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Anisotropic Surface Broadening and Core Depletion during the Evolution
of a Strong-Field Induced Nanoplasma

Camila Bacellar®,"*" Adam S. Chatterley,"*" Florian Lackner®,"** C.D. Pemmaraju,"* Rico Mayro P. Tanyag®,*’
Deepak Verma,3 Charles Bernando®,* Sean M. O. O’Connell,3 ' Maximilian Bucher ,5 Ken R. Ferguson,6
Tais Gorkhover,(”7’8"H Ryan N. Coffee,6 Giacomo Coslovich,6 Dipanwita Ray,6 Timur Osipov,6
Daniel M. Neumark,l’2 Christoph Bostedt,s’ﬁ’g’*’** Andrey F. Vilesov ,3’4’H and Oliver Gessner®!**
'Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
2Department of Chemistry, University of California Berkeley, Berkeley, California 94720, USA
3Department of Chemistry, University of Southern California, Los Angeles, California 90089, USA
4Department of Physics and Astronomy, University of Southern California, Los Angeles, California 90089, USA
5Argonne National Laboratory, 9700 South Cass Avenue B109, Lemont, Illinois 60439, USA
®Linac Coherent Light Source, LCLS, SLAC National Accelerator Laboratory,

2575 Sand Hill Road, Menlo Park, California 94025, USA
Institute of Optics and Atomic Physics, Technical University of Berlin, Hardenbergstrafie 36, 10623 Berlin, Germany
8Stanfom’ PULSE Institute, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, California 94025, USA
9Department of Physics and Astronomy, Northwestern University, 2145 Sheridan Road, Evanston, Illinois 60208, USA

® (Received 15 September 2021; revised 30 April 2022; accepted 29 June 2022; published 12 August 2022)

Strong-field ionization of nanoscale clusters provides excellent opportunities to study the complex
correlated electronic and nuclear dynamics of near-solid density plasmas. Yet, monitoring ultrafast,
nanoscopic dynamics in real-time is challenging, which often complicates a direct comparison between
theory and experiment. Here, near-infrared laser-induced plasma dynamics in ~600 nm diameter helium
droplets are studied by femtosecond time-resolved x-ray coherent diffractive imaging. An anisotropic,
~20 nm wide surface region, defined as the range where the density lies between 10% and 90% of the core
value, is established within ~100 fs, in qualitative agreement with theoretical predictions. At longer
timescales, however, the width of this region remains largely constant while the radius of the dense plasma
core shrinks at average rates of ~71 nm/ps along and ~33 nm/ps perpendicular to the laser polarization.
These dynamics are not captured by previous plasma expansion models. The observations are
phenomenologically described within a numerical simulation; details of the underlying physics, however,

remain to be explored.

DOI: 10.1103/PhysRevLett.129.073201

Studying strong-field ionization (SFI) of nanoclusters
yields a better understanding of the coupled electronic-
nuclear dynamics underlying nanoplasma formation and
evolution. Until recently, real-time access to these dynam-
ics, which typically proceed on femtosecond to picosecond
temporal and nanometer spatial scales, was challenging.
Most experiments focused on electron and ion kinetic
energy and momentum distributions, which superimpose
signals from all stages of the nanoplasma evolution [1-12].
X-ray free electron lasers (XFELs) and intense high-order
harmonic generation (HHG) light sources have enabled a
new class of single-shot coherent diffractive imaging (CDI)
experiments that probe transient plasma shapes and electron
density distributions in real time and with < 100 fs tem-
poral resolution [13-22]. CDI experiments by Gorkhover
et al. demonstrated that SFI of Xey clusters, ~30 — 60 nm
in diameter, with near-infrared (NIR) laser pulses at
~2 x 10 W/cm? induces an increased surface width
[15], instead of a previously suggested uniform cluster

0031-9007/22/129(7)/073201(8)

