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Abstract

Spatiotemporal optical vortex (STOV) pulses carrying purely transverse intrinsic orbital angular momentum (TOAM)
are attracting increasing attention because the TOAM provides a new degree of freedom to characterize light-matter
interactions. In this paper, using particle-in-cell simulations, we present spatiotemporal high-harmonic generation in
the relativistic region, driven by an intense STOV beam impinging on a plasma target. It is shown that the plasma
surface acts as a spatial-temporal-coupled relativistic oscillating mirror with various frequencies. The spatiotemporal
features are satisfactorily transferred to the harmonics such that the TOAM scales with the harmonic order. Benefitting
from the ultrahigh damage threshold of the plasma over the optical media, the intensity of the harmonics can reach the
relativistic region. This study provides a new approach for generating intense spatiotemporal extreme ultraviolet vortices
and investigating STOV light—matter interactions at relativistic intensities.

Keywords: high-order harmonic generation; relativistic laser—plasma interaction; spatiotemporal optical vortex; transverse orbital angular
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1. Introduction

Angular momenta (spin or orbital) are recognized as critical
light characteristics. The spin angular momentum (SAM, +h
per photon) is associated with the circularly polarized state
of photons!'!, whereas the orbital angular momentum (OAM)
originates from the helical wavefront of optical vortices'”!,
typified by the Laguerre-Gaussian (LG) beam!™. The LG
beam has a spiral phase of the form exp (il¢), where [ is
the topological charge and ¢ is the azimuthal angle in the
transverse plane. Such a phase possesses a purely spatial
singularity and provides the beam with a donut intensity
distribution and an integrated longitudinal OAM (Ih per
photon, where £ is the reduced Planck’s constant) parallel
to its propagation direction. In the past three decades, these
spatial vortices carrying longitudinal OAM have attracted
significant interest for multidisciplinary applications (see
Refs. [4, 5] and the references cited there).

Concurrent with progress in high-power lasers!®’], the
production of intense spatial vortex beams in the rela-
tivistic region (> 10" W cm~2 for a laser wavelength of
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~ 1 wm) has been theoretically proposed®'’ and demon-
strated in laboratories!!'*. Such advanced light sources
provide new possibilities for light-matter interactions, such
as donut/twist wakefield acceleration!'*'%1, attosecond elec-
tron bunch generation!'”~'), formation of a large magnetic
field®”, high-harmonic generation (HHG)!'>?"?’! and the
spin—orbital interaction!”*~>"1, In particular, the SAM and/or
OAM of fundamental-frequency photons are transferred into
high harmonics during HHG. Thus, it provides a fundamen-
tal approach for producing intense ultrafast optical vortices
in the extreme ultraviolet (EUV) region.

Apart from longitudinal OAM, theoretical predic-
tions!?®2° and recent experiments**~*?! indicate that light
can possess a new class of OAM, tilted or orthogonal
to the propagation direction, that is, transverse intrinsic
orbital angular momentum (TOAM). In contrast to the
conventional spatial vortex beam, such light-carrying TOAM
is essentially polychromatic with phase singularity in
the spatiotemporal domain, known as the spatiotemporal
optical vortex (STOV)3331, Recently, investigations have
shown that TOAM can be broadly incorporated into
cylindrical vector®®, partially temporally coherent®’,
diffraction-free Bessel® and traditional spatial vortex
beams. In the latter cases, a spatiotemporal wavepacket
with orientation-controllable OAM"*~* can be produced
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by assembling TOAM and longitudinal OAM, which may be
applied in optical spanners with arbitrary three-dimensional
orientation.

