gation axis, limiting particle motion to axial rotation, recent
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advancements have explored the potential for exploiting trans-
verse OAM to induce complex, three-dimensional particle
manipulation. In 2022, Stilgoe et al. reported the observation
and measurement of transverse angular momentum transfer
to birefringent vaterite particles, several wavelengths in size,
trapped using optical tweezers in a transmission optical sys-
tem™””, as illustrated in Fig. 33(a). A custom-designed beam,
shown propagating from the bottom of the page, interacts with
the larger birefringent particle, inducing spinning and rotation
about the axis indicated by the curved arrow. The authors uti-
lized Stokes parameters and cross-polarization measurement
techniques to characterize the angular momentum transfer to
the particles. Figure 33(b) shows two sequences of frames de-
picting a naturally occurring small particle moving through the
focal plane. The position and brightness of the particle reflect its
three-dimensional rotational state, driven by the transverse mo-
mentum. The transverse OAM originates from the helical phase
in the x or y—z plane. To achieve this, Hu et al. generated trans-
verse OAM within the interference field of two parallel, counter-
propagating, linearly polarized focused beams, those y-axially
separated by a distance 28, synthesizing an array of identical
handedness vortices carrying intrinsic transverse OAM, as
shown in Fig. 33(c)””*. When 6, > 0, the transverse OAM is
generated at the optical antinode, where the nanorod is trapped.
The transverse OAM of the beam is transferred to the nanorod,
driving it to rotate in the y—z plane [Fig. 33(d) top]. When
6, =0, there is no rotation, and the nanorod is harmonically
confined in all five degrees of freedom [Fig. 33(d) bottom].
Additionally, using the complex spatiotemporal sculpting tech-
niques described, ultrafast pulses with time-varying and tran-
siently switchable transverse OAM can be generated™'.
These tailored STWP bursts have the potential to enable novel
applications in ultrafast light-matter interactions, including the
study of the effects of chirality on matter?”***,

5.2 STWPs as Information Carriers for Data Encoding
and Decoding

Optical communication systems depend on the encoding, trans-
mission, routing, and decoding of optical pulses to transmit dig-
ital information. In these systems, optical pulses are modulated
to represent binary data, enabling high-speed and efficient com-
munication over optical networks. To enhance the bandwidth
and capacity of optical communication systems, there is a
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Fig. 33 Optical trapping using transverse OAM. (a) Rotation of birefringent microparticles with
transverse OAM caused by the superposition of two orthogonal circularly polarized beams
(red and blue arrows)?”". (b) Small particles driven around a larger vaterite particle undergoing
transverse spinning. (c) Generation of transverse OAM beam; when two focused, counter-propa-
gating, linearly polarized Gaussian beams are separated along the polarization axis, an array of
optical vortices carrying transverse angular momentum is generated, causing a suspended silicon
nanorod to experience torque and rotate in the y—z plane®®. (d) Power spectral density (PSD) of
the nanorod motion when driven to rotate at a frequency f,; by transverse OAM (top) and without

transverse OAM (bottom).

growing focus on incorporating multi-dimensional information
into the coding and decoding processes. These advanced ap-
proaches leverage various dimensions of optical signals, includ-
ing intensity, wavelength, phase, spatial modes, polarization,
and angular momentum, to encode information simultaneously.
By utilizing these additional dimensions, optical communica-
tion can achieve higher data rates and greater capacity. While
optical communications can be conducted through both free
space and optical fibers, there is a predominant focus on
fiber-optic solutions. However, transmitting STWPs, such as
STOVs, through optical fibers or waveguides presents signifi-
cant challenges. These difficulties arise from the complex spa-
tiotemporal coupling within the STWP and the modal and
spectral dispersion introduced by the materials. Very recently,
the first experimental demonstration of STOV pulse propa-
gation through a few-mode optical fiber has been reported by
Cao et al.™". Figure 34(a) shows a schematic of the experi-
mental setup used to generate, transmit, and measure an STOV
pulse through a 1-m-long commercial few-mode optical fiber.
Figure 34(b) displays an example of an output STOV with a
topological charge [ = +1 after propagating through the fiber.
In this instance, the input STOV pulse was pre-chirped to
a GDD of +0.36 ps? before coupling into the fiber. The re-
sults confirm that the phase singularity of the STOV pulse is
preserved after traveling 1 m through the few-mode fiber.
However, to transmit higher-order STOV pulses, the fiber must
support additional guiding modes and the STOV pulse may
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need precise spatial engineering before coupling into the fiber.
Recently, Huang et al. have demonstrated that long STOV
strings, generated by phase manipulation of input pulses, offer
significant advancements in optical communication by en-
abling high-bit coding and decoding with minimal STOV
modes™, The generation of STOV strings and the detection
of their topological charges and positions within the string
can be viewed as coding and decoding processes, respectively,
as illustrated in Fig. 34(c). Unlike conventional vortex beams
that require multiple OAM states for m-ary coding, STOV
strings utilize the positions of STOVs as an additional dimen-
sion, significantly increasing coding efficiency and potential
data transmission capacity. This novel approach, known as
multistate transverse OAM shift keying (MS-TOAMSK), paves
the way for innovative applications in fields such as optical
computing, offering a more powerful and flexible platform
compared to traditional OAM-based communication systems.
Overall, integrating multiple controllable dimensions into
STWPs enhances data efficiency and throughput, thereby
advancing the development of high-capacity and high-speed
optical networks.

