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Abstract. We present a theoretical and computational study of the properties and the response of the
nanoplasma and of outer ionization in Xen clusters (n = 55–2171, initial cluster radius R0 = 8.7–31.0 Å)
driven by ultraintense near-infrared laser fields (peak intensity IM = 1015–1020 Wcm−2, temporal pulse
length τ = 10–100 fs, and frequency ν = 0.35 fs−1). The positively charged high-energy nanoplasma
produced by inner ionization nearly follows the oscillations of the fs laser pulse and can either be persistent
(at lower intensities of IM = 1015–1016 Wcm−2 and/or for larger cluster sizes, where the electron energy
distribution is nearly thermal) or transient (at higher intensities of IM = 1018–1020 Wcm−2 and/or for
smaller cluster sizes). The nanoplasma is depleted by outer ionization that was semiquantitatively described
by the cluster barrier suppression electrostatic model, which accounts for the cluster size, laser intensity
and pulse length dependence of the outer ionization yield. The electrostatic model was further utilized for
estimates of the laser intensity and pulse width dependence of the border radius R

(I)
0 for the attainment

of complete outer ionization at R0 � R
(I)
0 , while at R0 > R

(I)
0 a persistent nanoplasma prevails. R

(I)
0

establishes an interrelationship between electron dynamics and nuclear Coulomb explosion dynamics in
ultraintense laser-cluster interactions.

PACS. 36.40.Gk Plasma and collective effects in clusters – 31.15.Qg Molecular dynamics and other nu-
merical methods – 36.40.Wa Charged clusters

1 Introduction

Remarkable advances in the realm of ultrafast processes
pertain to electron dynamics, involving changes in the
electronic states of atoms and molecules, with the nuclear
motion being frozen [1–6]. The experimental interrogation
of ultrafast processes with the temporal resolution of elec-
tron motion was accomplished for inner-shell electron dy-
namics [4], real-time interrogation of attosecond electron
tunneling [5], and the application of a single (or sub-) near-
infrared laser cycle [6] for nonsequential double ionization
(e, 2e) electron recollision processes [3] in atoms and di-
atomic molecules. Other novel facets of electron dynamics
are exhibited in elemental and molecular clusters driven
by ultraintense, femtosecond laser fields [7–11] (peak in-
tensities [12] IM = 1015–1021 Wcm−2). The many-electron
system is produced by a compound, extreme cluster ion-
ization process [7–11]. It involves three sequential-parallel
processes: (i) inner cluster ionization, (ii) the formation
of a nanoplasma consisting of cluster positive ions and an
‘electron cloud’ within the cluster or its vicinity, and (iii)
outer cluster ionization [8–11]. The nanoplasma, which is
produced by strong-field ionization, responds to the laser
field on the time scale of half of the laser cycle [10,13]
(i.e., ∼1.5 fs for a near-infrared laser). Macroscopic mod-

a e-mail: jortner@chemsg1.tau.ac.il

els for the nanoplasma rested on a ‘plasma model’ [7,8,
14], with collective electron excitations being attained by
resonance heating (via one-photon laser absorption) of a
macroscopic spherical plasma with a ‘critical’ density (at-
tained in the course of cluster Coulomb explosion (CE)).
More elaborate descriptions of nonlinear resonant absorp-
tion of a near-infrared laser in the nanoplasma, which in-
volves inverse bremsstrahlung collisions [15] and energetic
electrons transiting through the cluster [16], were recently
provided. Molecular dynamics (MD) simulations [7–11,13,
14,17–28] are useful for the assessment of the applicability
and validity of such macroscopic models.

