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Polygonal generalized perfect spatiotemporal optical vortices

Shuoshuo Zhang'?, Zhangyu Zhou?, Qianyi Wei?, Zhongsheng Man?, Changjun Min?, Wending Zhang?,

Yuquan Zhang?*, Ting Mei'* and Xiaocong Yuan?

Abstract: Recently, perfect spatiotemporal optical vortices (PSTOVs) have attracted significant attention due to their
topological-charge-independent radius and their ability to carry transverse orbital angular momentum. However,
existing studies on PSTOVs remain largely restricted to the simplest annular intensity profiles, limiting their versatility
in tailoring light-matter interactions. Extending PSTOVs toward programmable distributions is therefore highly desir-
able for both fundamental studies and practical applications. To fill this research gap, we propose the concept of
generalized perfect spatiotemporal optical vortices (GPSTOVs), whose intensity profiles can be flexibly engineered
while preserving their intrinsic "perfect" properties. Unlike previous complex-amplitude modulation approaches,
GPSTOV pulses are generated via a pure-phase modulation scheme, enabling higher modulation efficiency and
improved energy utilization. By encoding a shape-controllable digital axicon and a vortex phase in the spatiotempo-
ral frequency domain, we experimentally realize a family of polygonal GPSTOV pulses with tunable geometries. The
measured spatiotemporal profiles agree well with theoretical predictions. Our results expand the scope of PSTOV
research and hold promises for applications in optical communications, particle manipulation, and other fields

requiring precise spatiotemporal control of ultrafast light pulses.
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1 Introduction

Structured light can carry two types of angular momenta:
spin angular momentum (SAM) and orbital angular
momentum (OAM). SAM is related to the circular polariza-
tion of light, whereas OAM is commonly associated with the
helical wavefronts of optical vortices'. In 1992, Allen et al.
first demonstrated that Laguerre-Gaussian beams, character-
ized by a helical phase factor exp(if¢), possess an intrinsic
OAM of ¢h per photon (¢ is the topological charge, ¢ is the
azimuthal angle, and % is the Dirac constant)® Since then,
significant progress has been made in the generation and
manipulation of optical vortices*”. Unlike SAM having only
two possible values of +#, the OAM of optical vortices can
take theoretically unlimited values. Due to this prominent

property, optical vortices can be applied a wide range of
applications, including optical trapping®’, optical communi-
cations!®!!, super-resolution imaging'?, and quantum infor-
mation processing'*'%, etc.

Optical vortices can be generated not only in the spatial
domain but also in the spatiotemporal domain. Spatiotem-
poral optical vortices (STOVs) are structured pulsed beams
that possess transverse OAM perpendicular to the propaga-
tion direction'>!®>. STOVs were first observed during the
nonlinear self-focusing of femtosecond pulses'’, and were
subsequently generated in a linear manner using a 4f pulse
shaper'®. Over the past few years, extensive studies have been
devoted to STOVs, covering their generation!*-¢, characteri-
zation?”?, fundamental properties®**~*’, and potential appli-
cations®* . As in the case of spatial optical vortices, the
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spatiotemporal radius of STOV pulses exhibits a strong
dependence on the topological charge??, thereby limiting
their applicability in scenarios that require the superposi-
tion of multiple vortices with different topological charges.
To overcome this limitation, Ponomarenko et al. proposed
the concept of perfect spatiotemporal optical vortices
(PSTOVs) in 2014*'. Unlike conventional STOVs, the radius
of PSTOV pulses is independent of the topological charge.
By employing spatiotemporal complex-amplitude modula-
tion techniques, PSTOV pulses have recently been demon-
strated experimentally*>®. However, these approaches
require simultaneous control of both the amplitude and
phase of the input pulse, which inevitably results in
pronounced zeroth-order diffraction, especially for large
topological charges. Moreover, current studies of PSTOV's
are largely limited to the simplest annular intensity profiles.
Achieving flexible control over the spatiotemporal distribu-
tion of PSTOVs would be of great interest for both funda-
mental studies and practical applications.