Accordingly, the interaction of such STOV pulses with
matter has been investigated. Novel types of transverse pulse
shifts and time delays can be induced when an STOV beam
is reflected and refracted at a planar interfacel*?, which
differs from the spatial deflection effect related to spatial
vortices!***#!. The generation of high harmonics carrying
TOAM has also been reported, with beta-barium borate
crystalsi®#91 and gaseous targets™’! as conversion media.
However, the STOV beams involved are restricted to low
intensities, considering the limitations of the media damage
thresholds. Very recent studies have demonstrated that STOV
beams could be focused on subwavelength spatial sizes and
femtosecond pulse durations***’!, exhibiting the ability to
yield high-intensity STOV pulses. In addition, they can be
produced through the coherent beam combing technique that
superposes intense plane waves with different wavevectors.
Other plasma-based methods have also been proposed to
produce high-intensity vortex beams with tilted or transverse
OAMPY521 I this regard, it is reasonable to expect that
novel nonlinear features and additional application scenar-
ios might arise when the intensities of such STOV pulses
become relativistic.

In this paper, we propose and demonstrate spatiotemporal
HHG in the relativistic region driven by an intense STOV
beam impinging on a solid plasma target, as shown in
Figure 1(a). The red torus with wavevector k represents a lin-
early o-polarized (in the z-direction) STOV pulse propagat-
ing in the +x-direction. It has a donut intensity distribution
in the spatiotemporal plane and carries a specific TOAM,
L,. When normally reflected by an over-dense plasma target,
relativistic high-order spatiotemporal harmonics are effec-
tively generated (blue torus with k’). Using particle-in-cell
(PIC) simulations, we found that the plasma surface driven
by the STOV beam acts as a spatial-temporal-coupled rela-
tivistic oscillating mirror (ROM)P3-31, Mirrors with various
frequencies reflect the STOV beam and transfer spatiotem-
poral features to the harmonics. The topological charge and
TOAM per photon of the harmonic scale with their order.

2. Simulations and results

The proposed scheme is confirmed via two-dimensional
(2D) PIC simulations using the EPOCH codel®® because
the spatiotemporal characteristics can be fully described in
2D spatial geometry. The near-paraxial and quasimonochro-
matic z-polarized STOV pulses can be expressed as fol-
lows!33341:

E,(x,y,t) = Ey (\/E;/w)'” exp (—?z/wz) exp [i (ko& + l(ﬁ)] .
ey

https://doi.org/10.1017/hpl.2022.38 Published online by Cambridge University Press

Lingang Zhang et al.

The normalized amplitude is ay = eEy/mecwy = 2, where Ey
is the amplitude of the laser electric field, e and m, are the
electron charge and mass, respectively, wg = 2mwc/Ag is the
center frequency and ky = wp/c is the wavenumber. The spa-
tiotemporal vortex phase is described by lp = larctan (y/&),
where & = x — ct is the spatiotemporal coupling coordinate,
and / = —1 is the topological charge used in this study.
Spatial and temporal LG-like profiles are used with 7 =
/y?+£2. The full width at half maximum (FWHM) spot
size is 8 wm (w = 4.8 wm), and the pulse duration is w/c =
16 fs. The solid target is modeled using a pre-ionized plasma
with a uniform cold electron density of n. = 10n., where
ne = mew /4we? ~ 1.7 x 10* cm™ is the critical density
for Ao = 0.8 pm. The front surface of the target is located
at x = 28 um, and its thickness is 2 pm. The dimensions of
the simulation box are x x y = 36 wm x 32 yum, with a cell
size of dx x dy = (1¢/128) x (Ao/128). Each cell contains 20
macroparticles for both the electrons and protons.

