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Isolated attosecond pulses from Airy-beam-driven relativistic plasma mirrors
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Relativistically intense laser-driven plasma mirrors offer a promising route to produce attosecond pulses with
high brightness. One major challenge is to generate an isolated attosecond pulse instead of a train of attosecond
pulses when using multicycle driving lasers. Here we numerically demonstrate a scheme to achieve this goal
by using Airy laser beams, whose main intensity self-bends transversely during propagation. The generated
attosecond pulses are well separated in space and emitted in different directions. This scheme has the advantage
of weak dependence on laser duration and thus is better suited for isolated attosecond pulse generation from a
large class of conventional multicycle relativistic lasers worldwide.
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I. INTRODUCTION

The development of intense attosecond light sources is
a major goal in ultrafast science since it would allow real-
time observation and even control of electronic dynamics
in matter at the atomic scale [1-6]. High-order harmonic
generation (HHG) from relativistically intense laser-irradiated
solid-plasma surfaces has been suggested as a promising route
to produce highly brilliant attosecond pulses [7], as plasma
media have the advantage of overcoming the limitation of
ionization in HHG from neutral gases [8] and damage in
HHG from solid materials [9,10]. Experiments with HHG
from laser plasmas at an intensity level of 10! W/cm? have
demonstrated impressive harmonic yields reaching ~5 wJ and
photon flux of ~10'? photons/pulse at 3.1 keV (2600th order)
in the spectral region of hard x rays [11].

The HHG mechanism in this regime is described as a rel-
ativistically oscillating mirror (ROM) model [11-15], which
can be understood as a Doppler frequency upshift of laser light
reflected off oscillating plasma surfaces. Such an oscillating
mirror, driven under the combined action of laser pondero-
motive force and charge-separation electrostatic force, can
give rise to a burst of high-order harmonic pulses every laser
optical cycle. Thus, a train of attosecond pulses is obtained
when driven by multicycle lasers. Yet a single isolated attosec-
ond pulse, rather than a train of pulses, is needed to perform
attosecond time-resolved experiments.

Much effort has been devoted to generating an isolated
attosecond pulse from relativistic plasma mirrors. A num-
ber of schemes have been investigated, such as shortening
the laser temporal duration by developing relativistically in-
tense few-cycle lasers [16—18], polarization gating methods
that confine the HHG process within a time interval of
about one optical cycle [19-22], noncollinear-gating [23]
and attosecond-lighthouse [24,25] techniques that angularly
streak the attosecond pulses in space, and some other
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generation methods [26-29]. However, most schemes depend
on laser pulse duration and become less effective for mul-
ticycle, long-duration (220 fs), high-intensity lasers, which
form the majority of petawatt-class (=200 TW) laser facili-
ties worldwide. Hence, a method independent of, or weakly
depending on, laser duration to generate an intense isolated
attosecond pulse from many-cycle relativistic laser-driven
plasma mirrors is highly desired.

In this work, we introduce Airy optical beams [30,31],
instead of standard Gaussian beams, to deal with the prob-
lem. The Airy beam is a class of wave packets that have a
transverse beam profile in the form of an Airy function. It was
initially predicted by Berry and Balazs in 1979 as a solution
to the potential-free Schrodinger equation describing a free
particle [32]. Then it was exploited in the area of optics and
experimentally realized by Siviloglou et al. in 2007 [33], as
the paraxial equation describing optical waves,

oy Yy

has some analogy with the Schrodinger equation mathemat-
ically, where ¢ refers to the electric or magnetic field, & =
x/ky} is a normalized propagation distance, k = 27 /A, is the
wave number of an optical wave with wavelength Az, yo is
an arbitrary transverse scale, and s = y/yy is a dimensionless
transverse coordinate.

Apart from the peculiar features of quasi-diffraction-free
[30] and self-healing [34], a distinctive characteristic of
Airy beams is self-acceleration [35]; i.e., the main inten-
sity self-bends transversely with a curved trajectory as the
beam propagates while maintaining its shape and intensity
distribution. This unique property has been employed for
diverse applications, such as on-chip synchrotron sources
in the terahertz range [36], curved plasma channels and
laser filamentation [37], three-dimensional superresolution
fluorescence imaging [38], and optically mediated particle
clearing [39].