The properties and response of the nanoplasma result
in cluster outer ionization, which constitutes the subject
matter of this paper. We report on MD simulations of
high-energy electrons and ions for Xen clusters driven by
an ultraintense near-infrared laser field. From the present
study new information emerges on the outer ionization
levels, on the nanoplasma properties (population, density
and electron energetics) and on the nanoplasma dynamics.
The cluster outer ionization, which involves the (partial
or complete) sweeping out of the nanoplasma electrons
in the laser field, was modeled by the entire cluster bar-
rier suppression ionization (CBSI) model, which was in-
troduced by Last and Jortner [10,19,20], and subsequently
considered by Saalmann and Rost [21]. In this paper we
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Fig. 1. The time dependence of the inner ionization levels nii, the outer ionization levels noi and the nanoplasma population
np = nii − noi for Xen clusters (n = 459, 1061 and 2171 as marked on the panels) for the intensities IM = 1015 Wcm−2 (a),
IM = 1017 Wcm−2 (b), and IM = 1018 Wcm−2 (c). The laser pulse width is τ = 25 fs. The electric fields of the Gaussian laser
pulses (− · − · −), expressed in arbitrary units for t � ts, are marked LASER.

confront the simulation results for nanoplasma electron
dynamics with the CBSI model, establishing the pulse in-
tensity and cluster size dependence of the outer ionization
levels. Subsequently we characterized the nanoplasma re-
sponse in Xen clusters in terms of the cluster border radius
R

(I)
0 for complete outer ionization [19,20,22]. In previous

work [19,22] on (D2)n/2 clusters, the laser intensity and
pulse length dependence of R

(I)
0 were theoretically studied

for a nanoplasma produced by complete cluster inner ion-
ization, with the energetics of CE under conditions of par-
tial outer ionization being determined by R

(I)
0 [22]. Recent

applications of this concept for the analysis of experimen-
tal data for CE of (H2)n/2 clusters were presented [23].
In the present work we report on the features of R

(I)
0

in a many-electron elemental Xen cluster, where the in-
ner ionization level exhibits strong intensity dependence.
This analysis establishes the cluster size, laser intensity
and pulse length dependence of R

(I)
0 for Xen clusters, a

parameter of considerable importance for the optimiza-
tion of the high energy of the ions in the CE of these
multicharged clusters.

2 Properties of the nanoplasma

MD simulations of (high-energy) electrons and ions were
conducted for Xen (n = 55–2171) clusters driven by
an ultraintense, Gaussian, infrared laser field. The laser
pulse was characterized by a temporal onset at t = ts
(ts < 0) [11], a peak at t = 0, near termination at t = −ts,

peak intensities IM = 1015–1020 Wcm−2, pulse temporal
widths τ = 10–100 fs, pulse frequency ν = 0.35 fs−1 and
photon energy 1.44 eV. The MD simulation scheme was
previously described [10,11]. The criterion for outer ion-
ization was that the distance of an electron from the center
of mass of the cluster exceeded six times the radius R(t) of
the expanding cluster [10,11] (R(t) is determined by the
configuration of the ions). Similar results (within 20%)
were obtained for the outer ionization level by increasing
this cut-off distance from 6R(t) to 10R(t). Our charac-
terization of outer ionization considers those nanoplasma
electrons that are swept away from the cluster by the laser
field. Our criterion specifies that the outer ionized elec-
trons be located outside a cut-off radius of (6–10)R(t).
The choice of the large cut-off radius is necessary, as
nanoplasma electrons can be driven back inside the vicin-
ity of the R(t) on the time scale of the laser period [10,13].
Our specification of the outer ionization differs from that
of Petrov and Davis [18], who distinguished between in-
ner electrons within the cluster radius R(t) and outer elec-
trons outside R(t). Our approach, which introduces a large
cut-off radius for outer ionization, accounts for the gross
features of laser driven nanoplasma electron detachment
from the cluster to form the macroscopic plasma filament
within an assembly of clusters [10,11,14].

