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Anisotropic field ionization in nanoclusters mediated by a Brunel-electron-driven plasma wave
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Ionization is one of the most fundamental processes in intense laser-matter interaction. It is extremely efficient
for clusters in laser fields and often leads to surprisingly high charge states at moderate laser intensities. Here
we show an interesting ionization mechanism in laser-cluster interaction through particle-in-cell simulations. As
the laser field ionizes a cluster, Brunel electrons pushed back into the clustered plasma form attosecond bunches,
impulsively exciting plasma oscillation. The resulting localized wake field further ionizes the cluster, causing a
highly ionized rodlike core along the polarization axis. This anisotropic ionization is prominent using few-cycle
pulses and may be washed out using longer pulses due to collisional ionization. This unexpected ionization
channel can potentially provide complicated site-specific control of high ionization in nanometer-scale targets.
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I. INTRODUCTION

Laser-cluster interaction has been a subject of strong sci-
entific interest for several decades [1-3]. The localized high
density in connection with the isolated environment enables
efficient laser-matter coupling, providing not only a unique
platform for studying the ultrafast nonequilibrium dynamics
[2] but also various practical applications ranging from par-
ticle accelerators [4,5] to neutron sources [6] and nuclear
isomer sources [7].

A fascinating aspect of intense laser-cluster interaction is
the surprisingly efficient ionization and heating. A deep un-
derstanding of the ionization dynamics is of intrinsic interest
to the high-field physics community, and finding a convenient
way to control this process is of practical relevance for appli-
cations such as particle acceleration by Coulomb explosion.
As the first step in intense laser-cluster interaction, ionization
has been investigated extensively. It is generally divided into
two categories, i.e., field ionization and collisional ioniza-
tion. Efficient field ionization in clusters is often due to field
enhancement, which may originate from field resonance at
the critical density [8,9] or field amplification due to cluster
polarization [10]. The ionizing electric field is not limited
to the laser field and can be the electric field due to charge
separation, such as hot electron bunches [11] or the free
plasmon oscillations of clustered plasma driven by few-cycle
pulses [12,13], and the sheath electric field generated by a
hot electron population in a clustering gas jet [14]. Collisional
ionization by energetic electrons is another important contri-
bution for the high ionization in clusters [15], but it favors
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longer pulses and plays a minor role for extremely short pulses
[16]. The contribution of different ionization channel depends
on the laser parameters and cluster properties such as the
wavelength and the size [17,18], and the physical picture may
not yet be exhaustive.

While many interesting phenomena of laser-cluster interac-
tion stem from the resonant behavior of the electrons confined
within the cluster, the role of Brunel electrons is less ex-
plored. Some electrons near the surface may be pulled out
of the cluster and pushed back into the plasma as the laser
field decreases. These electrons, known as Brunel electrons,
are responsible for the efficient heating in clusters [19,20].
Brunel electrons are well studied in laser interaction with
solid-density bulk plasmas, uncovering a multitude of intrigu-
ing phenomena such as vacuum heating [21] and coherent
wake emission [22,23].

In this paper, we study the ionization dynamics of rare-gas
clusters in ultrashort near-infrared laser pulses at moderate
intensities via particle-in-cell simulations. Under the irradia-
tion of few-cycle pulses, the charge state distribution is highly
nonuniform and exhibits a pronounced rodlike hot region
along the polarization axis. This enhanced ionization is due
to the electric field of plasma oscillation driven by Brunel-
electron bunches, similar to the process in the overdense
plasmas giving rise to coherent wake emission. We also find
that collisional ionization is detrimental to this exotic charge
distribution, and the hot spot at the center disappears with
longer pulses.

II. SIMULATION SETTINGS

Our simulations are performed using the open-source
three-dimensional particle-in-cell code SMILEI [24]. The di-
mensions of the simulation box are 61 x 0.4A x 0.4X, where
A is the wavelength. The grid resolution is 320 cells per
wavelength, and the time resolution is 580 steps per cycle.
A cluster sits at the center of the simulation box with 125
un-ionized macroparticles in each cell. The laser pulse enters
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the simulation box along the x axis from the left. The pulse
is linearly polarized in the y direction and is assumed to
be a plane wave in space and a Gaussian profile in time.
The field employs Silver-Miiller boundary conditions for the
longitudinal direction and periodic boundary conditions for
the transverse directions. Field ionization, electron-electron
collision, electron-ion collision, and collisional ionization are
included in the simulation using standard modules of the code.
Recombination is not accounted for, which should not alter the
dynamics significantly in the few-cycle regime. The polariz-
ability of the neutral atom is neglected, which is justified when
the size is much smaller than the wavelength or the intensity
is substantially higher than the ionization threshold [25]. In
all of our simulations, we consider a spherical argon cluster
interacting with an 800 nm pulse. The cluster radius is 40 nm,
which is large enough to capture the dynamics due to the
plasma wave as the size is several times the plasma oscillation
wavelength. Such clusters are routinely produced in experi-
ments by pulsed gas jets backed with high-pressure gases. The
atomic density of the argon cluster is 2.6 x 10?> cm™3 [26],
which corresponds to 15n,., with n, being the critical density
at 800 nm.