In this work, we report the experimental generation of a
new class of PSTOV pulses with controllable polygonal
shapes, which we refer to as generalized perfect spatiotempor-
al optical vortices (GPSTOVs). Unlike previous approaches,
the generation of GPSTOV pulses relies on a pure-phase
modulation strategy. The basic principle of our method is to
encode a shape-controllable digital axicon together with a
vortex phase in the spatiotemporal frequency domain. By
introducing an azimuthal modulation to the axicon parame-
ter, the intensity profiles of the generated GPSTOVs can be
flexibly tailored while preserving their intrinsic "perfect”
properties. Since amplitude modulation is not required, the
proposed method achieves higher modulation efficiency and
improved energy utilization. Experimental measurements
show that the efficiency of our method is approximately 2.5
times that of conventional complex-amplitude modulation
techniques. In addition to carrying transverse OAM,
GPSTOV pulses provide an extra degree of freedom through
their controllable geometric shapes, thereby holding
promise for applications in diverse physical systems.

2 Results and discussion
2.1 Theoretical framework and numerical simulations

To provide deeper insight into the generation of polygonal
GPSTOV pulses, we first briefly review the formation mech-
anism of PSTOVs with canonical annular shapes. Analo-
gous to perfect spatial optical vortices*, PSTOV pulses can
be generated via the Fourier transform of a Bessel-Gaussian
(BG) beam in the spatiotemporal frequency domain*

¥ (r.9) = Jo (Br) exp (—f;) eplitg), ()
where r= \/(kX/Akx)2 + (Q/Aw)’ and

¢ = tan~! (Awk,/Ak,Q) are the normalized polar coordi-

nates in the k, —Q plane. Here, k, denotes the spatial
frequency along the x-direction, and Q = w — w, repre-
sents the temporal frequency defined relative to the central
frequency wy. J, is the ¢th-order Bessel function of the first
kind, w, is the beam waist, and $ is a parameter that
controls the radial profile of the BG mode. By performing a
two-dimensional Fourier transform, we obtain the field
distribution in the spatiotemporal domain (see detailed
derivation in Supplementary Section 1):

v(e.9) = [ [0 9) explipreos (9 — ¢)) rdrde
x exp <_P2:/-2ﬂ2) I, (25;) exp (ilg), (2)

1

p=/(x/00P + (1/A1)  and
¢ = tan™' (Atx/Axt) are the normalized polar coordinates
in the x — ¢ plane. I, is the ¢th-order modified Bessel func-
tion of the first kind. Owing to its mathematical equivalence
to the expression for perfect spatial optical vortices**, Eq.
(2) provides a valid description of the complex envelope of a
PSTOV pulse. In the limit > w;, Eq. (2) can be further
reduced to

where wy = 2 /wo;

2
(p W%‘B) } exp (i4¢) . (3)

It is evident that the intensity distribution of the field in
Eq. (3) is independent of the topological charge ¢, which
distinguishes PSTOVs from conventional STOVs. As
demonstrated above, the key to synthesizing PSTOV pulses
lies in the generation of a BG beam in the k, — Q domain.
This can be achieved in two ways. One option is to directly
generate the BG field [as given in Eq. (1)] using complex-
amplitude modulation. The other is to encode a digital
axicon together with a vortex phase. Both approaches yield
similar results, but the latter offers higher efficiency due to
pure-phase modulation.

We now showcase how to generate GPSTOV pulses with
controllable polygonal shapes via pure-phase modulation in
a 4f pulse shaper. The conceptual illustration is shown in
Fig. 1(a). Starting with a generic Gaussian pulsed beam, its
spectrum is first dispersed by a grating and subsequently
collimated by a cylindrical lens before being incident on a
spatial light modulator (SLM). With such a configuration,
the location of the SLM can be regarded as the k, — Q plane.
To synthesize polygonal GPSTOV pulses, the SLM is
encoded with a phase hologram given by:

Psim (r,9) = mod {27‘[0(f((p) r+ Lo, 27[} ) (4)