©2024 American Physical Society
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FIG. 1. (a) Scheme of spatially isolated attosecond pulse generation from Airy-beam-driven plasma surfaces. (b) Longitudinal electric-field
wave form of the Airy beam, which has a Gaussian envelope. (c) Transverse electric-field wave form of the Airy beam, which can be described
by an Airy function and an exponential decay profile. (d) Free-space propagation dynamics of the beam’s main intensity in the XY plane,
which exhibits a parabolic trajectory. The theoretical description is given by y = x?/(4k*y}) [35]. (¢) The lateral displacement of the main
intensity in a time interval of one laser period as a function of propagation time. (f) The deflection angle of the laser wave vector in a time
interval of one laser period for propagation. In (e) and (f), the theoretical results are calculated using the aforementioned equation of parabolic
trajectory with simulated data as input. (g) Two-dimensional spatial Fourier transform of the high-order harmonic electric field. (h) High-order
harmonic spectrum obtained with a 1D cut along the dashed line in (g). The normalized laser vector potential is ay = 10 (on-target peak field
amplitude E; = 2.6), and pulse duration is 14 fs (r; = 57;). The plasma density is n, = 400n,., with density gradient L; = 0.08A,. The target

front surface is located at x = 20A;.

Here we exploit this self-bending property for isolated
attosecond pulse generation from the plasma surface. The at-
tosecond pulses can be emitted at different lateral locations on
the plasma surface and propagate with different wave vectors
during different laser optical cycles since the driving Airy
beam undergoes transverse displacement during propagation.
This should act like a streak camera to project the successively
generated attosecond pulses along angularly separated paths
and should lead to isolated attosecond pulses in the far field.
A sketch of the scheme is shown in Fig. 1(a). We demonstrate
this idea through two-dimensional (2D) particle-in-cell (PIC)
simulations. We show that well spatially separated isolated
attosecond pulses can be generated. The mechanism displays
a robust performance for different laser durations.

II. SIMULATION SETUP

The 2D PIC simulations are performed using the code VLPL
(Virtual Laser Plasma Lab) [40]. The initial electric field of the
Airy laser beam, which propagates along the X axis, is given
by

42

E:aoAi<l> exp (Q) exp (—t2) exp[—i(k-x — wrt)],
Yo Yo 2‘[()
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where ag = eAg/m.c?> = 10 is the normalized laser vector
potential, Ay is the vector potential, wy, is the laser angular
frequencys; e is the elementary charge; m, is the electron mass;
c is the speed of light in vacuum; Ai(y/yy) is the Airy function,
with yg = 0.5A representing the transverse scale; g = 0.05
is a small positive decay parameter to ensure the Airy wave
packet has finite energy; and 7 is related to the full width at
half maximum (FWHM) pulse duration as 7, = 2+/21n2 1.
Because the peak value of the Airy function is less than 1 and
the diffraction effect occurs during propagation, the peak laser
electric-field amplitude E; (normalized by m,cw; /e) drops to
about 2.6 at the target surface. The laser pulse has a sinusoidal
field and Gaussian envelope for the temporal profile, as shown
in Fig. 1(b) for the initial longitudinal electric field. In the
transverse direction, the laser field has a wave form of an
Airy function and an exponential decay profile, as depicted in
Fig. 1(c). The transverse intensity profile thus has an extended
main lobe and a series of smaller lobes trailing behind it. The
curved propagation is associated with this parity-asymmetric
field pattern [41].

In experiments, 1D (2D) Airy beams can be generated by
first imposing a cubic spatial phase on Gaussian beams in one
(two) transverse dimension(s) by using a spatial light modu-
lator [33] since the Airy function forms a Fourier transform
pair with the Gaussian function modulated by a cubic spatial
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phase. Other ways to impose phase modulation, such as using
metamaterials [42] or photon crystals [43], have also been
demonstrated. Then the 1D (2D) phase-modulated Gaussian
beam can be subsequently focused in that (those) dimen-
sion(s) to obtain 1D (2D) Airy beams reaching relativistic
intensity. A similar approach was employed to successfully
generate relativistically intense vector beams in experiments
[44]. In practice, in order to reach high intensity, 2D rather
than 1D Airy beams that are focused in both transverse di-
mensions are required. Here we only simulate 1D Airy beams
since they can capture the relevant aspects of 2D beams be-
cause the Airy function, as the only dispersion-free solution
in one dimension [32], allows space and time decoupling of
the wave packets [45]. Thus, each transverse component of
2D Airy beams behaves independently and equivalently upon
propagation.