5.3 Optical Analog Computation with STWPs

Optical analog computation has the potential to significantly ac-
celerate massively parallel operations while avoiding the costly
analog-to-digital conversions required by electronic systems.
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Fig. 34 (a) Experimental demonstration of transmitting STOVs through few-mode optical fiber®®"l,
An STOV pulse from the 2D pulse shaper is coupled into a few-mode fiber (SMF-28) by a high-
numerical-aperture aspherical lens mounted on a 3D translation stage. (b) Measured intensity and
phase results for positively chirped STOV pulse transmitted by few-mode optical fiber; the topo-
logical charge is —1. (c) Scheme of data transmission based on STOV strings®®. The three col-
ored wavepackets shown in the middle represent three 3-STOV strings with topological charge

arrangements of 123, 231, and 312.

It also offers greater energy efficiency compared to electronic
counterparts. Photonic structures designed with spatial
dispersion and 2D spatial filters are capable of performing
analog computations. For instance, these devices can achieve
spatial differentiation, enhancing edge contrast in imaging appli-
cations for both amplitude and phase objects. Recently, Ruan
et al. have reported an optical differentiator in both spatial
and temporal dimensions by designing a photonics structure that
generates STOVs. Their spatiotemporal differentiator consists of
a 1D periodic grating with broken spatial mirror symmetry"®, as
illustrated in Fig. 11(b). Figure 35(a) (left) displays an original
complex image of the “Zhejiang University” logo, representing
both amplitude and phase in the spatiotemporal domain before it
passes through the differentiator. After the pulse has traversed
the spatiotemporal differentiator, the resulting STWP exhibits
edge enhancement patterns in the space-time plane, as shown
on the right side of Fig. 35(a). The spatiotemporal differentiator
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for single-shot ultrafast wavepackets has been experimentally
verified in Ref. [283] using a nonlocal meta-grating. This
meta-grating, with broken mirror symmetry, exhibits a nonlocal
coherent response, where the transfer function depends linearly
on both the spatial wavevector and temporal frequency.
Figure 35(b) depicts the experimental setup for demonstrating
this spatiotemporal differentiator, where a meta-lens is employed
to generate a tilted-pulse front wavepacket. Figure 35(c) presents
the results of directly measured wavepackets after passing
through the meta-lens without the meta-grating, revealing a tilted
wavefront in both space and time. After the wavepacket passes
through the meta-grating, it exhibits a central zero-intensity in
the spatiotemporal profiles, corresponding to the regions of
slowest spatiotemporal variation in the incident pulses, as shown
in Fig. 35(d). The differentiation resolution can be improved by
using meta-gratings with broader linear ranges in both the tem-
poral and spatial frequency domains.
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Fig. 35 Spatiotemporal differentiation metasurfaces. (a) The spatiotemporal amplitude and phase
of the “Zhejiang University” logo pattern and the corresponding amplitude and phase after passing
through a meta-grating with breaking mirror symmetry!'®. (b) Spatiotemporal differentiator for op-
tical nonlocal meta-grating computing®®. Experimental setup consists of three parts: (1) a delay
line for pulse characterization; (2) dispersion-engineered metalens for tilting the pulse; and (3) a
meta-grating for spatiotemporal differentiation. (c) Retrieved iso-intensity profiles of incident
pulses generated by different dispersion-engineered metalenses (without spatiotemporal differen-
tiator) with various tilted angles. (d) Retrieved iso-intensity profiles of pulses passing through the
spatiotemporal differentiation meta-grating. The intensity profiles of these retrieved pulses are nor-
malized to the peak intensity of their individual incident pulses.