¥ (p, ) ~ exp [—

with

flep)=1- ;l)sin (q9) . (5)

here, (r,¢) are the normalized polar coordinates in the
k, — Q plane. Equation (4) can be interpreted as the super-
position of a shape-controllable digital axicon and a vortex
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Fig. 1 | Principle of GPSTOV pulse generation. (a) Conceptual illustration of GPSTOV pulse generation via pure-phase modulation in a 4f pulse shaper. The
phase hologram encoded on the spatial light modulator (SLM) is obtained by superposing a shape-controllable digital axicon (i) with a vortex phase (ii).
(b—e) Simulated spatiotemporal distributions of GPSTOV pulses with various shapes, calculated using Eq. (6). The parameters are set as wp=2.36x10%° rad/s
(A0=800 nm), Aw=4x10" rad/s, Aky=13.333 rad/mm, and a=4, consistent with the experimental conditions.

phase with topological charge ¢. As shown in Supplemen-
tary Section 2, the spatiotemporal radius of PSTOV pulses
scales linearly with the axicon parameter «. The function
flp) modulates o along the azimuthal direction, thereby
inducing a corresponding azimuthal variation in the
spatiotemporal radius. This mechanism provides the physi-
cal basis for the generation of polygonal GPSTOV pulses
(Supplementary Section 3). As indicated by Eq. (5), the
geometric structure of GPSTOV pulses is governed by two
dimensionless parameters, where p and g control the curva-
ture and symmetry-order of the field, respectively. Accord-
ingly, triangular, square, and pentagonal GPSTOV pulses
can be generated by setting g = 3, 4, and 5, respectively. In
the special case ¢ = 0 (or equivalently, f(¢) = 1), the polyg-
onal GPSTOV pulses transform into regular PSTOV pulses
with annular profiles, as depicted in Fig. 1(b-e).

At the far field (i.e., the spatial Fourier plane) of the 4f
pulse shaper, the resulting spatiotemporal field can be calcu-
lated as:

v (x50 = [[ 96 (ke Q) exp [ig, (ke )]

-exp [i (kex — Q)] dk, dQ (6)
where ’1\(}(; (kx7 Q) = exp [_ (kx/Akx)z_ (Q/Aw)z] repre-
sents the Fourier spectrum of the input pulse, and
}g; i (ky, Q) is the phase pattern encoded on the SLM. For a
transform-limited Gaussian pulse, its spatial and temporal
bandwidths can be determined by Ak, =2/Ax and

Aw = 2/At, where Ax and At denote the pulse widths in the
x- and t-directions, respectively.

2.2 Experimental setup

The system for generating and characterizing the GPSTOV

pulses is illustrated in Fig. 2. Femtosecond pulses (~120 fs)
from a Ti:sapphire amplifier, centered at ~800 nm, are first
split into a signal pulse and a reference pulse by a beam
splitter (BS1). The signal pulse is then directed into a custom
4f pulse shaper consisting of a diffraction grating (1200
lines/mm), a cylindrical lens (CL1, f = 300 mm along the y-
axis), and a reflective spatial light modulator (SLM; X15213-
02, Hamamatsu). The SLM is positioned at the focal plane of
CL1 and is programmed with a phase hologram ¢, [Eq.
(4)], enabling modulation of the signal pulse in the k, — Q
domain. An adjustable slit placed before the SLM is used to
tailor the temporal bandwidth. After phase modulation, the
spatially dispersed spectral components are reflected back and
recombined at the grating. This process can be understood
as a temporal Fourier transform (Q — ¢). Finally, the output
pulse from the pulse shaper is spatially Fourier-transformed
by a second cylindrical lens (CL2, f = 850 mm along the x-
axis). At the focal plane (defined as z= 0), a GPSTOV
pulse with controllable geometric shapes is generated.

The characterization of the generated GPSTOV pulses is
performed using a three-dimensional (3D) diagnostic tech-
nique implemented in a Mach-Zehnder interferometer®+.
The reference path includes a high-precision translation
stage (Delay Line, N-565, PI), which allows the relative time
delay between the GPSTOV pulse and the reference pulse to
be precisely controlled. When the two pulses overlap in
space and time, interference fringes are produced and
recorded by a CCD camera (BFLY-U3-23S6C-C, Point
Grey). Owing to its considerably shorter duration, the refer-
ence pulse interferes with each temporal slice of the
GPSTOV pulse as it is scanned along the time axis. Conse-
quently, the full 3D spatiotemporal profile of the generated
GPSTOV pulse can be reconstructed form the delay-depen-
dent interference patterns (see Supplementary Section 5).
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Fig. 2 | Experimental setup for the generation and characterization of GPSTOV pulses. Insets: phase holograms encoded on the SLM. (BS, beam splitter; M,
mirror; CL, cylindrical lens; AS, adjustable slit; SLM, spatial light modulator; CCD, charge-coupled-device.)

