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Spatiotemporal vortex pulses are wave packets that carry transverse orbital angular momentum,
exhibiting exotic structured wave fronts that can twist through space and time. Existing methods to generate
these pulses require complex setups like spatial light modulators or computer-optimized structures. Here,
we demonstrate a new approach to generate spatiotemporal vortex pulses using just a simple diffractive
grating. The key is constructing a phase vortex in frequency-momentum space by leveraging symmetry,
resonance, and diffraction. Our approach is applicable to any wave system. We use a liquid surface wave
(gravity wave) platform to directly demonstrate and observe the real-time generation and evolution of
spatiotemporal vortex pulses. This straightforward technique provides opportunities to explore pulse
dynamics and potential applications across different disciplines.
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Introduction and theory.—Spatiotemporal vortex pulses
(STVPs) are structured wave packets possessing optical
angular momentum transverse to their propagation direc-
tion [1–12], imparting a twisting wave front spinning like a
wheel through space and time. These exotic pulses are the
analogs of widely studied vortex beams [13–21]. Unlike
vortex beams, which are confined to three dimensions,
STVPs can exist in two dimensions, such as in surface
waves. This unique property expands their potential appli-
cations beyond those possible with vortex beams alone.
One promising application is spatiotemporal differentia-
tion, enabled by the frequency-momentum space transfer
function of a spatiotemporal vortex generator to perform
analog pulse differentiation [22–24]. This functionality
extends the concept of “topological differentiators,” first
proposed for spatial image differentiation by shaping
transfer functions using topological vortices in reciprocal
space by Zhu et al. [25].
Existing STVP generation techniques typically rely

on wave-front-shaping devices like spatial light modu-
lators [5,10], or engineered metasurfaces [23,24,26–28].
Planar periodic structures, e.g., photonic crystal slabs, are
ideal candidates for spatiotemporally modulating these
wheel-like wave packets because they offer frequency
and in-plane wave-vector degrees of freedom [29–34],
the reciprocal spaces of time and position. Modulation
in frequency-momentum domain directly manifests in the
pulse’s space-time properties [22–24,26–28]. Introducing a
phase vortex in frequency-momentum domain generates an
STVP. Here, we propose a general approach to generate

STVPs using a simple diffractive grating. The key insight is
harnessing symmetry, resonance, and diffraction to con-
struct a phase vortex in frequency-momentum space that
directly manifests as a twisting pulse in time and space. We
experimentally demonstrate this approach and visualize
generated spatiotemporal vortex pulses in real time using a
liquid surface wave platform [12,35–40]. Furthermore, we
show by incorporating additional resonances, our approach
can generate multiple singularities within a single STVP.
Our approach has three simple prerequisites for the

structures [Fig. 1(a)]. First, periodicity in one or more
dimensions [x direction in our example shown in Fig. 1(a)]
supporting resonant band structures. These resonances play
a key role in producing the frequency-momentum domain
[ω-kx space for the grating in Fig. 1(a)] phase vortices.
Second, a perfect mirror substrate blocking transmission,
allowing only specular and diffractive reflection. Third,
mirror symmetry about a plane [y-z plane in Fig. 1(a)]
perpendicular to the periodic direction. Having these three
prerequisites suffices for structures of any wave system,
whether scalar or vectorial, transverse or longitudinal,
electromagnetic or mechanical, to generate STVPs through
our approach.
For our approach, the incident angle and frequency are

chosen where only specular reflection and -1st-order
diffraction are induced by the scattering of the structure
[Fig. 1(b)]. In other words, the incoming waves scatter into
two scattering channels. Resonances supported by the slab
in this frequency-momentum region couple inputs through
one channel to the other. At the X point of the Brillouin
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zone (kx ¼ π=a), mirror symmetry enables symmetry-
protected resonant total retroreflection. The on-resonance
scattering cancels the specular reflection by destructive
interference, and it completely transfers energy between
channels. We note that the possibility of achieving total
retroreflection using diffraction gratings on perfect reflec-
tors through symmetric and antisymmetric excitations
has also been analyzed in detail in prior theoretical works
[41,42]. Specular reflection vanishes at such an ω-kx point,
but is generally nonzero elsewhere [Fig. 1(b)]. This point is
hence a singularity analytically predicted to have a sur-
rounding �1 phase vortex [see Supplemental Material
(SM) [43] for proof]. Illumination by a pulse having
frequency-momentum components spanning this vortex
transfers the winding phase to the pulse, yielding an STVP.
Simulation results.—Compared to past studies, our

approach eliminates the need for complex setups like
spatial light modulators or optimized structures. To dem-
onstrate universality, we apply it to a liquid-surface-wave
(gravity-wave) system [12,35–40]. The structure is a hard-
boundary-based rectangular grating periodic in the x
direction [Fig. 2(a), inset], leading to well-defined in-plane

wave vector kx. The grating’s rectangular shape provides
necessary mirror symmetry to planes parallel to the y-z
plane, and it enables diffraction.
Free surface wave propagation follows the dispersion

relation [35]:

