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We explore extreme multielectron ionization of (Xe), molecular clusters resulting in the
formation of highly charged Xe'*, k =8-32, ions in ultraintense laser fields (intensity
I=10"-10" Wem™), which is driven by a compound, sequential-parallel, inner-outer
ionization mechanism. A computational and theoretical study is advanced for the three
fundamental processes of electron fs dynamics, which involve the barrier suppression of
inner ionization of the constituents, the formation of an energetic electron-positive ion
charged plasma within the cluster and the outer ionization of unbound electrons from
the cluster. New features of the formation, characteristics, response and dynamics of the
electron-positive ion charged plasma in molecular clusters in ultraintense laser fields were
explored, providing novel information on a transient (1-100fs) metallic state in finite
chemical systems.

1. Prologue

Ultraintense table top femtosecond (pulse duration ~ 100 fs) laser pulses de-
livering a power of ~ 10 terawats (10" W) can provide an intensity of / ~
10* Wem™, which constitutes the highest light intensity on earth [1]. This
light beam is characterized by an electric field of ¢ ~6x 10" Vem™', and
a magnetic field of H ~ 10” Gauss, corresponding to the largest electromag-
netic fields ever produced. The interaction strength of such ultraintense light
beams with matter is characterized by a Rabi frequency of e ~ 1.2 x 10° eV
(for a transition dipole moment of x ~ | Debye), and is expected to result
in temperatures of 10°~10” K, which exceed by an order of magnitude those
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prevailing in the interior of the sun [1,2]. Novel features of light-matter in-
teractions emerge from the interaction of clusters with ultrashort and ultrain-
tense laser fields (7 = 10"°—10* W cm™2). In general, three intensity domains
for laser-matter interactions of a large, finite chemical system, e.g., a large
molecule or a cluster, can be distinguished [2].

(1) The ‘ordinary’ low intensity domain (/ < 10" Wem™, pue < 0.1eV),
where the electric fields of the light wave induce small oscillations of the
electrons, at the same frequency, with radiative and nonradiative damping
resulting in (single or multiple) photon absorption.

(2) The ultraintense intensity domain (/ = 10%-10" Wem™2, pe ~ 0.3-
10? eV), which induces strong interactions with the breakdown of pertur-
bative quantum electrodynamics schemes, triggering ultrafast dynamics
of electrons (on the time scale of < 1-10fs) and of ions (10—100 fs time
scale).

(3) The extreme ultraintense intensity domain (/ = 10"”-10* Wem™2, pe ~
10°-10°% eV), where the electron velocities approach the velocity of light,
and relativistic effects fundamentally modify the electron dynamics.
In this extreme domain ‘heavy electrons’ with a relativistic mass of
m.(1—(v/c)?)"'”? are produced and their interaction with the magnetic
field of light (which is negligible in domains (1) and (2)) becomes signifi-
cant [2].

Of considerable interest is the electron and nuclear dynamics of molecu-
lar clusters, e.g., Xe,, (D,),, (D,0), and (CD,), in ultraintense (/ = 10"
—10" Wem™?) laser fields [3-24]. The response of large finite molecular
systems, i.e., clusters, to ultra-intense laser fields, is distinct both from the elec-
tron dynamics in ordinary fields (/ < 10" W cm™2) and from the response of
‘small’ atoms and molecules to ultraintense fields. While the ionization of sin-
gle atomic and molecular systems in ultraintense laser fields is triggered by
the barrier suppression single-step ionization mechanism [17], the electron dy-
namics of clusters in ultraintense laser fields involves three sequential-parallel
processes: -

(1) Inner ionization [16—-19], which involves the stripping of the cluster atoms
of some of their electrons, of all their valence electrons or of all their
electrons, with the inner ionization level being mainly determined by the
electronic structure of the atoms and by the laser intensity.

(2) Formation of an energetic electron-positive ion charged plasma within the
cluster (or in its vicinity), which consists of unbound electrons interacting
with the ultraintense laser field.

(3) Outer ionization [17, 20], which removes all or part of the unbound elec-
trons of the energetic charged plasma from the cluster.