5.4 STWPs-Driven Superintense Field with laser-driven plasmas and opening up new possibilities

ical . nitially limited ak 1 fields d for relativistic particle interactions, including applications such
Optical vortices were initially limited to weak laser fields due to ¢ baticle acceleration, X-ray and y-ray generation, and vortex

the low damage thresholds of their transmission components,  harmonics generation. Likewise, it is anticipated that extending
which could not withstand high-power lasers. However, with  vortex lights from nonrelativistic to relativistic regimes will en-
advancements in superintense ultrafast laser technology, laser ~ able novel multidimensional manipulations within relativistic
intensities have surpassed 10> W/cm?, enabling interactions particle interactions. Recently, Sun et al. proposed a relativistic
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STOV pulse using reflecting optical elements to realize the
modulation and acceleration of an isolated attosecond (~600 as)
electron sheet in 3D particle-in-cell (PIC) numerical mod-
eling™. In 3D PIC simulations, relativistic STOV pulses pro-
duced by a pulse shaper configuration are employed to drive
a nanowire target, resulting in the generation of a relativistic iso-
lated attosecond electron sheet (RIAES). This process is sche-
matically illustrated in Fig. 36(a), where the insert displays the
generated STOV electric fields. Figures 36(b)-36(e) illustrate the
acceleration of an attosecond electron sheet driven by an intense
STOV pulse. It shows that at t = 16 T, electrons are dispersed
by the leading edge of the STOV pulse [Figs. 36(b) and 36(c)].
By t = 60 T, a selected electron sheet is concentrated within the
intensity singularity of the STOV pulse, guided by the hollow
ponderomotive force around the z-axis [Figs. 36(d) and 36(e)].
This suggests that the spatiotemporal phase singularity in the
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STOV pulse offers an additional degree of spatiotemporal free-
dom, enabling the generation of a single-electron sheet.
Additionally, a recent study demonstrated the generation of
well-collimated y-photons and photon pairs with extrinsic trans-
verse OAM via the head-on collision of an intense STOV pulse
with a high-energy electron beam™',

Although the transfer of transverse OAM in SHG and HHG
processes driven by an STOV pulse has been investigated, dem-
onstrating the conservation of transverse OAM, the transfer of
transverse OAM in other strong-field processes remains unclear.
In this context, Chen et al. recently investigated atomic photo-
ionization driven by STOV pulses™®. They focused on a sce-
nario where an H atom is ionized by an STOV pulse with a
central wavelength of 1600 nm, assisted by an XUV pulse.
By precisely adjusting the spatial position and time delay of
the XUV pulse relative to the STOV, they achieved control over
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Fig. 36 (a) Generation of isolated attosecond electron sheet via relativistic spatiotemporal optical
manipulation. The STOV pulse is incident from the left and radiates onto the nanowire target®.
The electrons can be initially dragged out from the target and further phase-locked and acceler-
ated by the longitudinal electric field (E,) inside the STOV laser. (b)-(e) Electron density driven by
an STOV pulse at (b), (c) t =16 T and (d), (e) t = 60 T. (f), (g) Atomic photoionization by STOV
pulses. (f) Calculated photoelectron momentum distributions (PMDs) for the photoionization of an
H atom by an STOV pulse assisted by an XUV pulse®®., (g) Calculated spatially resolved photo-
electron energy spectra for time delays (top) z_ and (bottom) z_ of the XUV pulse obtained by the

3D-TDSE.
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strong field ionization in both space and time. The resulting
photoelectron momentum distribution (PMD) reflected the spa-
tial chirp of the STOV pulse’s electric field, as depicted in
Fig. 36(f). Additionally, the spatially resolved photoelectron en-
ergy spectra, influenced by the spatiotemporal singularity, fully
characterized the OAM states, showing distinct interference
patterns that depend on the XUV pulse’s spatial location
[Fig. 36(g)]. Besides, spatiotemporal high-harmonic generation
in the relativistic regime using an intense STOV beam on a
plasma target has also been demonstrated, where the plasma sur-
face acts as a spatiotemporally coupled relativistic oscillating
mirror®”, The harmonics inherit the spatiotemporal features,
with transverse OAM scaling with harmonic order, achieving
relativistic-level intensities due to plasma’s ultrahigh damage
threshold. Strong field physics driven by STWPs has been ex-
tensively studied numerically, showcasing the unique advan-
tages of these wavepackets. However, these findings are still
in their infancy and require further experimental verification.