ω2 ¼ ðgkþ σk3=ρÞ tanhðkh0Þ:
Here,ω is the angular frequency ofwaves, k is the free-space
wave vector, g is the gravitational acceleration, σ is surface
tension, ρ is liquid density, and h0 denotes the undeformed
liquid depth. This dispersion relation allows determining
allowed propagation modes (the cone of radiation con-
tinuum), analogous to light cones in photonics. We consider
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FIG. 2. Properties of the resonant mirror-based grating for
STVP generation in a liquid-surface-wave system. (a) Simulated
momentum-frequency reflectance map by the designed grating.
The two-channel region in frequency-momentum space is en-
closed by dashed curves, corresponding to the blue-shaded region
in Fig. 1(b). The inset provides a schematic of the system and the
grating structure. (b) Close-up of reflectance map around the
singularity (with zero specular reflectance) at the X point applied
to generate the STVP. The frequency of the singularity is about
6.67 Hz. (c) Corresponding reflection phase map showing a 2π
phase vortex around the singularity. (d) Spatiotemporal pulse
profile obtained by Fourier transforming the reflectance and
phase maps with an assumed incident Gaussian pulse centered at
the singularity frequency, showing an STVP.

kx

On-resonance

at X point

(b)

Away from

the resonant center

(a)

xz

y

FIG. 1. Diffractive generation approach of spatiotemporal
vortex pulses (STVPs) by mirror-based grating. (a) A STVP
centered at a specific frequency can be generated from Gaussian
pulses by a simple mirror-based resonant grating. (b) Diffraction
and the mirror symmetry of the grating gives rise to this wave
phenomenon. The blue-shaded region corresponds to the mo-
mentum-frequency range where the grating supports only the
specular reflection and the -1st-order diffraction (i.e., two
scattering channels). A phase singularity in specular reflection
is formed at the X point in momentum space due to resonance-
induced total retroreflection.
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small amplitude (wave amplitude ≪ wavelength), low
frequency (6–10 Hz) waves where nonlinear and damping
effects are minimal.
Introducing the hard-boundary corrugated grating

[Fig. 2(a) inset] produces confined resonant guided
modes and associated band structures in momentum space
[29–31,38]. Grating-induced scattering also folds the radi-
ation cones, opening diffraction channels in specific ω-kx
regions. Resonance bands naturally overlap with the region
with only specular reflection and -1st-order diffraction.
Within this overlap region, resonances route a portion of the
power in the incident plane waves from the specular
reflection channel to the diffraction channel, causing dips
in the specular reflectance. At high-symmetry X point
(kx ¼ π=a, a: grating period) and inside this ω-kx region,
total-retroreflection points induced by resonances (where
all the incident power is resonantly diffracted and specular
reflectance becomes zero) can be found—acting as ω-kx
domain singularities that can generate STVPs.
Figure 2(a) shows the ω-kx-space specular reflectance

map for a grating with parameters: a ¼ 20 mm; grating
width w ¼ 0.5a; and depth d ¼ 1.12a. The aforementioned
two-channel region is enclosed by dashed curves, corre-
sponding to the blue-shaded region in Fig. 1(b). Within this
region, specular reflectance dips indicate resonances.

As discussed, there are several frequencies at the X point
where the specular reflectance approaches zero, corre-
sponding to total retroreflection points. The specular
reflectance map has been logarithmically scaled to high-
light these points. Figure 2(b) focuses in on a total
retroreflection point at f0 ¼ 6.67 Hz. This is the singu-
larity we will utilize for STVP generation. Accordingly,
Fig. 2(c) reveals an enclosing 2π phase vortex, as predicted.
Note that in Figs. 2(b) and 2(c), the horizontal axis is kt
rather than the in-plane wave vector kx. kt is the transverse
component of the reflected wave vector with respect to a
center propagation wave vector kðω0Þ, obtained by the
transform kt ¼ k sinfarcsinðkx=kÞ − arcsin½π=a=kðω0Þ�g
where ω0 is the singularity’s angular frequency.
The specularly reflected pulse profile modulated by the