2.3 Generation of annular PSTOV pulses

As discussed previously, by setting the parameter g = 0 [Eq.
(5)], regular PSTOV pulses with canonical annular profiles
can be obtained. To verify our theoretical predictions, we
first experimetally observed the intensity and phase distribu-
tions of PSTOV pulses with typical topological charges
¢=2, 4, 6, and 8 [Fig.3(a—d)]. In the experiments, the
axicon parameter « was fixed at 4. A larger value of « leads
to an increased PSTOV radius (Supplementary Section 2);
however, it also requires a detector with a larger aperture.
Despite slight distortions, the experimental results show
good agreement with the simulated results presented in Fig.
S1. The observed non-uniform intensity distributions can be
attributed to a small misalignment between the beam center
and the phase hologram on the SLM (see Supplementary
Section 6 for details). The white circles in the phase distribu-
tions highlight the helical phase structures in the x —t
plane.

To further evaluate the "perfect" characteristics of the
generated PSTOV, we measured the radius variations of
different topological charges in both the spatial and tempo-
ral dimensions, as plotted in Fig. 3(e) and 3(f). For compari-
son, the corresponding simulated results are also included. It
can be observed that the beam radius is not completely
intendent of the topological charge, although this depen-
dence is not strikingly apparent when considering topologi-
cal charges in a limited range (e.g., ¢ < 10). This behavior
arises because an ideal PSTOV corresponds to the Fourier
transform of a Bessel beam, which cannot be experimentally
realized due to its infinite energy. Given the linear correla-
tion between the beam radius and the axicon parameter «,

the slight radius variation can be effectively compensated, if
desired, by adjusting « for each value of £.

2.4 Generation of GPSTOV pulses with polygonal
shapes

The function f(¢) introduces a modulation to the local
gradient of the spectral phase. The resulting non-uniform
phase gradient redistributes the energy in the spatiotempo-
ral domain, leading to the formation of localized intensity
maxima ("hot spots”) at the vertices of the polygonal
GPSTOV pulses, as shown in Fig. 4. To quantitatively assess
the quality of the generated field, we define a uniformity
parameter as follows:

U - max () — m?n (I) )

max (I) + min (I)

The uniformity U characterizes the intensity fluctuations
along the polygonal profiles. Clearly, the uniformity depends
on both parameters p and q. For a fixed value of g, the
uniformity increases with increasing p. However, when p
increases infinitely, f(¢) — 1, and the polygonal profile
gradually approaches an annular distribution. In contrast,
for a fixed value of p, the uniformity decreases as g
increases. Therefore, when g is increased, p must be
increased accordingly to maintain a high uniformity (see
more details in Supplementary Section 4).

By selecting appropriate parameter combinations based
on the uniformity criterion (U ~ 0.5), we experimentally
generated GPSTOV pulses with triangular (g = 3,p = 15),
square (gq=4,p =20), and pentagonal (q=5,p =25)
shapes under different topological charges, as shown in
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Fig. 3 | Generation of PSTOV pulses with annular profiles. (a-d) Experimental results of annular PSTOV pulses with topological charges € = 2, 4, 6 and 8,
respectively. The results in each panel include the intensity distribution in the x-t plane (top left), the phase distribution in the x-t plane (bottom left), and
the 3D iso-intensity profile (right). (e, f) Dependence of the spatial and temporal radii on the topological charge €. (Sim.: simulated results; Exp.: experi-

mental results.)

Fig. 5(a) and 5(b). Benefiting from the high energy utiliza-
tion of pure-phase modulation, our method achieves an effi-
ciency exceeding 90% for these typical GPSTOV pulses,
which is nearly 2.5 times that of conventional complex-
amplitude modulation techniques (see Supplementary
Section 7 for details). Furthermore, by comparing the inten-
sity distributions for ¢ =2 and ¢ =6, we find that the
polygonal GPSTOV pulses exhibit similar "perfect” charac-
teristics to the PSTOV pulses with annular profiles (Fig. 3).
As illustrated in Fig. 5(c) and 5(d), the spatial and temporal
widths of the GPSTOV pulses remain nearly unchanged as
the topological charge increases from 2 to 6. All the above
experimental observations agree well with the numerical
simulations shown in Fig. S10, as further verified by the
correlation coefficients summarized in Table S1 (see Supple-
mentary Section 8 for details).