III. RESULTS AND DISCUSSION

Figure 1 shows snapshots of the interaction of a 40-nm
argon cluster with an intense ultrashort pulse at different
observation times. The peak intensity is 5.0 x 10> W/cm?,
and the full width at half maximum (FWHM) of the field is
two-cycle with zero carrier-envelope phase. Figures 1(a) and
1(b) present the charge state distribution in the x-y plane and
x-z plane, respectively, at a time of observation ¢ = 10.02 fs,
at which time the pulse has already passed the cluster. An
enhanced ionization is observed at the cluster center with a
rodlike hot region orientated along the polarization axis. This
is in sharp contrast with a general perception that ionization
occurs preferentially at the periphery of the cluster due to
the skin effect. The skin depth for a plasma in a laser at a
nonresonant wavelength is § ~ ¢/w,, where c is the speed
of light in a vacuum and w), is the plasma frequency. This
corresponds to § & 19 nm for an average charge state of 3. The
formation dynamics of this unexpected ionization pattern is
illustrated in Figs. 1(c)—1(f). The initial ionization is due to the
propagation of the laser field and is higher in the front surface.
An ionization wave, however, propagates from the bottom
pole toward the center, as shown in the snapshot of the charge
state distribution at t = 0.09 fs in Fig. 1(c). The snapshot of
the charge state distribution at t = 0.74 fs in Fig. 1(d) shows
another ionization wave propagating from the top pole toward
the center. The ionization is consistent with the corresponding
field distribution E; shown in Figs. 1(e) and 1(f).

To clarify the underlying ionization mechanism, streaks
of the electron density n,, transverse field Ey, and charge
state Za, along the polarization axis are presented against the
observation time. Figure 2(a) shows that a small fraction of
electrons are pulled into vacuum by the laser field and are
then sent back into the cluster. This occurs alternatingly at the
top pole and at the bottom pole every half cycle. As Brunel
electrons with a longer trajectory gain more energy than those
with a shorter trajectory, trajectory crossing occurs inside the
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FIG. 1. Snapshots of an argon cluster subject to a two-cycle
(FWHM in field) 800 nm pulse. (a) and (b) show the charge state
distribution in the y-x plane and in the z-x plane, respectively, at
t = 10.02 fs. (c) and (d) show the charge state distribution in the y-x
plane at t = 0.09 fs and t = 0.74 fs, respectively. (e) and (f) show
the transverse field E, in the y-x plane at¢ = 0.09 fs and t = 0.74 fs,
respectively. The electric field is normalized by the driving laser field
Ey, and r = 0 marks the time at which the peak of the pulse reaches
x=0.
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FIG. 2. Time evolution of three quantities at the polarization axis
(x,z) = (0,0). (a) Electron density n, normalized by the critical
density n.. (b) Transverse field E, normalized by the driving field
Ey. (c) Charge state Z of the argon atoms.
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FIG. 3. (a) Normalized electric field E,/E, at the center of the
cluster as a function of time. (b) The corresponding instantaneous
angular frequency w normalized by the laser angular frequency wy.
The dashed orange curves show the case when a cluster is not present.
(c) Charge state Z at the center (solid blue curve) and charge state
averaged over the entire cluster (dashed green curve) as a function of
time.

cluster, and an attosecond electron bunch is formed with an
appreciable electron density peak, exciting collective plasma
oscillations of frequency w, in its wake. The analysis of the
plasma oscillation excited by Brunel electrons is similar to
the process in plasma mirrors [22,23] except for two distinct
features. First, the plasma wave in clusters has a curvature due
to the spherical geometry, leading to an increased oscillation
amplitude as the wave converges. Secondly, the waves are
excited twice in every cycle in clusters as Brunel electrons
are produced in both the top and bottom parts of the clusters.
The evolution of the plasma wave can be seen from Fig. 2(b),
where the plasma oscillations are damped quickly, and oscil-
lations excited from different bunches have interference. The
ionization front shown in Fig. 2(c) occurs at the same time of
the plasma wave, confirming that the Brunel-electron-driven
plasma wave is responsible for the enhanced ionization at the
core of clusters.