Figures 1(b)-1(d) show snapshots at t = 101.4 fs of the
electric field E,, frequency spectrum, intensity and TOAM
density L, for the incident STOV pulse, respectively. At this
time, the beam propagated in free space and did not reach
the plasma target. The field structure shown in Figure 1(b)
is different from that of the conventional Gaussian beam
owing to the spatiotemporal vortex phase, ¢. At the head
(beam propagating in the +x-direction) and tail, the phase
shift of the beam from the top (+y) to the bottom (—y)
is almost zero or 27; the electric field structure is close
to the Gaussian beam. However, at the center of the beam,
the vortex phase results in an up-and-down phase difference
of w for [ = —1. The upper part of the field E, has one
more period than the lower part and forms a fork-shaped
dislocation in the center region (¥ ~ 0). Thus, the frequency
spectrum in Figure 1(c) splits into two parts around the
center frequency, ko, showing the polychromatic nature of
the STOV pulses. The frequency chirp between the peaks
of the lower-left (0.978k() and upper-right (1.022k,) parts is
approximately Ak ~ 0.044k,, from which we can estimate
the characteristic timescale of the temporal diffraction**
using ctg = ko/ AK? ~ 65.8 pwm, which is shorter than the
spatial Rayleigh length of xg = ww?/Ag ~ 90.5 wm.

This field structure leads to a donut intensity distribution
in the propagating xoy plane, as shown in Figure 1(d),
expressed by the time-averaged energy density!””':

1
1= (20lEI* + BJ* /1), 2)

where ¢p and ¢ are the dielectric constant and permeability
of vacuum, respectively. Here, E and B are the retrieved
complex-valued electromagnetic field®”!. The energy
centroid of the beam is xp = 14.4 um and yy = —0.067 pm
at this moment. The energy flux can be shown by the
momentum vector, P, = (PX—I /c, Py) of the STOV, as
indicated by the white arrows overlaid on Figure 1(d).
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Figure 1. (a) Schematic of proposed setup. A linearly z-polarized spatiotemporal optical vortex (STOV, red torus) pulse with purely transverse orbital
angular momentum (TOAM) L, is incident onto a solid plasma target. Harmonics can be generated in the reflected beam (blue torus). (b) Snapshots of
electric field E, at t = 101.4 fs. (c) Frequency spectrum of (b) generated by performing Fourier transform in the x-direction. (d) Time-averaged energy
density of the STOV beam. The overlaid white arrows represent the circulated momentum flux. (¢) TOAM density with the subtracted propagation term. The

red arrow in (b) shows the beam-propagating direction.

The energy/momentum flux circulates clockwise around
the energy singularity by subtracting the propagating
momentum /¢ in the +x-direction. Here, the canonical
momentum density is used to describe the momentum of the
STOV beam!*”!. It can be expressed as follows:

1
P=—Im[eE" - (ME+B - (V)B/uo]. ()

The notion A* - (V) A = )" ,AfVA; suggests that the canon-
ical momentum density is proportional to the local gradient
of the electromagnetic field.

With the circulation of the canonical momentum, it is
intuitive to calculate the TOAM of the beam using L =
r X P, where r is the local position originating from
the energy centroid. The calculated results are shown in
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Figure 1(e), where a purely negative TOAM is presented. By
integrating in the propagating plane, we obtain a TOAM per
photon of —0.9996# for the incident beam, corresponding to
the preset topological charge of / = —1. The slight elliptical
distribution of the intensity and TOAM in Figures 1(d) and
1(e) indicates that spatiotemporal diffraction appears.

To verify harmonic generation, we performed a 2D Fourier
transform for the field at + = 197.5 fs when the beam was
reflected entirely. The obtained high-harmonic spectra of E,
are shown in Figure 2(a), in which clear odd harmonics up
till the 15th order can be observed. No evident harmonics
were observed in the other electric components of E, and E,.
The selection rules are consistent with those described by
the ROM mechanism'**!. However, compared with ordinary
harmonic spectra driven by a Gaussian beam, the spectral
width of STOV harmonics significantly increases with the
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Figure 2. (a) Two-dimensional high-harmonics spectra of reflected beam E;. The white line is a one-dimensional spectrum at k;, = 0. The inset in (a) shows
the magnified third-harmonic spectrum region. (b)—(d) Field distributions of the (b) first, (c) third and (d) fifth harmonics. (e)-(g) TOAM densities and

momentum fluxes of (b)—(d), respectively.

order, as observed by the one-dimensional spectrum in
Figure 2(a) obtained at ky, = 0. Another significant difference
is that singularities exist in the spectrum of each order,
and the number is proportional to the harmonic order. As
shown in the inset of Figure 2(a), three diagonally arranged
singularities exist in the third-harmonic spectrum. The spa-
tiotemporal features of the incident fundamental-frequency
photons are well transferred into high-harmonic photons,
owing to the conservation of the OAM under the Fourier
transform!*?.