The fully ionized plasma consists of a preplasma re-
gion and a plasma slab. The preplasma has a thick-
ness of 1.5A; and an exponential density distribution
n, = ngexp [—(xo — x)/Ls], where n, = mea)L/(4nez) is the
plasma critical density, Ly = 0.08), is the preplasma scale
length, and x denotes the end (start) position of the preplasma
(plasma slab). The plasma slab has a thickness of 0.51; and
homogeneous density of ny = 400n,. The ions are considered
immobile in the simulations.

The size of the simulation box is X x ¥ = 24.6)\; x 60A;,
where A; = 800 nm is the laser wavelength. The grid step size
in both directions is A7 /200, and the time step is 0.00357,
with 7; being the laser period. Each cell is filled with 16
macroparticles. Absorption boundary condition is applied to
both fields and particles.

III. RESULTS AND DISCUSSION

Figures 1(d)-1(f) show the propagation dynamics of the
Airy beam in free space. The motion of the beam’s main
intensity (the first lobe) follows a characteristic curved tra-
jectory [see Fig. 1(d)], in good agreement with the theoretical
description of parabolic deflection given by [35]

) 1

1
=—gx’, g= —r, 3
y=;87, 8 2y 3)

2
where g plays the role of “gravity.” This self-acceleration
behavior implies that (1) the beam’s main intensity center
undergoes a lateral displacement and (2) the direction of the
laser wave vector continuously changes during propagation.
As can be seen from Fig. 1(e), the lateral position of the
beam’s main intensity shifts more than half a laser wavelength
in a time interval of one laser optical period 7}, after a propa-
gation time of 107;. At the same time, the deflection angle
Ay of the wave-vector direction during every laser period
can reach about a few tens of milliradians, as depicted in
Fig. 1(f). The simulated results for lateral displacement and
wave-vector deflection agree well with those calculated using
Eq. (3). Both aspects are helpful for spatial separation of the
attosecond pulses in the far field.

To enable spatial separation, the angular offset between
two successive attosecond pulses A6 should be larger than the
divergence angle 6, of the nth harmonic beam: A6 > 6,. For
diffraction-limited high-order harmonics with the same source

size as the laser’s, the divergence for an individual harmonic
can be estimated with the laser divergence 6, as 6, ~ 6. /n. As
a rough estimation, if the laser divergence is 6, ~ 20° [46],
then for high-order harmonics with order n > 20, we obtain
0, ~ 1°, corresponding to 6, ~ 17 mrad. From Fig. 1(f), we
see the laser deflection angle A; < 20 mrad after a propa-
gation time of ~137;. However, as we will show later, the
resultant angular offset of attosecond pulses A6 can be larger
than the theoretical laser wave-vector deflection angle A,
allowing the spatial separation condition to be fulfilled.

Figure 1(g) shows the 2D spatial Fourier transform of
the reflected electric field in the vacuum region after the
interaction, where the incident laser FWHM duration 7; is
five optical cycles, corresponding to ~ 14 fs. The harmonic
components with k, > 0 are generated by the main lobe of the
Airy beam containing most of the energy of the pulse, while
the other harmonic components with k, < O result from the
less intense sidelobes of the driving pulse.

Figure 1(h) illustrates the harmonic spectrum obtained with
a 1D cut along the dashed line in Fig. 1(g). A well-defined
harmonic structure extending to about 30th order is generated.
The spectral intensity as a function of harmonic order agrees
well with the theoretically predicted scaling law I(n) oc n=8/3
from the y -spike model [14], suggesting the HHG mechanism
here is in the ROM regime. Harmonics with both odd and
even orders can be observed, although the Airy beam is at
normal incidence initially. This indicates that the laser wave
vector changes direction as it self-bends during propagation.
Hence, the actual interaction is under the geometry of oblique
incidence, which allows HHG once per laser period with a
higher efficiency [13]. The normal-incidence setup is chosen
for the sake of simplicity and thus is not optimized.