5.5 Metrology and Sensing Using STWPs

STWPs’ spatial and temporal properties are intertwined in a way
that their behavior is not separable into independent spatial and
temporal components. In simpler terms, these wavepackets have
their spatial and temporal characteristics linked such that
changes in one domain (spatial or temporal) affect the other,
and exhibit behaviors where their spatial shape and temporal
dynamics are intrinsically linked, leading to unique propagation
characteristics and applications. In general, generating an
STWP involves trading one spatial dimension in 2D space to
operate in the time or frequency domain, resulting in entangle-
ment between one spatial and one temporal dimension. For
sensing applications, the 2D spatial extent of the field is adjusted
to sample the external environment adequately (e.g., ambient or
physical materials). However, this increases sensitivity to para-
sitic fluctuations and vibrations. A possible solution is to reduce
the transverse dimensionality of the field from 2D to 1D, bal-
ancing sensitivity to the analyte with minimized phase fluctua-
tions. Space-time light sheets represent a distinctive category of
1D fields that hold promise for further investigation. These light
sheets are notable for their resistance to diffraction, dispersion,
and speckle formation™®. Their propagation invariance arises
from the classical entanglement of the spatial and temporal
frequencies involved®’'. In 2023, Diouf et al. examined the
phase stability of space-time light sheets using Michelson inter-
ferometry, comparing them with standard Gaussian beam
illumination™. Given that interferometers are sensitive to
path-length variations, the optical intensity at the interferometer
output varies over time. Figure 37(a) illustrates the experimental
setup, where the space-time light sheet is coupled into a
Michelson interferometer. Figure 37(b) displays the measured
interference stability: space-time light sheet illumination
achieves over 23% greater phase stability compared to the
Gaussian light sheet, and approximately 80% more stability than
Gaussian beam illumination. Both space-time light sheets and
Gaussian light sheets demonstrate significantly higher phase
stability compared to Gaussian beams. However, space-time
light sheets offer an additional advantage: they are resistant
to speckle generation, even when a thin diffuser is introduced
into the interferometer. Besides, three-dimensional toroidal
electromagnetic pulses, characterized by sophisticated topologi-
cal and non-separable structures, have also been explored for 3D
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positioning applications. Wang et al. demonstrated free-space
microwave 3D positioning by leveraging the space-time non-
separability and skyrmion topology of toroidal pulses™'.
This approach allows for super-resolution 3D spatial positioning
with centimeter-level accuracy using a single emitting antenna.
Each point within the primary distribution region of the toroidal
field possesses unique time/frequency-polarization information,
which can be distinctly characterized by its time-polarization or
frequency-polarization state, as illustrated in Fig. 37(c). By
measuring this time/frequency-polarization state at any given
spatial point and cross-referencing it with a positioning informa-
tion database, accurate spatial coordinates for target positioning
can be determined, as shown in Fig. 37(d).

6 Further Prospects and Conclusions

Despite rapid advancements in spatiotemporal sculpturing of
light in recent years, this field remains emerging with much still
to explore. Below, we discuss several potential future directions:
some are aspirations, others are inspired by past developments
in spatially structured light, and some are speculative.

6.1 Ultracompact Synthesis of STWPs

The current mainstream method for generating and controlling
STWPs involves using ultrafast pulse shapers and spatial light
modulators. These systems typically utilize a diffraction grating
to spatially resolve the initial pulse spectrum, allowing for the
modulation of each wavelength. However, these approaches de-
pend on bulky optical setups that require precise alignment
and are less efficient. Consequently, advancing compact optical
systems and elements, such as diffractive optical elements,
metasurfaces, and nano-photonics devices, could significantly
enhance the development of spatiotemporally structured
STWPs.

Chirped Bragg volume gratings (CBGs) provide an alterna-
tive method for spatially resolving the spectrum™>**!, Recently,
Yessenov and Mhibik ef al. proposed a compact system to syn-
thesize space-time wavepackets, in which a chirped volume
Bragg grating (c-CBG) that is rotated by 45° with respect to
the plane-parallel device facets is employed®**, as shown
in Figs. 38(a)-38(d). Such a device has several more salutary
features than conventional grating-based setups: (1) The input
beam is incident normally on one facet, and the spectrally re-
solved field exits through a different facet, also normally;
(2) The emerging spectrum is collimated without the need
for a lens and does not require additional free-space propaga-
tion; (3) The device’s length and width are decoupled, allowing
its cross-section to be a narrow rectangle rather than a large
square; and (4) A pair of r-CBGs can be cascaded to first resolve
and then recombine the spectrum, thereby reconstituting the in-
put pulse at the output. Following this device, the diffraction
efficiency of an r-CBG is kept at 80% with the total efficiency
of the setup reaching 60%.