grating can be predicted by Fourier transforming the
reflectance and phase maps in Figs. 2(a)–2(c), assuming
an incident Gaussian pulse centered at the singularity
frequencyω0. (Details are provided in SM [43]). Figure 2(d)
shows the resulting predicted STVP, with a fork-shaped
pattern (red arrow) signifying the presence of a 2π vortex in
the space-time domain, corresponding to the phase vortex
observed in Fig. 2(c). The STVP vortex stems from the
phase singularity at the total retroreflection point in the
ω-kx maps.
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FIG. 3. Experimental demonstration of STVP generation using a resonant mirror-based grating. (a) Schematic of the experimental
setup. The grating is placed in a transparent tank containing C2H3ClF2 (1-chloro-1,1-difluoroethane) liquid with a depth of h0 ∼ 1.1 cm.
A concave-shaped source is driven by a computer-controlled speaker to emit the incident Gaussian pulse. Inset: photograph of the
3D-printed grating. (b) Measured time signals of the incident Gaussian pulse and reflected STVP, and Fourier-transformed spectra
showing normalized spectral intensity of pulses. The signals are sampled at points where the centers of pulses pass. (c) Sequence of
time-resolved images showing the reflection process and propagation of the reflected STVP. A retro-reflecting pulse can be observed on
the left, while the STVP is in the specular reflecting direction on the right. (d) Simulated time sequence of images for comparison. The
central angle of incident pulse, θin, is about 57.3°.
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Experimental demonstration and discussion.—We
experimentally observed STVP generation using a pro-
jected wave tank system, shown in Fig. 3(a). The system
has a transparent tank filled with 1-chloro-1,1-difluoro-
ethane (C2H3ClF2) liquid (surface tension ∼1=4 water’s,
for lower damping) to a depth of h0 ∼ 1.1 cm. A light
above the tank projects the wave pattern onto a plane
beneath, which can be directly observed or captured on
video for analysis. The 3D-printed grating we designed is
placed inside the tank [see photograph in Fig. 3(a)]. A
computer-controlled concave speaker source emits
Gaussian pulses, with the curvature intentionally designed
to shape the wave fronts into spatially Gaussian at the
grating plane. The time signals of the incident Gaussian
pulses are sampled at points where the pulse centers pass,
as shown by the blue curve in Fig. 3(b).
Figure 3(c) shows the time-resolved image sequence of

the reflection process and STVP propagation. In the first
image (left), a Gaussian pulse (∼2 s, bandwidth ∼0.64 Hz,
central frequency 7.02 Hz) is emitted and propagates toward
the grating (at the bottom). The incident pulse then impinges
on the grating (second image). The third and fourth images
show the reflected pulse, and we see that the STVP has been
generated and propagates on the specular side, marked by a
red ellipse. A fork-shaped pattern (marked by red arrows),
similar to that in Fig. 2(d), is highlighted by yellow lines. By
Fourier transforming the image and filtering out the central
spatial frequency, we extract the pulse phase distribution,
which exhibits a phase vortex [Fig. 3(c) inset]. Note that the
waves on the left in the last two images are intended
retroreflected waves. Stray waves are also present caused
by the finite emitter size. These waves reflect off and
interfere, producing unintended interference patterns and
noisy singularities. However, the key features of the gen-
erated STVP remain identifiable on the right. The Video in
SupplementalMaterial shows the complete process [43]. For
reference, Fig. 3(d) presents the simulated time sequence.
Simulations agree well with experiments. We also extracted
the reflected wave time signal at the STVP center [Fig. 3(b),
red curve]. Compared to the incident time signal, an obvious
π phase jump is visible, corresponding to the frequency
domain singularity. Overall, the experiments are consistent
with theoretical expectations.
With single STVP generation demonstrated, we next

explore creating multiple singularities within a single
spatiotemporal pulse. As emphasized above, our STVP
generation approach requires only symmetry, resonance,
and diffraction. This enables engineering multiple ω-kx
domain vortices without changing grating symmetry or
diffraction orders, and we can generate pulses with multiple
spatiotemporal singularities by tuning grating depth and
filling fraction. We achieve diverse ω-kx-domain vortex
configurations owing to resonance tunability.
Figure 4(a) shows simulated specular reflectance spectra