Figure 1 presents the simulation results for the time de-
pendence of the outer ionization and nanoplasma popula-
tion in Xen clusters (n = 459, 1061 and 2171) at intensities
of IM = 1015, 1017, and 1018 Wcm−2. The time-dependent
inner ionization levels [11], which correspond to the total
number Nii of electrons produced by barrier suppression
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ionization and electron impact ionization within the clus-
ter [10,11] with nii = Nii/n electrons per constituent,
are also presented in Figure 1. The total number of elec-
trons that were depleted by outer ionization is Noi (with
Noi � Nii), while the outer ionization level per constituent
atom is given by

noi = Noi/n. (1)

The total number of electrons in the nanoplasma is Np =
Nii–Noi and the number np = Np/n of the electrons in
the nanoplasma per constituent atom is

np = nii − noi. (2)

The time dependence of noi(t) and np(t) in the cluster
size domain n = 459−2171 and laser intensity range IM =
1015–1018 Wcm−2, with τ = 25 fs, reveals the following
features.

(1) Saturation of the outer ionization level (Fig. 1).
The saturation or near-saturation of the outer ionization
level is exhibited at times longer than those for the in-
ner ionization level at the same IM . The saturation of
noi(t) at longer times at IM > 1016 Wcm−2 is qualita-
tively different from the near-saturation of noi(t) vs. t at
IM = 1015 Wcm−2, as the characteristic time for the at-
tainment of the saturation of noi(t) becomes shorter with
increasing IM . At IM = 1018 Wcm−2, the saturation of
noi(t) is exhibited at the laser peak (t = 0), while for
IM = 1015 Wcm−2 noi(t) reaches near-saturation at the
termination of the laser pulse (t = −ts). This difference
reflects on the existence of a persistent nanoplasma in the
lower intensity domain and of a transient nanoplasma in
the high intensity domain (point (4)).

(2) Relations between limiting inner and outer ion-
ization levels (Fig. 1). For the three cluster sizes stud-
ied herein, nL

oi < nL
ii for IM � 1016 Wcm−2, while

nL
oi = nL

ii for IM � 1017 Wcm−2 where nL
ii = nii(tL),

and nL
oi = noi(tL), with tL = 90 fs marking the long-time,

temporal end of the trajectories.
(3) The cluster size dependence of the limiting outer

ionization levels (Fig. 1). The nL
oi values exhibit an ir-

regular cluster size dependence for different values of IM .
While at IM = 1015, 1016 (not shown) and 1017 Wcm−2

nL
oi decreases with increasing the cluster size, at IM =

1018 Wcm−2 nL
oi increases with increasing n. Decreasing

nL
oi values with increasing n, as observed for IM = 1015–

1017 Wcm−2, originates from the ability of the ionic clus-
ter framework to retain electrons with respect to outer
ionization. The qualitative difference at 1018 Wcm−2 is
due to the increase of nL

ii with increasing n, together with
a sufficiently strong laser field, which is able to remove all
generated nanoplasma electrons by outer ionization even
from the largest considered cluster.

(4) Persistent and transient nanoplasma (Fig. 1). For
IM = 1015–1016 Wcm−2, the number of electrons in the
nanoplasma np(t), equation (2), nearly saturates at long
times with nL

p = np(tL) increasing with increasing n, as
expected on the basis of the limiting outer ionization level
in this intensity domain (point (2)). On the other hand,
at IM = 1018 Wcm−2, the nanoplasma is completely de-
pleted before the laser pulse reaches its peak, with the
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Fig. 2. The kinetic energy distribution of the electrons of a
persistent nanoplasma in Xe459 clusters (np = 4.1), in Xe1061

clusters (np = 4.9) and in Xe2171 clusters (np = 5.8). The
nanoplasma is produced by interaction with a Gaussian laser
pulse (IM = 1015 Wcm−2, τ = 25 fs) and interrogated at a
long time tL = 92 fs, where the system is ‘laser free’ after the
termination of the laser pulse.

depletion process being more efficient with decreasing n,
as manifested by the appearance of a maximum of np(t)
with a lower field amplitude at lower values of n. At the
intensity of IM = 1017 Wcm−2, np(t) exhibits an interme-
diate type of behavior, revealing long time saturation for
larger clusters (n = 1061 and 2171), and complete deple-
tion for smaller clusters (n = 459). In conclusion, in the
lower intensity range of IM = 1015–1016 Wcm−2, ‘long-
time’ retention of the persistent nanoplasma (on the time
scale of >100 fs) is exhibited, while in the highest inten-
sity domain of IM � 1018 Wcm−2 a transient nanoplasma
(on the time scale of ∼τ for n = 459–2171) is produced.