Although three-dimensional extension of STWPs using cas-
caded spatial modulation systems like MPLC devices is pos-
sible, it is challenging to synthesize 3D STWPs with this
method, as it requires an extra spatial dimension to spread
the temporal spectrum. Nano-photonics is poised to play a cru-
cial role in the field of STWPs and spatiotemporally structured
optical fields. A key challenge is designing nanophotonic sys-
tems capable of generating an STWP from a generic pulsed
beam. In 2021, Guo et al. proposed generating 3D space—time
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Fig. 37 (a) Experimental setup for the generation of the space-time light sheet and interferometric
phase stability analysis®®. The generated space-time light sheet is coupled into a Michelson
interferometry. (b) Measured interferometric phase recorded over 2 min for the Gaussian beam
(black), GLS (red), and ST light sheet (blue). (c) Schematic diagram of 3D positioning method
based on toroidal pulses®'. (d) Computed 3D positioning pseudo-spectrum based on

toroidal pulses.

light bullets propagating in free space using a single passive
nonlocal optical surface'®. This approach utilizes nonlocal
nano-photonics to achieve space—time coupling without relying
on bulky pulse-shaping and spatial modulation techniques
[Fig. 38(e)]. Recently, Cheng et al. introduced an asymmetric
grating structure for compactly generating optical toroidal vor-
tices™”). Figure 38(f) illustrates the device schematic, where a
cylindrical vector wavepacket is transformed into a transmitted
3D toroidal vortex pulse. A recent experiment demonstrated
a metasurface capable of beam steering at picosecond time-
scales”!. This metasurface integrated the functions of a tradi-
tional grating and lens, allowing it to spatially resolve the
spectrum of an incident laser frequency comb and focus the
comb wavelengths at a specific plane, as shown in Fig. 38(g).
In the far field, this setup generates a tilted pulse front with a
differentiable angular dispersion. Observations at a fixed axial
plane reveal the tilted pulse front as a pulsed spot moving across
the plane, which is interpreted as beam steering.

6.2 Space-Time Mode Sorting and Quantum Control

Modal state sorting involves distinguishing and organizing op-
tical beams based on their OAM, where beams are classified by
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their helicoidal phase structure, often represented by an integer
quantum number /. This process typically includes identifying
the OAM values, separating beams using optical devices, and
sorting them into different categories or channels. OAM sorting
is crucial for applications such as increasing the capacity of op-
tical communication systems, enhancing imaging techniques,
and advancing quantum computing by utilizing the unique prop-
erties of different OAM modes. STWPs offer more controllable
degrees of freedom in the space-time domain, such as transverse
OAM, which can enhance information transmission capabilities.
The ultrashort duration of STWPs poses a challenge for
detecting and sorting their OAM, as the rapid temporal varia-
tions can complicate accurate measurement and classification.
Recognizing and spatially sorting their modal states can
significantly benefit applications in optical communication by
enabling more efficient data encoding, improved channel multi-
plexing, and advanced information processing. Now, the mode
conversion between STLG and STHG wavepackets can be
used to recognize radial and azimuthal quantum numbers!"*
[Fig. 39(a)]. Moreover, to achieve electric readout of OAM
modes, an orbital photogalvanic effect has been proposed to di-
rectly detect OAM modes by using a 2D Weyl semimetal
material®” [Fig. 39(b)]. These effects will further advance
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Fig. 38 (a)-(d) Concept of chirped Bragg volume gratings (r-CBGs) with various configura-
tions®**2%, (a) Pulse normally incident on a CBG is temporally stretched but not spectrally re-
solved. (b) Pulse obliquely incident on a CBG is spectrally resolved. (c) Spectrally resolving a
pulse normally incident on an r-CBG. (d) The spectrum spreading of white light by an r-CBG.
(e) A passive nonlocal optical surface for the generation of 3D space-time light bullets®®,
() An asymmetric grating structure for the generation of optical toroidal vortices®.
(g) Spatiotemporal light control with frequency-gradient metasurfaces?*.

the applications of STOV wavepackets, particularly those re-
quiring fast responses, such as telecommunications and data en-
coding where quantum numbers of STLG pulses may play
important roles. Furthermore, spatiotemporal vectorial pulse
shaping can generate ultrafast optical pulses that enable unprec-
edented coherent control over light—matter interactions. Given
that quantum systems are inherently 3D and vectorial, this
method allows for the creation of complex spatiotemporal vec-
torial structures®™. This advancement significantly broadens
the possibilities for wavepacket structuring and is expected to
impact areas requiring vectorial coherent control, such as vec-
torized optoelectronic control within semiconductors™"'*
(Fig. 40).