Of course, these three electronic processes are coupled to each other. The
overall cluster ionization process is initiated by inner ionization and plasma
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formation, with outer ionization of the plasma usually occurring on a longer
time scale than inner ionization. The separation of (fs) time scales for inner ion-
ization + plasma formation and of outer ionization is intensity dependent. The
electronic dynamic processes trigger nuclear dynamics, with outer ionization
being accompanied by cluster Coulomb explosion [3—24], which results in the
production of energetic (keV-MeV) multicharged ions. Generally speaking, the
electronic processes and the nuclear process of Coulomb explosion are hier-
archical. In the laser intensity domain of /> 10" Wem™ the electronic and
nuclear processes can be decoupled, separating time scales for fast (fs) electron
dynamics and for (10—100 fs) nuclear Coulomb explosion. The hierarchy of the
electron and nuclear dynamics is summarized in Scheme 1.

NEUTRAL
CLUSTERS
(M)n
) INNER IONIZATION
1=10"- -BSI IN COMPOSITE FIELD
10" Wem™ (LASER + INNER)
- IMPACT [ONIZATION
ENERGETIC
(M*" + qe)q
PLASMA IN
CLUSTER
) OUTER IONIZATION
1=10"- - RESPONSE OF PLASMA
10" Wem™? QUASIRESONANCE EFFECTS
PARTIALLY OR FULLY COULOMB
IONIZED CLUSTER EXPLOSION ENERGETICS
(M7, =" M? IONS

Scheme 1. Electron and nuclear dynamics of molecular clusters in ultraintense laser
fields. Inner ionization is induced by the barrier supression ionization (BSI) mechan-
ism with a minor contribution from impact ionization. Outer ionization is induced by
laser-plasma interaction.

In this paper we explore some new features of electron dynamics in
elemental (Xe), (n = 55-1061) clusters responding to ultraintense laser fields
(I =10"-10" W cm™2). Extreme cluster multielectron ionization is accom-
plished with the formation of highly charged Xe*" (k = 8 —32) ions, in accord
with some experimental data [4, 5, 25]. The novel features of cluster (distinct
from single atom) inner/outer ionization will be explored by nonrelativistic
molecular dynamics simulations. Of considerable interest are the properties
and response of the nonequilibrium charged plasma produced in the inner ion-
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ization in the elemental cluster and depleted by quasiresonance interactions
with the laser field. The characteristics of the charged plasma in a cluster
(a ‘nanoplasma’) are of considerable interest and previously attracted consider-
able interest [26]. Our molecular dynamics simulations are expected to provide
new information on the formation and ionization of the plasma in ultraintense
laser fields.

2. Simulations and estimates

Extreme multielectron ionization of (Xe), (n = 55— 1061) clusters in ultra-
intense (I = 10"-10" Wcem™?) laser fields (whose maximal electric field
value is eF,, = 2.75 x 1077 I'? eV A~') was treated by the simulation methods
previously described by us [17,20-22]. The laser electric field was taken as
F () = Fyp(1) cos(2mvt + ¢,) with the frequency v = 0.35 fs~' (photon energy
1.44 eV). The field envelope was described by a truncated Gaussian Fy,(f) =
F, exp[—2.77(t/t — x)*], with a half linewidth of T = 25fs, and an onset (at
t =0)of Fy() = 0.5 F,, (for « = 0.5). The ionization of the constituent atoms
in the strong electromagnetic field, whose photon energy (1.44 eV) is consid-
erably lower than the Xe*t ionization potentials, was treated by the classical
barrier suppression ionization (BSI) mechanism [28] triggered by a composite
electric field consisting of the laser + internal cluster field, which results in the
inner ionization process. The classical approach was also applied to the ener-
getics and dynamics of the unbound, high-energy electrons inside and outside
the cluster. The heavy Xe** ions were treated as classical particles. The sim-
ulations of the electron dynamics of the energetic charged plasma and of the
outer ionizations and the nuclear dynamics of the ions were carried out, using
a potential involving ion—electron, electron—electron and laser—charge interac-
tions. The integration of the classical equations of motion was conducted using
attosecond time steps (i.e., 1 attosend for electrons and 20-40 attoseconds for
ions) which were applied for electron—-nuclear dynamics in the time scale of
1-100 fs.