Figures 2(a)-2(c) show the spatial distribution of the
attosecond pulse intensity and plasma density around the
emission time for three successive attosecond pulses. The
laser duration is 7, = 57;. The attosecond pulses are ob-
tained after spectral filtering by selecting harmonic orders
n > 20. The attosecond pulses originate from the dense elec-
tron bunches forming at the plasma front surface moving
towards the field reflection direction. The attosecond pulses
are spatially separated by ~1), in the transverse direction,
consistent with the lateral displacement of the Airy beam. Fig-
ures 2(d)-2(f) show the spatial distribution of plasma density
and intensity for one of the attosecond pulses at three different
times during emission. It is clear that the plasma-denting
effect is small, and the attosecond pulse emission is not ev-
idently focused by the plasma mirror within our parameter
regime.

To investigate the propagation properties of the attosecond
pulses, we trace the center of energy of representative attosec-
ond pulses for a series of propagation times. Figures 3(a)-3(d)
show the results for driving-laser duration t;, from five optical
cycles (~14 fs) to eight cycles (~22 fs). One notable feature
is that the motion trajectory of each isolated attosecond pulse
follows a straight line, in contrast to the parabolic deflection
of the driving Airy beam. This is because the target is placed
some distance away from the initial Airy-beam positions. This
allows the Airy beams to diffract for some time, so that the
isolated attosecond pulses are generated only by the main in-
tensity lobe of the Airy beam, while the harmonics generated
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FIG. 2. Spatial distribution of attosecond pulse intensity (black-orange scale) and plasma density (green-yellow scale) around the emission
time instant for [(a)—(c)] three successive attosecond pulses and [(d)—(f)] one of the attosecond pulses (AP2) at three different times during
emission. The attosecond pulses are obtained after spectral filtering by selecting harmonics with order n > 20. The other parameters are the

same as those in Fig. 1.

by the more diffracted and less intense sidelobes diverge
rapidly with further propagation. Consequently, the isolated
attosecond pulse no longer exhibits an Airy-beam profile.
Through linear fitting, we obtain the angle 6 between the line
along the propagation path and the X axis for each isolated
attosecond pulse. We find that each isolated attosecond pulse
propagates along a different direction as a result of the varying
wave vector of the Airy beam during the interaction. The
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maximum angular offset A6 between two successive attosec-
ond pulses can reach about 50, 60, 60, and 40 mrad for laser
durations of five, six, seven, and eight cycles, respectively,
larger than the laser wave-vector variation in Fig. 1(f), which
may be caused by the attosecond pulse emission process
accompanied by the simultaneous dynamical effects of laser
lateral shifting and electron bunch oscillating, as shown in
Fig. 2.
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FIG. 3. Propagation dynamics of the center of energy of each attosecond pulse (AP) for a series of propagation times. The driving-laser
FWHM duration 7 is (a) 57, (~14 fs), (b) 61, (~16 fs), (c) 7T, (~19 fs), and (d) 87, (~22 fs). The dashed lines describe linear fitting.
A0 is obtained by calculating the difference in the angle between the propagation direction of the AP and the X axis. The AP is obtained
with harmonic order n > 20. The target front surface is at x = 231, 26A,, 291, for [(b)—(d)], respectively, to ensure the same laser intensity
reaches the target surface. The other parameters are the same as those in Fig. 1.
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TABLE I. Harmonic (n > 20) source size w, in the plasma mirror plane obtained from PIC simulations and the calculated harmonic
divergence 6, for each attosecond pulse (AP) driven by lasers with different durations 7,. The laser beam size in the plasma mirror plane is

wyp = 14}‘-L

7, (in units of ;)

5 5 5 5 6 6 6 6

7 7 7 7 7 8 8 8 8 8

AP No. 1 2 3 4 1 2 3 4
wy, (Ar) 12 12 1.0 09 09 11 1.1 08
0, (mrad) 15 15 22 28 28 18 18 35

1 2 3 4 5 1 2 3 4 5
1.0 10 10 09 038 1.2 12 12 12 08
22 22 22 28 35 15 15 15 15 35