6.3 Toward Ultrahigh-Dimensional STWPs

Light’s degrees of freedom include space, time, amplitude,
wavelength, phase, and polarization. Beyond these basics, com-
plex behaviors like OAM and space-time nonseparability reveal
new optical phenomena and applications. Combining these
DoFs, such as in vector vortex beams, enhances tunability and
expands practical uses'™®. To advance the generation of
ultrahigh-dimensional STWPs that encompass multiple param-
eters such as amplitude, phase, time, space, polarization, spin,
and OAM and their combinations, it is essential to integrate
several sophisticated techniques. Achieving this requires em-
ploying multidimensional pulse-shaping technologies, such as
spatial light modulators and quantum means, which allow
for precise control over phase, amplitude, and polarization.
Adaptive optics and metasurfaces play a crucial role by dynami-
cally tuning these dimensions and enabling advanced spatial and
temporal manipulation. Additionally, frequency domain control
techniques, including Fourier transform spectroscopy, are piv-
otal for managing phase and amplitude across various frequen-
cies. Spatial mode decomposition methods and integrated

Photonics Insights

R08-44

photonic circuits further contribute by addressing spatial dimen-
sions, such as OAM, and facilitating complex multidimensional
control on a single chip. Quantum state engineering, leveraging
quantum entanglement and superposition, offers a pathway to
manipulate spin and polarization with high precision. The inte-
gration of machine learning algorithms can optimize these proc-
esses, predicting and adjusting parameters to achieve the desired
ultrahigh-dimensional states efficiently. Moreover, ultrafast
temporal pulse shaping techniques, such as chirped pulse am-
plification, enhance the control over the temporal dimension
of STWPs. Although some laser modes (STLG and STHG
wavepackets) in space-time!"*"! have been proposed and realized
in the laboratory, forming an orthogonal and complete basis in
the space-time domain, effectively applying these modes to
sculpt spatiotemporally structured light® (Fig. 41) across vari-
ous fields remains an ongoing challenge. Significant effort is
needed to address this issue. As such, researchers can signifi-
cantly expand the capabilities and applications of STWPs,
including advanced imaging, communication, quantum comput-
ing, and beyond, thereby pushing the boundaries of optical tech-
nology and scientific discovery.

6.4 Complex Spatiotemporal Topology

Optical topological structures are crucial for various advanced
technologies. They enhance data storage and transfer by provid-
ing stable, high-density storage solutions through robust topo-
logical states. In communication, these structures improve
signal stability and reduce losses, facilitating more efficient in-
formation transmission. Additionally, they enable the develop-
ment of novel photonic devices such as sensors with increased
sensitivity and resolution, and advanced imaging systems that
can capture and analyze complex light patterns. Their robust-
ness to defects and perturbations makes them valuable for ap-
plications in quantum computing and information processing,
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Fig. 39 Modal state detection and sorting in the space-time domain. (a) Scheme for recognizing
radial quantum number and azimuthal quantum number of STLG wavepackets based on mode
conversion!™4, (b) Schematic of the photocurrent measurement from optical beams carrying

OAMP**.,

where precise control of light and data integrity are essential.
Recent advancements in spatiotemporal light fields have en-
abled the creation of more intricate topological structures by ex-
ploiting the coupling between spatial and temporal degrees of
freedom™***™; this approach allows for the formation of com-
plex spatiotemporal topologies, such as higher-dimensional
knotted textures and multi-dimensional space-time topology
crystals®®! (Fig. 42), which exhibit rich, dynamic behavior
and enable novel applications in advanced information process-
ing and wave manipulation. It is noteworthy that recently pro-
posed STOV pulse bursts™'* could be a promising candidate for
further experimentally realizing space-time hopfion crystals.

6.5 Quantum Entanglement within STWPs

In the realm of quantum mechanics, STWPs are crucial for ex-
ploring and harnessing quantum entanglement. Entanglement,
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where quantum states of particles become interconnected such
that the state of one particle instantaneously influences the state
of another, is a cornerstone of quantum information science.
Spatiotemporal coupling can be used to generate and manipulate
entangled states with greater flexibility and efficiency. This
capability is essential for developing advanced quantum tech-
nologies such as quantum computing, quantum cryptography,
and quantum teleportation. By fine-tuning the spatiotemporal
properties of entangled photons, researchers can improve the
fidelity and range of quantum communication channels and en-
hance the performance of quantum algorithms.