Next, we extracted the fields of the first-, third- and
fifth-order harmonics using the inverse Fourier transform,
as shown in Figures 2(b)-2(d). The reflected fundamental-
frequency beam, E, (lw), has a similar structure (one fork
dislocation) to the incident beam but has an anticlockwise
circulated momentum flux, and, accordingly, positive L.. The
TOAM per photon for E, (1w) was 0.95A. For the third har-
monic, corresponding to its spectrum, three fork dislocations
were observed. The amplitude of E, (3w) is approximately
2.4 x 10 V m~!, corresponding to a normalized amplitude
of a = 0.2, which is approaching the relativistic threshold.
For the fifth harmonic, the dislocations are mixed in the
center region, but the upper and lower parts of E, (Sw) differ
by the five periods. The TOAMs per photon of the third and
fifth harmonics are 2.67h and 4.237, respectively.
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3. Discussion

To understand the production of spatiotemporal harmonics
in detail, we studied the interaction between the STOV
beam and the plasma target. According to the well-known
ROM model™*=>>1, when an intense linearly polarized laser
pulse imprints on a solid foil, the foil surface oscillates
with twice the frequency of the incident pulse because the
ponderomotive force it receives is o 1 — cos (2wt), where w
is the driving laser frequency. For a Gaussian pulse, v = wy
is the center frequency of the entire beam. However, the
frequencies of the STOV pulses are diverse at different y
positions, as shown in Figure 1(c). Therefore, the oscillating
frequencies of the plasma target also vary in the y-direction,
which can be phenomenologically estimated by the follow-
ing:

' dQ2o®) 2wy 2lc-y ’ @

dr (x—ct)> +)?

where @ = ko& + lp is the high-frequency oscillating
phase of the STOV beam. Equation (4) clearly shows
that the surface electrons in y > 0 (y < 0) oscillate at
frequencies larger (less) than 2wy for topological charge of
[=—1.
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Figure 3. (a) Spatial-temporal-coupled relativistic oscillating mirror (ST-ROM). Three typical oscillating patterns are shown: (a) y =0 pm, (b) y =2.5 um
and (c) y = —2.5 wm. (d) Spectrum of the ST-ROM. The black dashed curve represents the local center angular frequency. The black line in (a)—(c) represents
the density contour of 1.73n. at which the beam is reflected. The spatiotemporal singularity reaches the plasma surface at approximately 7 ~ 148 fs, denoted

by the triangle in (a).

In Figures 3(a)-3(c), we present three typical oscillating
patterns of electron spikes at y = 0 and 2.5 pum, respec-
tively. The black dashed lines are the contours of the electron
density of yn. at which the laser field is reflected. The

relativistic Lorentz factor y =,/1 4 a(z) /2 = 1.73 in our study
(ap = 2). At y = 2.5 pm where the STOV beam has a
higher frequency, 19 electron density spikes exist in the time
range shown in Figure 3(b), corresponding to a frequency of
~ 2.04wy. At y = —2.5 pum, the oscillating frequency is
approximately 1.94wy. Overall, the oscillating frequency is
spatial-temporally coupled, as shown by the spectrum in
Figure 3(d). The plasma surface oscillates approximately
at twice (2wp) and higher even-harmonic frequencies of
the driving STOV beam. These frequency-diverse spikes
oscillate at almost the speed of light and reflect the STOV
beam. The frequency is upshifted to orders of harmonics
owing to the Doppler effect. Near the singularity with null
intensity, the ponderomotive force is trivial; consequently,
electron oscillation cannot be established effectively, as
shown in Figure 3(a) at r ~ 148 fs. Therefore, harmonics are
not produced at this spatiotemporal moment.