Figures 3(a) and 3(b) show the temporal electric field
Ey(t) and the corresponding instantaneous angular fre-
quency w(t), respectively, calculated as the temporal deriva-
tive of the oscillation phase of the electric field at the
cluster center. Figure 3(c) shows the time evolution of
the charge state at the cluster center (solid blue curve)
and the charge state averaged over the entire cluster (dashed
green curve). The field is initially shielded due to ionization at
the surface. At approximately ¢ = 0, the field starts to oscillate
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FIG. 4. Charge state distribution in the y-x plane at two observa-
tion times, (a) t = 0.09 fs and (b) t = 10.02 fs. (¢) Time evolution
of the charge state at the center of the cluster and the charge
state averaged over the entire cluster with and without collisional
ionization (CI).

at roughly six times that of the laser frequency, and the charge
state at the center rises steeply. This corresponds to the time
that the first electron bunch travels to the cluster center. Note
that the electron density is approximately 30n.. Thus the field
oscillates roughly at w), rather than the surface plasmon fre-

quency w,/ /3. The charge state exhibits a second steep rise
approximately at = 0.9 fs, at which time the instantaneous
frequency exhibits a sharp dip. This is caused by the inter-
ference of plasma oscillations excited by the electron bunch
entered from the bottom pole and that from the top pole. After
t = 0.9 fs, the charge state at the cluster center is substantially
higher than the average charge state, indicating the formation
of a highly ionized core.

Collisional ionization is the other ionization channel when
a fast electron bunch travels in a partially ionized plasma.
To evaluate its role, collisional ionization is switched off,
and the resulting charge distribution at two observation times,
t =0.09 fs and ¢t = 10.02 fs, is shown in Figs. 4(a) and
4(b), respectively. With field ionization alone, an even more
pronounced anisotropic ionization is observed. The temporal
variations of Zu, at the center and Z,, averaged over the entire
cluster for cases with and without collisional ionization are
presented in Fig. 4(c). In spite of the few-cycle pulse dura-
tion, collisional ionization significantly increases the average
charge and causes further ionization when the pulse is gone
(t > 2 fs). Interestingly, the collisional ionization brings the
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FIG. 5. Results of a 40-nm argon cluster interacting with a ten-
cycle (FWHM in field) pulse of 2.0 x 10'> W/cm?. Charge state
distribution in the y-x plane at three observation times: (a) t =
—10.07 fs, (b) t = —4.78 fs, and (c) t = 14.99 fs. (d) Charge state
distribution in the y-x plane at + = 14.99 fs when collisional ion-
ization is switched off. (e) Time evolution of transverse field E,
at polarization axis (x,z) = (0,0). (f) The case when collisional
ionization is switched off.

charge state at the center slightly down between r = 0 and
t =2 fs. The reason for this could be that the collisional
ionization dissipates the energy of driving electron bunches,
leaving an inefficient excitation of the plasma oscillation.
Because of the negative role of the collisional ionization
in the plasma oscillation, it is expected that enhanced core
ionization may disappear at longer pulses. This is confirmed
in the simulation for a ten-cycle pulse at 2.0 x 10> W /cm?
peak intensity. Figure 5(a) shows that ionization starts at the
front surface of the cluster, and Fig. 5(b) shows that a weak
columnlike structure along the polarization axis is developed.
However, at t = 14.99 fs, the ionization is almost homoge-
neous except for the surface [Fig. 5(c)]. A completely different
pattern is observed when the collisional ionization is turned
off [Fig. 5(d)]. Figures 5(e) and 5(f) show the time evolution
of the field E, along the polarization axis for the case with and
without collisional ionization, respectively. The internal field
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FIG. 6. Time evolution of the charge state at the center of the
cluster and the charge state averaged over the entire cluster for three
different carrier-envelope phases: 0, 0.3, and 0.57.

is weaker with the collisional ionization, leaving the cluster
core less ionized.