Inner ionization of a single k-fold charged atomic ion via the BSI mech-
anism is realized when the effective electric field F (laser field F, + inner
field) satisfies the relation [17] |eF| > P} /4B(k + 1), where P, is the ioniza-
tion potential of the ion [28] and B = 14.39 ¢V. When this condition is fulfilled,
the inner ionization event is manifested by locating the removed electron at
the barrier distance [17] x, = [B(k+1)/eF]~"* from the centre of the atom
with zero kinetic energy. The multielectron ionization of each atom is real-
ized sequentially, with each electron being removed at an attosecond time step.
The electrons released by inner ionization respond to the laser field, gain en-
ergy in the 10eV — | keV domain, and also interact with the ions triggering
a small contribution (< 10% yield for clusters with n < 1000) of collision-
induced ionization [15,27], which further contributes to the inner ionization
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process. The outer ionization event involving the removal of an electron from
the plasma within the cluster was recorded when the distance of this elec-
tron from the cluster center was taken (arbitrarily) to be more than six times
larger than the Coulomb expanding cluster radius of the nuclear framework.
Two comments regarding these simulations are in order. First, since all the
electrostatic ion—ion, ion—electron and electron—electron interactions are in-
cluded explicitly in our simulations, the effects of hydrodynamic pressure [4, 6]
on the electron and ion dynamics associated with the high energy electrons
seems to have been taken into account. Second, the laser—electron and laser—ion
interactions, which are included in our simulations, seem to account prop-
erly for resonance absorption effects by the plasma [26] in the high intensity
domain.

3. Mechanistic facets of cluster ionization

We first consider multielectron ionization of a single Xe atom, whose ioniza-
tion potentials of Xe** ions are known [28]. Following the analysis of Sect. 2
(with F = F,), some representative results for the ionization levels of Xekt
ions are: k=8 for / = 10" Wem™2, k=14 for / = 10" Wem ™, k = 18 for
I=10"Wcem™ and k = 32 for 1 = 10" Wem™2. The BSI model predictions
for multielectron ionization of a single Xe are in accord with experimental
data [29, 30], which reveal the formation of Xe*® ions at / 0.6 x 10'®* W cm™>
and the generations of Xe** ions at / = 10" Wcm™. The ionization level
of a (single-step) multielectron ionization of a single many-electron atom or
molecule involves the suppression of the electrostatic barrier produced by the
laser field. The marked increase of the single-atom ionization level with in-
creasing the laser intensity manifests the enhancement of the ionization of
inner electronic shells.

Cluster multielectron intense-field ionization is distinct from that of a sin-
gle atom. The mechanistic differences pertain to:

(1) Compound, multistep cluster ionization involving sequential-parallel,
inner-outer ionization mechanisms. For the onset of the compound cluster
ionization mechanism, the lower limit of the cluster size sets in when the
cluster radius R significantly exceeds the (single species) barrier distance
X e, R > Xhe

(2) Distinct time scales for cluster inner ionization, prevalence of the charged
plasma and outer ionization (scheme 1) can be distinguished

(3) The cluster inner ionization is driven by a composite electric field F =
F, + F; consisting of the laser field F, and the inner field F;, which is
generated by the ions and the unbound electrons. Each of the cluster ions
undergoes BSI induced by the composite field.

(4) Two major effects of the inner field on the cluster inner ionization level
are: (i) The ignition mechanism. In a highly positively charged cluster the
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increase of the inner field enhances the inner ionization level; (ii) The
screening mechanism. This is manifested when the number of unbound
electrons in the cluster is large, providing a screening effect which weak-
ens the laser field and attenuates the inner ionization level.

(5) The inner ionization process results in a charged plasma in the cluster,
while the subsequent removal of electrons from the plasma induced by the
composite field constitutes the outer ionization process.

(6) The mechanism of cluster outer ionization involves both static laser field
effects, i.e., BSI of the entire cluster as well as dynamic quasiresonance
effects (Sect. 5).