Looking ahead, the integration of spatiotemporal coupling
with quantum entanglement holds promise for breakthroughs
in both theoretical and applied quantum physics. It may lead
to new methods for entanglement distribution over longer dis-
tances, which is critical for creating a global quantum internet.
Additionally, it could enable the exploration of novel quantum
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Fig. 40 Vectorized optoelectronic control by structured light®®*'*%?, (a) Schematic of left-hand cir-
cularly polarized w optical vortex with topological charge m = +1. (b) Sketch of the 2w radial po-
larized beam that can be equivalently represented as a superposition of two circularly polarized
beams with opposite handedness possessing m = -1 and m = +1. (c) lllustration of coherent
control in a semiconductor using two circularly polarized beams. Circular polarization enables con-
trol over the x- and y-momentum components by adjustment of Ag,, »,,. (d) Spatial arrangement of
the controlled currents for different Ag,,»,. (€) Schematic of the experimental configuration for
reconfiguring electronic circuits. (f) The spatial distribution of Ag,, o, generated by a spatial light
modulator. (g) Measurement of the x (blue) and y (red) current components in one detection pixel
as the global relative phase. (h) Measured vectorial current from x and y components of (g) on a
phase map, demonstrating that Ag,, »,, can be used to precisely control the direction of currents.

states and phenomena, enriching our understanding of quantum
mechanics and expanding the capabilities of quantum technol-
ogies. The mutual coupling of multiple degrees of freedom in
ultrahigh-dimensional space-time wavepackets can facilitate
the realization of quantum entanglement effects across these
dimensions. For instance, this coupling can enable the manifes-
tation of quantum entanglement phenomena in OAM and
SAM, demonstrating how entanglement can be effectively dis-
tributed and manipulated across various degrees of freedom
within complex wavepackets™**"" (Fig. 43). As experimental
techniques and theoretical models continue to advance, the
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interplay between spatiotemporal dynamics and quantum entan-
glement is likely to unlock transformative opportunities in sci-
ence and technology.

6.6 Nonlinear Microscope and Laser Processing
Empowered by STWPs

STWPs not only feature structured spatial patterns but also pos-
sess ultrafast temporal envelopes. These properties are coupled
in both the spatial and temporal dimensions, creating complex
optical degrees of freedom. As a result, such wave packets,
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Fig. 41 A collage of structured light. Examples of the various forms of structured light® are shown
as scalar beams (top) and vector beams (bottom). The first row in each is the intensity and the
second row is the phase (scalar beams) and polarization (vector) structure.

influenced by both spatial diffraction and temporal dispersion,
exhibit unique advantages during transmission, focusing, and
interactions with matter. Simultaneous spatiotemporal focusing
(SSTF) has emerged as a powerful technique in nonlinear
microscopy, offering enhanced axial confinement and resolution
beyond traditional methods”®>'?. By simultaneously control-
ling both the spatial and temporal properties of ultrashort pulses,
SSTF reduces pulse broadening caused by dispersion, maxi-
mizing nonlinear effects like two-photon fluorescence. This
capability significantly improves imaging depth and resolution,
particularly in scattering tissues, by minimizing out-of-focus
background and optimizing focal spot size. In addition, SSTF
could enable precise control over the focal region through tech-
niques such as pulse front tilt, allowing for the generation
of multiple, temporally separated focal spots from a single
pulse, overcoming the interference limitations of conventional
holographic spot spacing. These features are particularly benefi-
cial for high-speed, deep-tissue multiphoton imaging, laser

processing, and microfluidic device fabrication, where both spa-
tial and temporal focus control is critical.

Besides, SSTF enabled by STWPs may offer significant ad-
vantages in laser material processing by reducing nonlinear dis-
tortions that typically occur during laser propagation. SSTF
achieves this by spatially separating the spectral components
of an ultrafast laser pulse, which leads to a controlled increase
in pulse duration before recombining the components at the fo-
cus. This approach minimizes nonlinear effects such as self-
focusing, filamentation, and spectral broadening, resulting in
a more confined and precise laser-material interaction"**'*,
In applications like femtosecond laser ablation, SSTF enables
finer control over material modifications, such as clean and ac-
curate cuts in transparent materials like glass and biological tis-
sues. By reducing unwanted side effects and enhancing focusing
precision, SSTF holds promise for improving the quality and
efficiency of laser micromachining, eye surgery, and other
high-precision processing tasks.
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Fig. 42 Sophisticated space-time topology using STWPsP®!. (a) lllustration of a 1D space—time
hopfion crystal where the 3D hopfion texture unit repeats periodically over time. (b) Depiction of a
3D space-time hopfion crystal, showcasing various views of every hopfion unit.
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Fig. 43 Quantum entanglement of OAM beams. (a) Polarization
entanglement is created in a parametric down-conversion pro-
cess and afterward transferred to modes with high quanta of
OAME. (b) Entanglement between spin and OAM on a single
photon®®”, A single photon vertically polarized is arriving from
the left, as illustrated by the yellow wavepacket representing
the electric field amplitude. This photon carries zero OAM, as
illustrated by the yellow flat phase fronts. The single photon
passes through the metasurface nanoantennas (purple) and ex-
its as a single-particle entangled state, depicted as a superposi-
tion of the red and blue electric field amplitudes, with the
corresponding vortex phase fronts opposite to one another.