(5) Energetics of the persistent nanoplasma. In Fig-
ure 2 we present the simulation results for the distribution
of the kinetic energies of the nanoplasma in Xen (n = 459,
1061 and 2171) clusters at IM = 1015 cm−1 at the ‘laser-
free’ long times of t = tL. The electron kinetic energies
Ekin of the transient nanoplasma can be well fit (Fig. 2)
by the thermal energy distribution

P (Ekin) ∝ (Ekin/〈Ekin〉)1/2 exp[−3Ekin/2〈Ekin〉] (3)

where 〈Ekin〉 is the average electron kinetic energy. The
average electron kinetic energies, which characterize the
thermalized nanoplasma, increase with increasing the clus-
ter size (Fig. 2).

(6) High average electron densities in the nanoplasma
(Fig. 3). The average electron density is ρe(t) =
np(t)/(4π/3)R(t)3, where R(t) is the time-dependent
cluster radius in the course of the trajectory. R(t) = R0

at the onset of the laser pulse, t = ts, while R(t) > R0
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Fig. 3. The time dependent electron density in the nanoplasma
ρe(t) = np(t)/(4π/3)R(t)3 in Xen clusters (n = 459, 1061 and
2171, as marked on the curves). R is the cluster radius obtained
from MD simulations. Data are presented for IM = 1015, 1016,
1017, and 1018 Wcm−2, as marked on the panels. The Gaussian
laser electric fields (− · − · −), expressed in arbitrary units for
t � ts, are presented on the panels.

at longer times due to CE. For the entire IM range, ρe(t)
first increases with increasing t, reaching a maximum of
ρmax

e = 0.08–0.09 Å−3. At IM = 1018 Wcm−2ρe(t) van-
ishes for t � 0, exhibiting the transient nanoplasma. At
IM = 1017ρe(t) decreases towards zero at t � 0, due to
a combination of cluster expansion and nanoplasma de-
pletion. For the lowest intensity of IM = 1015 Wcm−2,
ρe(t) decreases gradually with increasing t on the time
scale of 10–90 fs, due to dilution by CE, while retain-
ing a long-time (tL = 90 fs) electron density of ρe =
0.02 Å−3 for Xe2171. The nanoplasma electron densities
at the maximum, i.e., ρmax

e = 8−9×1022 cm−3 for the
entire IM domain, and the long-time electron density of
ρe = 2×1022 cm−3 at IM = 1015 Wcm−2, are comparable
to electron densities in metals.

(7) Subfemtosecond oscillations of the inner/outer ion-
ization levels and of the nanoplasma population. In the
intensity range of IM = 1017−1018 Wcm−2 we observe
(Fig. 1) that nii(t) and np(t) exhibit an oscillatory time
dependence during the temporal rise of the inner/outer
ionization levels. The transient nanoplasma also exhibits
such an oscillatory time dependence of np(t). A similar re-
sponse of the nanoplasma was previously reported [13,21].
The period of these temporal oscillations driven by the
near-infrared laser is close to half of the laser period
((2ν)−1 � 1.5 fs), manifesting the attosecond-femtosecond
driving of inner/outer ionization by the ultraintense laser
field.

3 Outer ionization

Cluster outer ionization removes all, or part of, the
nanoplasma electrons by the laser field [7–10]. Outer ion-
ization was described in terms of a cluster barrier suppres-
sion ionization (CBSI) model [10], which is based on the

balancing between the cluster exterior Coulomb poten-
tial and the laser field potential at the cluster boundary.
The CBSI model provides a condition for the occurrence
of outer ionization of a cluster of ionic charge QI(t) with
Np(t) nanoplasma electrons at the laser field F�0(t) at time
t, which is given by [10]

F�0(t) =
√

2B̄ (QI(t) − Np(t))
/

[R(t)]2 (4)

where F�0(t) is the laser field envelope and B̄ = 14.4 eV.
R(t) is the time dependent cluster radius