4. Cluster inner and outer ionization — ionization levels and
electron dynamics

In Xe, clusters, the Xe** inner ionization level increases with increasing the
laser intensity at a constant cluster size, and increases with increasing the
cluster size at a fixed intensity, revealing the effects of field ionization, igni-
tion enhancement and screening effects. These features are manifested by the
time dependence of the ionization level obtained from the numerical simula-
tions (Fig. 1). For (Xe),sy the highest values of the average inner ionization
level, k,,, are k,, =7.3at I = 10" Wem™2 and k,, =20.9 at / = 10'"®* Wem™2
(Fig. 1), with the marked increase of k,, with increasing [ reflecting the ap-
preciable enhancement of the field ionization at high intensities. The cluster
size dependence of the inner ionization level at high intensities is reflected at
I =10" Wem™2, where k,, = 20.9 for (Xe)yso and k,, = 22.7 for (Xe)061. The
cluster size dependence of the ionization levels is portrayed in Fig. 2, where
the increase of both the average level, k,,, and the maximal level, &, with in-
creasing the cluster size at the ultrahigh intensity 7 = 10" Wcm™2 is due to
the ingition effect. The manifestation of the cluster ignition effect (Fig. 2) is
clearly exhibited for the values of k,,, and k,, for Xe, (n = 55— 1061) clusters
at I = 10" W cm™2, exceeding the ionization level of a single atom, which is
also marked on Fig. 2. A qualitatively similar ignition effect is also manifested
for k., at the lower intensity of I = 10'* Wcm~2 (Fig. 2), however, here the
slight decrease of k,, with increasing n is due to superposition of ignition and
screening effects in the inhomogeneous distribution of the Xe** ions. In an at-
tempt to confront our simulation results for the inner ionization level with the
available experimental results [25], we consider the high I domain where the
asymptotic value of k,, for inner ionization is equal to that of the outer ioniza-
tion (Fig. 1). The simulated data for (Xe)y, at / = 1061 give k,,, = 26, being
close to the experimental maximal charges of k = 25-30 reported [25] for very
large (Xe), (n =2 x 10°) clusters at { = 5 x 10" W ecm™, What is interesting
is the generation of very high ionic charges (k ~ 26) by cluster multielectron,
ultraintense laser field (/ = 10'® W ¢m™?) ionization.
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Fig. 1. Time-resolved electron dynamics in (Xe), (n =459 and 1061) clusters in ultrain-
tense laser fields (/ = 10'® and 10" W cm™2). The n and 7 data are marked on the figures.
The laser electric field (Sect. 2) was taken as a truncated Gaussian envelope F(r) =
F,exp[—2.77(1/t —0.5)*]. The lower panel portrays the cluster inner ionization (IT) lev-
cls F (total number of unbound electrons generated by inner ionization), the middle panel
gives the cluster outer ionization (Ol) levels (number of unbound electrons removed from
the cluster by outer ionization), and the top panel represents the total number of electrons
(np) in the nonequilibrium charged plasma.

The charged plasma produced by inner ionization interacts with the ef-
fective (laser + inner) field, which results in the outer ionization process.
Energy pumping from the laser field to the unbound electrons can be en-
hanced by the quasiresonance mechanism, which is accompanied by the outer
cluster ionization. Some novel features of inner/outer ionization dynamics
emerge from our simulations (Fig. | and Table 1). The time scales (defined
as the half lifetimes for the accomplishment of half of the asymptotic ion-
ization level) for inner ionization (%) and for outer ionization (') are in
the fs-subfs time domain (Table 1) with a clear indication of sequential elec-
tron dynamics. In the intensity domain 7/ = 10"*~10" W cm~? the inner/outer
ionization processes are sequential (Fig. 1). These sequential characteristics
become prominent at the lower intensities of / = 10" Wem™ (z® = 0.5 fs,
@ =2fs) and also for the large clusters of n = 1061 (r? =0.5fs and
9 =2fs) at / = 10" Wem™2. We note that the subfs time scales (t'?) for
inner ionization depend on the truncated Gaussian envelope shape chosen
for the electric field (Sect. 2), constituting a lower limit for the time scale
of this electronic process. These time scales for the coupled electron-laser
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Fig. 2. Cluster size and laser intensity dependence of the average (k,,)} and maximal (k,,)
inner ionization level of Xe** ions from (Xe), clusters (7 = 55-1061). Intensities are
marked on the curve. At a high intensity of / = 10" W cm™2 the increase of the inner ion-
ization level with increasing the cluster size is due to the inner field ignition effects. The
ionization levels of a single Xe atom are marked by arrows.