at the X point as a function of grating depth d, with other

parameters fixed (a ¼ 30 mm; w ¼ 0.2a). As d increases,
we observe the complete evolution of total retroreflection
points (singularities in ω-kx domain) in the parameter
space, including their generation and annihilation.
Initially, for d < 1.16a, there is a single þ1 singularity
at ∼6.6 Hz. At d ∼ 1.16a, a pair of oppositely charged
singularities appear near 7.45 Hz. With d further increas-
ing, the −1 singularity approaches the original þ1 singu-
larity. At d ∼ 1.24a, the −1 singularity eventually
annihilates original þ1 singularity at ∼6.67 Hz, leaving
only the þ1 singularity at ∼7.46 Hz. For d > 1.24a, there
is again only one þ1 singularity. The total topological
charge is conserved throughout this process.
As a concrete example, Fig. 4(b) depicts theω-kx-domain

specular reflection phase map for d ¼ 1.2a [dashed line in
Fig. 4(a)]. Three total-retroreflection points are present,
revealing two þ1-charged phase vortices at ∼6.7 Hz and
∼7.57 Hz and one −1 vortex at ∼7.2 Hz. The vortex
coexistence enables observing the real-time generation
and evolution of a STVP with multiple singularities.
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FIG. 4. Evolution of phase vortices in the parameter space and
coexistence of multiple singularities in one pulse. (a) Simulated
reflectance spectrum at the X point as a function of the grating
depth d. As d increases, a singularity with þ1 topological charge
evolves into three charges (one þ1 charge and a pair of �1
charges). Upon a further increase of d, the þ1 charge annihilates
with the −1 charge, leaving the other þ1 charge. The total
topological charge is conserved. (b) Momentum-frequency re-
flectance map for d ¼ 1.2a (marked by orange dashed line in (a).
The corresponding reflection phase map exhibits two phase
vortices with þ1 charges and one with a −1 charge. (c) Exper-
imentally measured space-time evolution of a chirped pulse with
multiple singularities reflected from the grating for d ¼ 1.2a. A
two-second Gaussian pulse with negative linear frequency chirp
spanning 3.78 sec is emitted from the source. Three images show
the reflected pulse containing three fork dislocations matching
the designed ω-kx space vortices.

PHYSICAL REVIEW LETTERS 132, 044001 (2024)

044001-4



In real space-time, the ω-kx domain singularities mani-
fest as phase vortices. Figure 4(c) shows the space-time
evolution of a chirped pulse reflected from the grating with
three singularities for d ¼ 1.2a. A Gaussian pulse (band-
width ∼0.64 Hz, central frequency 7.25 Hz) with original
duration of 2 sec [whose frequency-momentum bandwidth
covers all the three singularities in Fig. 4(b)] and a negative
linear frequency chirp (chirped duration 3.78 s) is emitted
from the source, with higher frequencies in the front and
lower frequencies behind.
The images in Fig. 4(c) show the propagation of the

reflected pulse at different times. The time when the center
of the incident pulse coincides with the grating is denoted
as t0. In the first image at t0 þ 3.6 s, three fork patterns
have emerged. The fork dislocation in the front of the pulse
corresponds to the þ1 vortex designed at 7.57 Hz, asso-
ciated with the higher frequencies at the start of the chirped
pulse. Behind it, the central fork pattern corresponds to
the −1 vortex at 7.2 Hz. At the back, the third fork
corresponds to the þ1 vortex at 6.7 Hz. The subsequent
images at t0 þ 4.0 s and t0 þ 4.4 s show the propagation of
the pulse. The forks’ positions matching the frequency
sweep validates the designed mapping between frequency-
momentum and real space-time. The ability to produce
pulses with multiple singularities highlights the versatility
of our general diffractive approach.
Conclusions.—In summary, we have introduced a gen-

eral diffractive approach to generate spatiotemporal vortex
pulses in diverse wave systems using resonant planar
periodic structures. By harnessing universal wave phenom-
ena of symmetry, diffraction, and resonance, phase vortices
can be achieved in frequency-momentum domain without
complex designs. Through the natural reciprocal relation-
ship, this controlled modulation in frequency-momentum
domain manifests directly as structured STVP wave forms.
We demonstrated the approach with liquid surface (gravity)
waves, which is the first demonstration of “water-wave”
STVPs proposed by Smirnova et al. [12]. This establishes a
versatile framework for wave-front manipulation with
potential innovations across disciplines. Further efforts
are still needed to fully investigate emerging opportunities,
and our approach expands the toolkit for investigating
novel spatiotemporal degrees of freedom. Looking forward,
we hope this work encourages multi-disciplinary pursuits
of fundamental questions and applications related to
spatiotemporally-structured pulses [44–47], angular
momenta [48,49], and singularities [50–52] in waves.
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