073201-1

expansion [1,2]. A time-resolved wide-angle x-ray scatter-
ing (WAXS) study by Ueda and co-workers supports this
picture and provides additional insight into the loss of
crystalline order [21]. Microscopic particle-in-cell (Mic-
PIC) calculations predict a similar surface broadening
process in a nanoplasma generated by SFI of ~50 nm
diameter hydrogen clusters [23]. Additionally, the calcu-
lations yield an enhanced surface width along the laser
polarization compared to perpendicular directions, and a
few percent surface anisotropy that persists for at least
~100 fs during the hydrodynamic expansion [23]. Electron
and ion energy and momentum distributions resulting from
SFI of nanoclusters provided evidence for anisotropic
nanoplasma processes [24—32]. However, monitoring the
emergence and evolution of anisotropies in real time has not
yet been achieved. We use ultrafast CDI to reveal pro-
nounced anisotropic nanoplasma dynamics that emerge
within the ~40 fs laser pulse duration and continue to
evolve on picosecond timescales. The results reproduce a
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FIG. 1.
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(a) Nanoplasmas are generated by exposing helium nanodroplets to an intense, linearly polarized NIR pulse (red). The

temporal evolution of the plasmas is probed via coherent x-ray scattering using a delayed x-ray pulse (blue). (b)—(d) Representative
scattering patterns for three pump-probe delays of —20 (b), 2.1 (c), and 20 ps (d) at a constant NIR polarization (red arrows). (e), (f)
Patterns recorded with two different NIR polarizations at Ar = 2.1 ps. In each panel, the scattered points in two of the four quadrants are
experimental data, whereas the smooth lines in the other two quadrants are fits as described in the text.

predicted anisotropic surface broadening during the laser-
plasma interaction [23] and reveal saturation of the surface
width after ~100-200 fs as well as a pronounced aniso-
tropic shrinking of the plasma core on timescales of up to
tens of picoseconds.

A schematic of the experimental setup at the Linac
Coherent Light Source (LCLS) AMO instrument is shown
in Fig. 1(a) [33]. Helium droplets with an average radius
R ~ 300 nm are generated by continuous expansion of He
fluid at 20 bar through a cold (4.7 K) 5 ym wide nozzle
[34]. The droplet beam is intercepted by NIR laser pulses
(4 = 800 nm, duration 7 ~ 40 fs, focal size 2w ~ 75 ym) at
intensities of ~3—4 x 10" W/cm?, leading to the forma-
tion of nanoplasmas by SFI [35]. The plasma temporal
evolution is monitored by recording x-ray diffraction
patterns, each generated by the interaction of a single
x-ray pulse (A = 2.07 nm, 7~ 100 fs, 2w ~ 3-5 um) [36]
with a single droplet. For each diffraction pattern, an ion
time-of-flight (TOF) spectrum is recorded in coincidence,
from which the degree of ionization and the ion kinetic
energy distribution are obtained. This procedure, as well as
more experimental details are outlined in the Supplemental
Material [37], which includes Refs. [38-49].

Representative diffraction patterns from three different
time delays are shown in Figs. 1(b)-1(d). At negative and
small positive delays (<300 fs), the vast majority of images
consist of a series of concentric rings, indicating predomi-
nantly spherical droplet shapes [13] [Fig. 1(b)]. At 2.1 ps
delay, however, strongly elliptical patterns are observed
with their long axes aligned along the NIR polarization
[Fig. 1(c)]. After 20 ps, only streaked images are observed
with intensities strongly concentrated along the NIR
polarization [Fig. 1(d)]. Note that for a nominal NIR
polarization angle of +45° (clockwise), an additional offset

angle of ~23° is observed between the patterns and
the nominal polarization axis. The offset is ascribed to
accidental polarization control in the optical beam path, as
discussed in Sec. II.C of the Supplemental Material [37].
Rotation of the NIR polarization by 90° leads to a corre-
sponding rotation of the elliptical patterns as demonstrated
in Figs. 1(e) and 1(f). A more detailed discussion of the
relative abundances of various patterns is provided in the
Supplemental Material [37].