Table 1. Time-resolved dynamics of inner/outer ionization of (Xe), clusters (r' — life-
time for inner ionization, t* — lifetime for outer ionization), average plasma electron
energies (€,,) and maximal number 7, of electrons per Xe atom at time (#) in the plasma.

n I o r'o! Eu np
(Wem™?) (fs) (fs) eV)
459 106 0.5 10 10-50 3.2 (20-501%)
459 10® 0.3 0.4 150-1300 3.6(1.61s)
1061 10'# 0.5 2 300-2500 49 (2.91%)

processes depend on the pulse shape of the laser (Sect. 2) which was used
herein.

The electron population np of the plasma per Xe atom (Table 1) is fi-
nite over a ‘long” time scale at = 10" W cm~2, where np = 3.2 for 20-50 fs
(Fig. 1), while at higher intensities of / = 10" W cm™? the plasma is depleted
on the time scale of < 10fs (Fig. 1). The energetics of the electrons in the
high-energy plasma is specified in terms of their average energies (Table 1),
which exhibit a marked cluster size dependence at a fixed intensity, i.e., at
I =10" W cm™2. The energies are 150-1300 eV for n = 459 and 300-2500 eV
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for n = 1061 and increase with increasing intensity (i.e., for n =459, the aver-
age electron energies are 10-50¢eV at / = 10" Wem™ and 150-1300eV at
1= 10" Wcm™). The response of this high-energy plasma to the laser field
provides the basis for the outer ionization process.

5. The charged plasma

The properties and response of the high-energy charged plasma produced via
inner ionization within the molecular cluster is of interest. These clusters,
which contain the plasma, are highly positively charged with the lowest values
of the excess positive charge per Xe atom being Q = (k,, —n,). For (Xe)uso
at the lower intensity domain of [ = 10" Wem™2, n p=3.2and Q =4.1 over
the ‘long’ time domain of 20-50 fs (Table | and Fig. 1). At these ‘long’ times
(Z 20 fs) and lower intensities (/ = 10' Wcem™) the outer ionization pro-
cess is incomplete and the electron cloud is retained in the cluster. During
the ‘long’ time domain, the multicharged cluster undergoes Coulomb explo-
sion. These interesting nuclear dynamics phenomena, which recently provided
a path for nuclear fusion induced by cluster Coulomb explosion [11, 12,22~
24,31], will not be considered in the present paper, which focuses on electron
dynamics. On the other hand, for (Xe).s at the high intensity (10" W cm™3),
Q=173 at t = 1.6fs, while at long times (¢ 2, 10fs) the (Xe), (n =459,
1061) outer ionization process is nearly complete (Fig. 1) with n, =0 and
Q = k,.,. We conclude that the energetic charged plasma can be sustained on
the longer time scale of tens of fs (< 50 fs) in the lower intensity domain of
J = 10" W cm~2 and on the fs (1-3 fs) time scale at higher ( = 10" W cm™)
intensities.

In the clusters studied herein, the maximal number, n, >~ 3-5, of elec-
trons per Xe atom (Table 1) can be used to estimate the electron den«;lty
Np = np/(4/3)(Ry.)?, where np data are given in Table | and Ry, = 3.3 A
is the radius of a Xe atom, which results in the values of N, = (2.0-4.0) x
10 cm~. These electron densities in highly ionized molecular clusters are
comparable to electron densities in a metal. The lifetime of these high electron
densities is determined by the laser intensity dependent outer ionization time.

Regarding the response of the plasma to the laser field, it was proposed [26]
that when the natural frequency w, of the plasma equals the laser frequency,
resonance absorption in the cluster may occur, which may provide a mech-
anism for energy pumping into the cluster and for outer ionization. In the
bulk plasma a resonance will be manifested at wp = (4e*Np/m,)'2, while
for a cluster (with a radius considerably smaller than the wavelength of
light) the plasma frequency is w, = (4me*Np/3m,.)"*. From the estimate of
the range of the N, values given above, we estimate the plasma frequencies
w, = (4.6-7.0) x 10" s~', being close to that of a many-electron metal, with
the characteristic plasma energies of hiw, = 3-5¢V. A validity condition for
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the simple picture of the collective plasma oscillations with the frequency w,
is [32] wlf > 2k €, /3m., where k = 2m/A. is the wave vector of the space
charge oscillations and €,,= 10-50¢&V is the electron kinetic energy for the
lower intensity domain (Table 1). A further study of these collective plasma os-
cillations will be of interest. The simple estimate of w, = 3-5 eV given above
exceeds the photon energies (1.44 eV) used in the present simulations, pre-
cluding resonance absorption. Furthermore, at the high intensities considered
herein, a linear response of the plasma to the laser field is not feasible.