Accompanied with the electron oscillation, the STOV
beam periodically exchanges TOAM with both the electrons
and protons in the plasma target. The TOAM of electrons
only oscillates around zero because of their instant responses
to the electromagnetic field of the driving beam. However,
the protons dragged by the electrons through a charge sepa-
ration field accumulate a negative net TOAM. According to
the conservation law of angular momentum, an immediate
consequence is the loss of TOAM in the reflected beam, as
shown by the TOAM densities in Figures 2(e)-2(g). In addi-
tion, this indicates that one can use a heavy-ion plasma target
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to mitigate TOAM losses in the spatiotemporal harmonics.
Our simulation results with immobile ions confirmed that
each photon carries an average TOAM of about 1.001#,
2.97h and 4.76h for the first, third and fifth harmonic,
respectively.

The use of plasma materials resolves the damage threshold
issue of normal optical media, enabling the generation
of high-power EUV STOV light sources. Figure 4 shows
the scaling of the TOAM per photon and the energy
conversion efficiencies of the spatiotemporal harmonics
driven by the STOV beam with intensities from [y =~
8.6 x 10® Wem™2 (ag =2) tol.4 x 102 W em™2 (ag = 8).
The value of TOAM per photon for each harmonic order
is close and scales with the order, as shown in Figure
4(a). The conversion efficiency (Figure 4(b)) increases
with increased driving pulse intensities. The power-law
scaling was fitted by I, oc n7>% for a sufficiently strong
(ap = 6) STOV driver. This indicates that for the ninth-
order harmonic whose center wavelength penetrates the
EUV region, the energy conversion efficiency reaches
0.1%. The simulation results show that its peak intensity is
approximately 3.8 x 10'” W cm~2, and the TOAM per photon
is approximately 6.1%. Such novel light sources may provide
features beyond existing approaches for new applications.

The proposed scheme can also operate at oblique inci-
dence, which is necessary for practical experiments. Figure 5
presents the harmonic results driven by the s-polarized
STOV beam with an incident angle of m/4. Both even
and odd harmonics are generated; the odd harmonics are
the same s-polarized as that in the normally incident case,
whereas the even harmonics are p-polarized. The presence
of fork dislocations in E, (2w) and E,(3w) indicates that
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Figure 5. Spectra of (a) E and (b) E; components driven by a z-polarized STOV beam with incident angle of 7 /4. Field distributions of the (c) second and
(d) third harmonics. (e), (f) TOAM densities of (c) and (d), respectively. The reflected beam propagates in the +y-direction.

spatiotemporal properties are transferred to the harmonics.
The TOAM per photon is 1.84% for the second harmonic and
2.51#h for the third harmonic.

4. Conclusion

In conclusion, we have demonstrated that relativistic spa-
tiotemporal high harmonics are generated when a high-
power STOV beam carrying TOAM irradiates an over-
dense plasma target. The frequencies of the STOV beams
are spatially diverse. Thus, it drives the spatial-temporal-
coupled ROM to radiate spatiotemporal harmonics. During
this process, the TOAM of the driving beam is transferred
to the harmonics. Benefitting from the ultrahigh damage
threshold of the plasma, the intensity of the generated
harmonics approached the relativistic region. Therefore, our
proposed scheme provides a promising method for producing
spatiotemporal EUV vortices with extreme intensities. In
addition, the direction reversal of the TOAM during the
reflection suggests that it might be more efficient to deposit
TOAM into the plasma than conventional longitudinal OAM.
It would be interesting to examine the effects of TOAM
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in other relativistic STOV beam and plasma interaction
scenarios.
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