X-ray diffraction patterns are sensitive to electron density
distributions. Based on calculations for hydrogen clusters
[23], we assume that electron and ion density distributions
become very similar within less than ~100 fs and, therefore,
that the diffraction images largely reflect the distributions
of both electrons and ions of quasineutral plasmas. The
observed elliptical patterns [Figs. 1(c), 1(e), and 1(f)] are
modeled by diffraction from spheroids (smoothed lines)
in very good agreement with the experiment [13,37]. For
spheroidal shapes with a sharp surface, the scattering
intensity scales as I(q,®) ~ g*cos*(qR.), where g =
|g| is the modulus of the scattering vector, @ is the azimuthal
angle in the detector plane, and R is the @ dependent
radius of the spheroid’s projection onto the detector (see
Supplemental Material [37] for an in-depth discussion,
which includes Refs. [13,50-53]). This ¢ dependence is
readily apparent in Fig. 2(a), which shows the azimuthally
integrated quantity /¢* for a diffraction image at negative
pump-probe delay, i.e., for an unperturbed spherical droplet
with a sharp surface [54,55]. In contrast, Fig. 2(b) shows the
same quantity for a droplet 74 fs after interaction with the
NIR pulse. In this case, the intensity drops faster than
g*, and is well captured by a modified description
I(g,®) ~ g %cos*(qR,) with a~5.5. Values of a > 4
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FIG. 2. (a), (b) Power-law fits (red) of azimuthally integrated

scattering patterns (gray), indicating exponents of (a) a=4
before and (b) @~ 5.5 after the laser-droplet interaction. Inten-
sities are scaled by ¢* for improved clarity. (c) Temporal
evolution of the exponents « (right) and corresponding surface
widths e (left) for 90° wide angular ranges parallel (red) and
perpendicular (blue) to the NIR polarization axis. Circles and
crosses mark individual data points, lines represent 10-point
moving averages. Note that the exponent values on the right
ordinate apply to all data points except those at 2.1 ps delay,
whose values are indicated by the dotted gray lines. The left
ordinate applies to all data. Exemplary vertical error bars indicate
uncertainties of the mean values, horizontal gray lines indicate
corresponding 10-point averaging ranges. The inset shows the
average difference between parallel and perpendicular surface
widths (green). Gray-shaded areas indicate the nominal NIR—
x-ray pulse overlap.

indicate that the plasma surface is not sharp but has a finite
width ¢, defined as the range over which the density drops
from 90% to 10% of the interior value. For each droplet or
nanoplasma, the width € is obtained from the measured
decay exponent a. The required € — a relationship is derived
in two steps. First, the radial droplet density distribution is
modeled by a modified Fermi function [16,23], and simu-
lated diffraction patterns are calculated for a variety of
droplet sizes, shapes, and surface widths. Next, the radial
intensity distributions of the simulated patterns are fit to the
description given above, providing a unique value a for each
g, and vice versa. Corresponding calibration curves are
shown in Fig. S7 of the Supplemental Material [37],
including a discussion of the fitting procedure and uncer-
tainty estimates [56].

Figure 2(c) shows the decay exponents « (right) and
surface widths e (left) for scattering intensities averaged
over A® = 90° wide slices parallel (red) and perpendicular
(blue) to the NIR polarization. Figure 2(c) reveals that, for
delays At < 300 fs, & increases monotonically in both
parallel and perpendicular directions. Additionally, at the
peak of the NIR pulse around time zero, a difference in
surface widths, Ae, of approximately 4—5 nm is established
within less than 100 fs and remains constant throughout
the continued surface broadening [Fig 2(c) inset]. After
~100-200 fs, the surface widths saturate at values of
~21 nm at the poles (along the NIR polarization) and
~16 nm at the equator. Similar, albeit slightly smaller
surface widths are observed at 2.1 ps delay. The saturation
of the surface width after a few hundred femtoseconds is
contrasted by a very pronounced, continuous shape change
of the droplet core as evidenced by the strongly elliptical
patterns at 2.1 ps [Figs. 1(c), 1(e), and1(f)] and streaks at
20 ps [Fig. 1(d)]. The increase of the average diffraction
ring spacing shows that the droplet core does not expand, as
expected from previous models [1,2], but instead shrinks
with increasing time delay, as recently reported elsewhere
[15,16,23].