The reconstructed 3D iso-intensity profiles, together with
the corresponding simulated results, are shown in Fig. 6.
Due to the limited fill factor (96.8%) of the SLM, a small

portion of the input pulse remains unmodulated, giving rise
to a zeroth-order diffraction spot at the center of the gener-
ated GPSTOV pulses. Compared with the outer polygonal
contours, these zeroth-order spots are sufficiently weak. For
a quantitative assessment, we calculated the energy ratio
(i.e., the ratio of the integrated intensity) between the
zeroth-order component and the desired GPSTOV pulse. In
our measurements, the maximum energy ratio is evaluated
to be ~2.41%, which can be neglected for most laser applica-
tions. If necessary, the residual zeroth-order component can
be removed by applying a phase grating in the k, — Q
domain; however, this approach would introduce additional
diffraction orders and result in further energy loss.

3 Conclusions

In conclusion, we have proposed a pure-phase modulation
strategy for generating generalized perfect spatiotemporal
optical vortices (GPSTOVs). As a new class of PSTOVs,
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Fig. 5 | Generation of GPSTOV pulses with polygonal shapes. (a) Experimental results of triangular, square, and pentagonal GPSTOV pulses with a topologi-
cal charge of € = 2. The upper and lower panels show the spatiotemporal intensity and phase distributions in the x-t plane, respectively. (b) Same as (a), but
with a topological charge of € = 6. (c, d) Comparison of the one-dimensional (1D) intensity profiles extracted along the dotted lines indicated in (a, b),
respectively.

GPSTOV pulses possess simultaneously two remarkable

features: topological-charge-independent spatiotemporal

sizes and fully controllable geometric shapes. By precisely
the

tuning the phase parameters in spatiotemporal

frequency domain, we achieved high-efficiency generation
of both PSTOV pulses with annular profiles and GPSTOV
pulses with polygonal shapes. The measured modulation

efficiency exceeds 90%, which cannot be attained using
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complex-amplitude modulation techniques. In addition to
typical polygonal structures, our method also allows the
generation of GPSTOV pulses with more complex configu-
rations (see Supplementary Section 9 for details).

Beyond their conceptual novelty, the unique features of
GPSTOV pulses may open up a wide range of potential
applications. Analogous to spatial optical vortices carrying
longitudinal OAM, STOVs with transverse OAM could
serve as carriers for information encoding and
transmission*®*. However, due to the imbalance between
diffraction and dispersion effects, conventional STOVs
cannot propagate stably in free space!®*. This instability not
only limits long-distance transmission but also increases the
bit-error rate during information transfer. In contrast, the
GPSTOV pulses exhibit significantly enhanced propagation
stability (see Supplementary Section 10 for details), making
them more attractive for optical communication applica-
tions. Moreover, the programmable geometric profiles of
GPSTOV pulses provide an additional degree of freedom for
information encoding. For example, different polygonal
shapes could function as distinct communication channels,
thereby increasing the information capacity of communica-
tion systems. GPSTOV pulses may also enable new possibili-
ties in optical trapping and particle manipulation. Under the
excitation of high-intensity femtosecond pulses, many parti-
cles, particularly metallic ones, exhibit pronounced nonlin-
ear responses’’!. In such nonlinear regimes, the dynamical
behavior of particles is strongly governed by the spatiotem-
poral characteristics of the excitation light field*>*. There-

fore, integrating spatiotemporally coupled GPSTOV pulses
with nonlinear optical tweezer systems may reveal previ-
ously unexplored trapping phenomena.

Overall, although the potential applications of GPSTOV
pulses are promising, further studies are still required to
fully understand the physical properties of these spatiotem-
poral wavepackets. With continued exploration, it is antici-
pated that a broader range of applications will emerge in the
near future.
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