As this ionization mechanism stems from the subcycle
dynamics of the Brunel electrons and works best with few-
cycle pulses, the role of the carrier-envelope phase deserves
attention. Figure 6 shows the variations of the charge state at
the cluster center and the volume-averaged charge state for
three different carrier-envelope phases. The solid blue curves
(both in bright color and in muted color) represent the results
from the same simulation as in Fig. 1, where ¢y = 0 is used.
The dashed red curves and dash-dotted green curves represent
the cases with ¢y = 0.37 and ¢y = 0.57, respectively. The
subcycle evolution of the charge state at the cluster center is
quite different, but the final charge state at the center, which is
a time-integrated effect, shows little variation with the carrier-
envelope phase. The volume-averaged charge state is almost
identical for the three cases at all the times.

In addition to the pulse duration and carrier-envelope
phase, we also investigate other configurations. Figures 7(a)
and 7(b) show the snapshot of the charge state distribution
at + = 10.02 fs for 30-nm- and 50-nm-sized clusters. The
pattern is similar, although a larger size produces a slightly
lower maximum charge state at the center. This mechanism
is necessarily associated with the curvature of the cluster
surface. For a phantom cubic cluster as shown in Fig. 7(c),
no core ionization is observed. Without the focusing of the
wave due to the spherical geometry, the field is not strong
enough to create appreciable ionization. Figure 7(d) shows
the case with a much higher intensity of 5 x 10'7 W/cm?.
Due to the big gap of the ionization potential for Ar®*, the
ionization is saturated to some degree, leading to a smaller
anisotropy.

Our mechanism shares two steps of the semiclassical
three-step model of high-order-harmonic generation for atoms
[27], which are the ionization and propagation. However,
the last step of the three-step model is an electron-impact
process, while our scenario relies on the field from the Brunel-
electron-driven plasma oscillation. If the Brunel electrons are
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FIG. 7. Charge state distribution in the y-x plane at r = 10.02 fs
for (a) a spherical cluster of 30 nm radius, (b) a spherical cluster
of 50 nm radius, (c) a phantom cubic cluster of 80 nm, (d) a 40-
nm cluster with an intensity of 5 x 10" W/cm?. Other unspecified
parameters are the same as in Fig. 1.

considered as one macroparticle and the clustered plasma is
considered as another macroparticle, our mechanism could
be described as a globally “three-step-like” model. This ion-
ization mechanism could perhaps be inferred from other
observations, but has not received attention before probably
due to the following reasons. First, quite a few studies con-
sider micrometer-sized hydrogen clusters or helium droplets
[28,29]. As the core of these large clusters remains un-ionized,
the plasma-wave-driven ionization is absent. Second, this ef-
fect manifests itself in the few-cycle regime, which is less
explored because the majority of terawatt laser systems gener-
ate pulses of several tens of femtoseconds duration. Third, the
study of laser-cluster interaction is heavily motivated by the
application of energetic particle generation, where an ultrain-
tense laser pulse with an intensity exceeding 10'7 W/cm? is
often used. At such an intensity, the ionization is complete at

the leading edge of the pulse, and the ionization dynamics is
not of particular interest.

Our scenario bears some similarities with previously stud-
ied attosecond plasma wave dynamics in nanoplasmas [30].
However, resonant conditions were required in the scheme in
Ref. [30], which were met by using a pump-probe scheme.
The resonant excitation caused a field enhancement of several
orders of magnitude and altered the dynamics of collisional
ionization, allowing a strongly nonuniform ion charge dis-
tribution at longer pulse duration. An ionization hot spot at
the cluster core was also demonstrated for a helium nan-
odroplet doped with a tiny xenon cluster [31]. Recently, it was
found that clusters pumped with a longer wavelength produce
a columnlike inhomogeneous charge distribution. However,
cluster poles remain the preferred sites for ionization [18].

IV. CONCLUSION

In summary, we have identified an ionization mecha-
nism for nanoclusters in intense ultrashort laser pulses using
particle-in-cell simulations. In a partially ionized cluster, the
returning Brunel electrons form an attosecond bunch and drive
plasma oscillation impulsively. The resulting electric field
causes higher ionization. This scheme is favored at shorter
pulse duration, where collisional ionization plays a minor
role. With the increasing availability of intense few-cycle
laser sources and the advancement of single-shot coherent
x-ray diffractive imaging techniques [32,33], it is feasible to
test this anisotropic ionization experimentally. Our study will
stimulate further experimental investigation and may offer
a convenient way to control the ionization and heating in
nanometer-sized targets by using few-cycle pulses with an
engineered curvature of the target surface.
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