6.7 Conclusions

Spatiotemporally structured wavepackets have garnered signifi-
cant attention in recent years. These wavepackets exhibit intri-
cate control over both spatial and temporal dimensions, enabling
more precise manipulation of light fields during propagation
compared to conventional beams. Overall, research on spatio-
temporally structured wavepackets has made significant strides
in recent years, with major advances in both the discovery of
fundamental spatiotemporal shaping techniques and the under-
standing of spatiotemporal dynamics. These developments have
been successfully applied across an increasingly broad range of
other wave regimes. Current methods for spatiotemporal control
primarily rely on linear optics, utilizing bulky dispersion com-
ponents and spatial light modulators to manage space-spectrum
interactions. However, these approaches suffer from low modu-
lation efficiency and are not well-suited for the development of
compact, miniaturized devices. While certain nano-structure de-
vices have demonstrated the ability to effectively modulate
pulse frequency and generate simple structured wavepackets,
such as STOVs, their applications remain limited. To advance
the field, the development of metasurfaces and nanophotonic
platforms with versatile, multi-degree-of-freedom (x —y —¢
3D modulation) modulation capabilities is crucial. These emerg-
ing technologies hold promise for enabling more efficient,
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flexible control of spatiotemporally structured wavepackets,
paving the way for practical applications.

Interest in STWPs has surged, particularly with the genera-
tion and observation of STOVs and related singularities. This
trend parallels the historical development of spatially structured
light, which was driven by the study of phase and polarization
singularities within spatial light structures. STOVs exhibit topo-
logical and conserved properties similar to spatial vortices but
with novel characteristics and distinct spatiotemporal evolution
dynamics. Variants such as toroidal vortices, hopfions, and knot-
ted optical fields demonstrate unique photonic properties across
various optical phenomena, making them increasingly appli-
cable in areas like optical manipulation, spatiotemporal differ-
entiation, subluminal and superluminal pulse propagation, and
free-space optical communication. However, much remains to
be understood about the physical characteristics of these spatio-
temporal singularities and their potential applications. While the
future of this rapidly evolving field is difficult to predict, the
trajectory of spatial singularity research suggests that new
physical mechanisms involving spatiotemporal vortices will
likely be uncovered, leading to broader applications in the near
future.

Although significant progress has been made in the study of
STWPs, current research predominantly focuses on wavepack-
ets with relatively simple structures in the space-time domain.
The generation, modulation, and control of more complex, high-
dimensional STWPs remain a challenge, as existing techniques
are insufficient to fully explore these intricate configurations.
Advanced methods for shaping and characterizing such wave-
packets are needed to unlock their potential. Moreover, the
transmission dynamics of STWPs through various media have
yet to be thoroughly investigated experimentally. Key questions
remain regarding how these wavepackets behave in complex
materials, particularly when high-order dispersion and nonlinear
effects are considered. The interaction between space-time cou-
pling and these effects may give rise to new physical mecha-
nisms and phenomena, but this remains largely unexplored.
Experimental verification of these theoretical predictions is cru-
cial to advancing the field and understanding the broader impli-
cations of spatiotemporal coupling. The development of
experimental tools and techniques to probe these interactions
will be essential for revealing the full potential of STWPs in
material systems. Finally, STWPs show great application poten-
tial in the fields of quantum and topological optics and commu-
nications. By precisely controlling the space-time characteristics
of the light field, STWPs can be used for the transmission and
processing of quantum information, especially in improving the
manipulation and robustness of quantum entangled states. In ad-
dition, the topological properties within STWP provide new
means to develop topologically protected quantum states and
enhance the system’s immunity to noise and scattering. In com-
munications, STWPs may allow the development of more
efficient signal encoding and transmission, promote the devel-
opment of ultrahigh-speed, low-loss free-space communication
systems, and bring revolutionary progress to the next generation
of optical communication technology.
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