R(t) = ξ(t)R0 (4a)

where ξ(t) (>1) is the cluster expansion parameter, which
originates from CE [10,14,19,20,23]. We consider the
long-time values of the QI and Np charges and take
the maximal value of the laser field (at t = 0), setting
F�0(t) = FM , where FM is related to the laser peak inten-
sity, IM , by

FM = 2.7448× 10−7I
1/2
M (5)

where FM is given in eV Å−1 and IM is given in Wcm−2.
The value of ξ(t), equation (4a), is chosen at the peak
of the laser pulse (t = 0), i.e., ξ(t) = ξ(0) ≡ ξ. Taking
QI = nnL

ii, Np = nnL
p and nL

oi = nL
ii − nL

p , equation (4)
assumes the form

FM =
√

2B̄nL
oin/R2

0ξ
2. (6)

Equation (6), with the simple packing relation n =
4πρAR3

0/3 (where ρA is the initial atomic density of the
neutral cluster), results in the CBSI expression for the
outer ionization level, nL

oi ∝ FMξ2/ρAR0. This result con-
tains several simplifying assumptions inherent in the elec-
trostatic model, in the complete outer ionization at the
laser peak (t = 0), and in the neglect of an additional
contribution of EII at t > 0. We shall subsume all these
uncertainties into a correction factor γ, with subsequent
analyses providing a-posteriori justification for the near-
independence of γ on R0 and on the laser parameters.
Equation (6) will be recast in the form

nL
oi = FMγξ2

/(
4π

√
2

3

)
B̄ρAR0. (7)

This result is applicable for the intensity range and cluster
size domain where a persistent nanoplasma prevails, i.e.,
nL

p = nL
ii − nL

oi > 0 (or nL
ii > nL

oi). The use of equation (7)
gives

nL
oi = AI

1/2
M /R0 (8)

where

A = 2.745× 10−7γξ2/(4π
√

2/3)B̄ρA. (9)

In equations (8) and (9) IM is given in Wcm−2, R0 in Å,
and ρA in Å−3. For Xen clusters with ρA = 0.017 Å−3,
equation (9) results in

A = 1.89 × 10−7γξ2 (10)
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Fig. 4. The laser pulse length dependence of the long-time
outer ionization levels of Xe2171 coupled to a laser field at IM =
1015 Wcm−2 (τ = 10–100 fs). Ionization levels are presented
for nanoplasma population (nL

p , �) and for outer ionization
(nL

oi, •).

with A being expressed in (Wcm−2)−1/2 Å units. Equa-
tions (7) and (10) were utilized for the analysis of the
long-time outer ionization levels nL

oi (Sect. 2) in the in-
tensity range and cluster size domain of the persistent
nanoplasma existence. We assume that for a fixed value
of the pulse length τ , ξ is weakly dependent on IM and
on R0. From our MD simulations of CE driven by laser
pulses with τ = 25 fs, we find that ξ (Eq. (4a) at t = 0)
for Xen (n = 1061, 2171) increases by <10% at IM = 1015

and 1016 Wcm−2, while at IM = 1017 Wcm−2, which con-
stitutes a border case, ξ increases by 40–50%. The depen-
dence of the long-time outer ionization level on the laser
pulse length at fixed values of n and of IM (Fig. 4) is at-
tributed to the dependence of the expansion parameter ξ
on τ . We expect that ξ will increase with increasing the
pulse length, whereupon noi will increase with increas-
ing τ .

The nL
oi simulation results used for the exploration of

the electrostatic model, equations (8) and (10), involved
the following:

(i) for τ = 25 fs, n = 55–2171 at IM = 1015–
1016 Wcm−2 and n = 1061, 2171 at IM =
1017 Wcm−2;

(ii) for τ = 50 fs, n = 55–2171 at IM = 1015 Wcm−2;
(iii) for τ = 100 fs, n = 55–2171 at IM = 1015 Wcm−2

and n = 2171 at IM = 1016 Wcm−2;
(iv) for τ = 10 fs scarce data for n = 1061 and 2171 at

IM = 1015 Wcm−2 were used.