To enable an angularly separated isolated attosecond pulse
in the far field, the condition A6 > 6, should be fulfilled.
Since with our parameters the plasma denting is negligible,
considering the effect of harmonic-source-size shrinkage due
to nonlinearity, the harmonic divergence can be calculated as
[47]

wr )\n

O = “)

s
Wy TWy,

where X, is the nth harmonic wavelength and w; and w,
are the laser and harmonic beam sizes in the plasma mirror
plane, respectively. In our simulations, we find w;, = 1.4,
and w, = 0.8 — 1.2A, and thus, the calculated harmonic di-
vergence 6, ranges from 15 to 35 mrad for different attosecond
pulses driven by lasers with duration t;, = 57;—87;, as shown
in Table I. Most harmonics have a divergence of around
20 mrad, in agreement with the experimental results of ~19
mrad by Dromey et al. using a similar laser amplitude [46].
As a result, multiple attosecond pulses satisfying A6 > 6,
exist for each case of laser duration from five to eight cycles.
This demonstrates angularly well separated isolated attosec-
ond pulses in the far field can be obtained with a driving-laser
duration above the level of 20 fs, within the range of realistic
multicycle high-power lasers.

A snapshot of the 2D spatial intensity profile of the at-
tosecond pulses after they propagate away from the target
area at t = 46T, for 7, = 8T, is shown in Fig. 4(a). The
harmonic orders are n > 20. A group of spatially separated
isolated attosecond pulses can be obtained by applying slit
filters in the far field since A8 > 6,. Figures 4(b) and 4(c)
show, respectively, the 1D temporal (longitudinal) and spatial
(transverse) intensity profiles of one attosecond pulse [AP3 in
Fig. 4(a)]. A Gaussian fitting gives a duration (FWHM) of the
attosecond pulse of ~190 as and beam size (1/e?) of ~1A;.

The dependence of the driving-laser duration and spatial
isolation patterns of the attosecond pulses in Fig. 3 is weak
since the key elements of the scheme, i.e., lateral displacement
and wave-vector deflection, are due to the inherent properties
of Airy beams. This suggests working with even longer laser
duration may be possible. The mechanism here is different
from that of the attosecond-lighthouse technique, which is
based on using spatiotemporally coupled light fields exhibit-
ing wave-front rotation. As the wave-vector rotation speed is
limited by the pulse duration, the lighthouse technique usually
needs few-cycle pulses to achieve sufficient angular separa-
tion between attosecond pulses. In addition, the attosecond
pulses generated by the lighthouse scheme may also inherit
the spatiotemporal coupling feature of the driving laser. In

comparison, the attosecond pulses in the present scheme are
decoupled in space and time.

The scheme was tested and found to work well for higher
laser strength (e.g., with ap = 20 initially and E; =~ 5.2 on the
target surface). However, it will eventually fail at sufficiently
high laser intensity because severe plasma denting induced
by laser radiation pressure inevitably occurs. The high-order
harmonic divergence is enhanced so greatly that the spatial
separation condition A@ > 6, is no longer satisfied. This is
the common difficulty other spatial separation schemes also
encounter [23,48]. In this case, other recently proposed meth-
ods, such as further increasing plasma density [23], placing
the target off the best focus, [48] and optical plasma-surface
shaping [49], can be employed jointly with the Airy beam to
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FIG. 4. (a) A snapshot of the spatial intensity profile of the
attosecond pulses with harmonic order n > 20 at r = 467,. The
driving-laser duration is t; = 87 (~22 fs). The target surface is at
x = 29A;. One-dimensional profile of the (b) temporal and (c) spatial
intensity distributions of one isolated attosecond pulse [AP3 in (a)].
R denotes the coordinate along the 1D cut line. The other parameters
are the same as those in Fig. 1.
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suppress the plasma denting and subsequent harmonic diver-
gence effects.

IV. CONCLUSIONS

In conclusion, an alternative scheme to obtain isolated
attosecond pulses from relativistic plasma mirrors based on
using an Airy beam was proposed and demonstrated through
2D PIC simulations. The nonlinear propagation effects and
curved trajectories of the Airy beam lead to transverse dis-
placement and wave-vector deflection of the main intensity,
which result in spatially separated attosecond pulses. This
mechanism releases constraints on laser pulse duration and

works for relativistically intense lasers with realistic FWHM
durations 220 fs, paving the way towards the generation of
a bright isolated attosecond pulse for ultrafast science from
a large class of multicycle high-power laser facilities world-
wide.
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