Interestingly, up to ~100 fs, the average surface broad-
eningrates of ~70 — 95 nm/ps observed here are remarkably
close to the ~70 nm/ps predicted by Fennel and co-workers
for smaller hydrogen clusters [23] (Hy,N =3 x 10%).
Additionally, the difference Ae between the polar and
equatorial surface widths is essentially established within
the NIR pulse duration and remains constant thereafter in both
theory and experiment [Fig. 3bin Ref. [23] and Fig. 2(c)]. The
asymptotic difference is ~5 nm for the He droplets compared
to ~1.4 nm in the Hy clusters. The surface anisotropy is
predominantly ascribed to enhanced Coulomb explosion at
the poles due to reduced ion screening during the oscillatory
plasma electron motion in the laser field [23,27]. The laser
intensity in the He droplet experiment is approximately four
times higher than in the Hy cluster calculation, which may
lead to larger oscillation amplitudes and stronger Coulomb
repulsion effects [57]. Thus, the observed anisotropic plasma
surface dynamics up to ~100 fs qualitatively reproduce
theoretical predictions. The saturation of the surface width
and the pronounced core anisotropies emerging on pico-
second timescales, however, are unexpected and represent
key new insights revealed by this study. Calculations [23]
do not indicate a saturation of the surface width. However,
they are restricted to delays <100 fs, where saturation effects
in the experimental data presented here are also very limited
[Fig. 2(c)]. Gorkhover et al. did not detect any saturation (or
anisotropies) up to 500 fs after SFI of small Xe clusters [15].
However, the Xe cluster surface broadens more slowly than
the He droplet surface and the relatively small Xe aggregates
essentially disintegrate before their surface widths become
comparable to the saturation values observed here. The
observations described herein, therefore, do not disagree
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with previous results but rather extend the range of CDI
studies on SFI induced nanoplasmas to previously unex-

plored timescales and length scales.

A particularly surprising finding is that the core size and
shape evolution does not mirror the surface broadening
dynamics. During the first 2.1 ps, the core radii drop at
average rates of dRy,,/dt~—T71 nm/ps and dR,.,/dt~
—33 nm/ps, reducing the droplet diameter from pole to
pole to about 2/3 of the equatorial diameter (aspect ratio
AR = 1.5). The average droplet radius is reduced by
~100 nm during this time while the surface width remains
nearly constant at ~15-20 nm [58]. We note that at 2.1 ps,
~50% of the images exhibit speckled patterns, indicating
that there may be alternative plasma evolution mechanisms.
Generally, such speckles are associated with highly inho-
mogeneous objects, such as droplets undergoing disinte-
gration into multiple fragments. Unfortunately, the large
gap between the detector panels required in this work
renders a reconstruction of the density distributions via a
phase retrieval algorithm, as shown in our previous works,
unfeasible [19,59,60]. The streaked images recorded at a
pump-probe delay of 20 ps are consistent with a continued
flattening of the droplet shapes along the NIR polarization
on tens of picosecond timescales. Ion TOF spectra show
that approximately twice as many ions are ejected parallel
to the laser polarization (per unit solid angle) as compared
to the perpendicular direction, while the total number of
ejected He™ ions is comparable to that of the number of
atoms in the droplets. These measurements suggest a
continued anisotropic ion ejection well beyond the duration
of the laser-droplet interaction. The characteristic ion
kinetic energies are also higher along the laser polarization
[37]. At 100 ps, no diffraction patterns are detected,
indicating that all droplets have disintegrated by then.
These findings for large He nanodroplets differ from the
suspended expansion observed in comparably sized Xe
clusters, for which initial surface peeling is followed by
very slow (~ns) dynamics within a residual, neutral plasma
core [16,61,62]. We note that neither nanometer-scale
changes in the droplet core sizes nor changes in aspect
ratios during the first 300 fs can be directly observed. This
is due to the inherent droplet size distribution and the fact
that, based on the average anisotropic core shrinking rates,
a spherical droplet would acquire an AR of ~1.04 during
this time, which is smaller than the average droplet aspect
ratio in the beam. However, the key finding of a continued
anisotropic core depletion is supported by the data recorded
at 2.1 and 20 ps pump-probe delays and by a statistical
analysis of the size distributions for various pump-probe
delays as described in Sec. II.LB of the Supplemental
Material [37].