The response of the charged plasma to the ultraintense laser fields is en-
hanced by quasi-resonance effects. The motion of the highly mobile electrons
inside the cluster is roughly in phase with the laser field. This is manifested
for (Xe),sy at lower intensities of I = 10' Wcem™2, where the electron cloud
undergoes an oscillatory time-dependent distribution in the oscillating laser
field (Fig. 3). At this lower intensity domain (/ = 10' W cm™2) the plasma
survives for a moderately long (= 50 fs) time and is confined in the cluster.
On the other hand, for the response of the plasma at very high intensities
(I = 10" Wem™2) the unbound electrons mostly move outside the cluster
(Fig. 4). The unbound electrons outside the cluster move along the laser field
polarization direction (the x axis in Fig. 4), forming an elongated cloud along
this direction.

Some manifestations of quasiresonance effects are of interest. Both in-
ner and outer ionization processes in (Xe), clusters at high intensities (/ =
10" W cm™2) exhibit weak oscillations (Fig. 1) with a frequency that is twice
as large as the laser frequency. The maxima of the temporal oscillations in
the inner ionization level and of n, coincide with the laser field (Fig. 1),
in accord with the physical model of field ionization of the constituents
(Sects. 2 and 4). The temporal oscillations for the outer ionization yield curves
(Fig. 1) are shifted in phase with respect to the oscillations of the laser
field.

6. Concluding remarks

Extreme cluster multielectron ionization in ultraintense laser fields is a novel
and interesting research area. It is distinct from that of a single atom or
molecule ionization in terms of mechanisms, nature of the intermediate plasma
state, characteristics of ionic products, and time scales for electron and nu-
clear dynamics. Several novel features emerge from our study. (1) A novel
cluster ionization mechanism. When the cluster size (or that of a large chem-
ical system) significantly exceeds the size of the constituent barrier distance,
ie., x, € R (Sects. 2 and 3), a compound cluster ionization mechanism is
manifested, which occurs via sequential-simultaneous, inner-outer ionization.
(2) Methodology. Simulation methods for the study of the interaction of large,
finite chemical systems, i.e., clusters or molecules, with ultraintense laser fields
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Fig. 3. The dynamics of the electron cloud (represented in two dimensions) in a (Xe).so
cluster driven by a laser field (specified in Sect. 2) corresponding to an intensity of
I = 10" Wem™. The laser is polarized across the x axis and the propagation direc-
tion is along the z axis. The times (r) are measured relative to the onset + =0 of the
laser pulse (for x = 0.5) and the laser field F, (1) is given in eV A-'. The crosses rep-
resent the electrons, while the circles represent the cluster size. The plasma oscillates
in. the laser field exhibit a left-side/right-side biased distribution at + = 12fs/13.4fs
when eF, = —27.2eV A~'/26.8 eV A" and a central distribution at r = 12.6 fs at a low
eF, = —1.2¢V A value,

were utilized. (3) Ultrafast electron dynamics (< 1-10fs). Ultrafast cluster
dynamics is not only limited to the exploration of dynamics of ions on the
time scale of nuclear motion, but is extended to the new realm of electron dy-
namics. (4) The non-equilibrium, nanoplasma. The formation, characteristics,
response and dynamics of an energetic electron—positive ion charged plasma
in molecular clusters in ultraintense laser fields were explored, providing novel
information on a transient (1-100 fs) metallic state in a large, finite, molecular
system.
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Fig.4. The dynamics of the electron cloud in (Xe):sy clusters at the intensity of [ =
10" Wem~—. Laser field characteristics and notation as in Fig. 3. The simulations repre-
sent oscillatory time dependence of the electron cloud driven by the laser field. manifest-
ing a left-side/right-side biased distribution at large |¢F,| values and a central distribution

for low |eF;|.
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