Detailed theoretical modeling of nanoplasma dynamics
comparable to those for smaller hydrogen [23] and xenon
[62] clusters is not available for large He nanodroplets.
Liseykina and Bauer [63] predicted strongly inhomogeneous,

anisotropic ionization dynamics in micrometer sized He
droplets exposed to NIR intensities of 5.2 x 107 W/cm?.
Anisotropic ionization may also contribute to the dynamics
observed here. However, the starkly different excitation
regimes make a direct comparison challenging [37]. In the
absence of a bottom-up description, we resort to a numerical
mass-flow simulation to provide a self-consistent interpreta-
tion of the observed scattering patterns and TOF spectra that
obeys basic laws of mass and energy conservation. A detailed
description of the simulation is given in the Supplemental
Material Sec. IV.A [37], which includes Refs. [1,2,5,23-25,
27-32,64—68]. Briefly, the simulation is based on the
assumption that the shape evolution is predominantly driven
by ion ejection from the plasma surface, in agreement with
other theoretical [23,62] and experimental [15,21,62] works.
The average velocity by which ions move away from the
plasma center is assumed to be related to the local density and
its gradient, approaching zero effective radial velocity inside
the droplet bulk and maximum radial velocity in the free atom
limit. Within this picture, an instantaneous radial density
profile can be translated into an effective radial velocity
profile, which in turn affects the further evolution of the
density profile. Numerical propagation of the density dis-
tribution and the effective mass transport away from the
droplet yields the simulation results displayed in Fig. 3. We
emphasize that this simulation is mostly phenomenological
and based on a set of adjustable parameters. The underlying
physics, such as time-dependent charge and energy distribu-
tions and the relative contributions of hydrodynamic expan-
sion and Coulomb explosion dynamics, remains to be
explored by significantly more sophisticated calculations.
The simulation does, however, provide a consistent descrip-
tion of the experimentally observed scattering images and
TOF spectra.

Figure 3(a) compares the average measured density
profiles along (orange) and perpendicular to (light blue)
the NIR polarization with the simulation (red and blue
shaded areas). Note that the stretched-out pedestals at large
r cannot be detected in the current experiment and may lead
to an underestimation of the surface width by up to 30%
[37]. The free atom velocities in the simulations correspond
to kinetic energies of 500 and 100 eV for parallel and
perpendicular directions, respectively. These energies are
chosen such that they are consistent with the differences
between kinetic energy distributions measured parallel and
perpendicular to the NIR polarization [37]. Figure 3(b)
shows three-dimensional renderings of the simulated den-
sity profiles. The simulation captures the key aspects of the
observed plasma shape evolution, i.e., the saturation of
surface width within hundreds of femtoseconds and the
continued anisotropic shrinking of the high-density core.
Anisotropies in ion emission intensities and kinetic ener-
gies from SFI induced nanoplasmas have previously been
reported by a number of groups [24-31]. However, these
anisotropies were recorded by time-integrated techniques
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FIG. 3. (a) Plasma electron density profiles parallel (red) and
perpendicular (blue) to the NIR polarization as a function of
pump-probe delay. Solid orange and light blue lines are deter-
mined experimentally, shaded areas by a numerical model. The
dashed lines at 1000 fs delay are interpolations of experimental
data at 300 fs and 2100 fs. The dotted black lines in the lower
three panels indicate the original density profile. The inset in the
bottom panel indicates the angular integration ranges for the
experimental data. (b) Simulated nanoplasma density evolution.
Densities are represented by the density of points as well as their
colors according to the color bar. The 3D patterns are cut in half in
the indicated plane and the front halves are offset to reveal the
radial density profiles.

that do not provide direct access to dynamics during and
after the laser-plasma interaction. The study presented here
closes this gap, revealing a significantly more detailed
picture of the ultrafast, nanoscale dynamics underlying the
final product distributions.

In summary, this Letter provides real-time measurements
of the evolution of an anisotropic nanoplasma. An aniso-
tropic plasma surface appears within ~100 fs and saturates
within ~300 fs after SFI with characteristic widths of
~20 nm parallel and ~15 nm perpendicular to the strong
field polarization. The observed dynamics are in qualitative
agreement with theoretical predictions for hydrogen clusters.
While the surface width remains almost constant for at least
2.1 ps, the shape of the plasma core changes significantly

during the same period, shrinking by ~45% and ~19% in
parallel and perpendicular directions, respectively. A numeri-
cal model reproduces the observed trends, the underlying
physics, however, remains to be explored. We hope that the
experimental benchmarks and phenomenological framework
provided may stimulate renewed efforts to extend the detailed
theoretical modeling of strong-field induced nanoplasma
dynamics toward larger systems and longer timescales,
ultimately bridging the gap between the few-atom limit
and macroscopic plasma phenomena.
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