In Figure 5 we present the linear dependence of nL
oi vs.

I
1/2
M /R0, according to equations (8) and (10), for the ex-

tensive data set (i) at τ = 25 fs (Fig. 5a), which gives
γ1/2ξ = 2.16 and for the data set (iii) at τ = 100 fs
(Fig. 5b), which gives γ1/2ξ = 3.35. The data set (ii)
at τ = 50 fs (not shown) also obeys well the linear nL

oi

vs. I
1/2
M /R0 dependence resulting in γ1/2ξ = 2.42, and

the data set (iv) at τ = 100 fs resulted in the estimate
γ1/2ξ = 1.59.

The central prediction of the CBSI model, which is
confirmed by the simulation data, is the linear dependence
of nL

oi on I
1/2
M /R0 (Figs. 5a and 5b). The foregoing anal-

ysis led to the cluster parameters γ1/2ξ, which are deter-
mined by cluster expansions γ1/2ξ = 1.59, 2.16, 2.42 and
3.35 at τ = 10 fs, 25 fs, 50 fs and 100 fs, respectively.
These parameters are independent of the initial cluster
size (R0) and laser intensity (IM ) in the region where the
persistent nanoplasma prevails, which marks the validity
domain of the electrostatic model, equations (8) and (10).
Assuming that the correction parameter γ is weakly de-
pendent on the pulse parameters and cluster size (an as-
sumption justified by independent simulations of CE), this
list of γ1/2ξ values provides the relative values of ξ at dif-
ferent pulse lengths. From the ion distribution data at
the peak of the laser pulse (t = 0) presented in our pre-
vious work [11], we estimated the cluster expansion pa-
rameter ξ = R(t = 0)/R0 = 1.01–1.10 at τ = 25 fs
(IM = 1015 Wcm−2 and 1016 Wcm−2), so that at t = 0
the effects of CE set in for τ < 25 fs, while for longer pulses
(τ = 100 fs) marked effects of CE are exhibited. The ratio
of the cluster expansion parameters ξ(τ = 100 fs)/ξ(25 fs)
at IM = 1015 Wcm−2 is 1.36 for Xe2171 and 1.42 for
Xe1061, as inferred from MD simulations of CE (at t = 0).
This is in reasonable agreement with the ratio of 1.55 ob-
tained herein from the τ dependence of the γ1/2ξ data for
outer ionization.

The dependence of the compound parameter γ1/2ξ on
τ can approximately be fit by the power law

γ1/2ξ(τ) = ξ0τ
α (11)

with α = 0.32 ± 0.03 and ξ0 = (0.75 ± 0.03)−α, while τ
is given in fs. From equations (8), (10) and (11) we infer
that the dependence of the outer ionization level on the
cluster size and laser parameters (IM and τ) can be recast
in the form

nL
oi = 1.06 × 10−7τ0.64I

1/2
M /R0 (12)

where R0 is given in Å, IM in Wcm−2 and τ in fs. It is
gratifying that the relation between the outer ionization
levels and the expansion parameter ξ, equation (4a), which
incorporates the dependence of the pulse width according
to equation (12), provides independent information on nu-
clear CE dynamics.

4 The border radius for outer ionization

The level of outer ionization of a cluster of radius R0 can
be specified by the cluster border radius [19,20,22] R

(I)
0

at the intensity IM . Complete cluster outer ionization pre-
vails for R0 < R

(I)
0 , while for R0 > R

(I)
0 a persistent (posi-

tively charged) nanoplasma exists within the cluster after
the termination of the laser pulse. R

(I)
0 constitutes the

initial cluster radius prior to expansion driven by CE. We
shall use the electrostatic model of Section 3 to provide
an expression for R

(I)
0 for Xen clusters, which will be con-

fronted with simulation results of electron dynamics.
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Fig. 5. A test of the electrostatic model for
outer ionization, which predicts a linear de-

pendence of nL
oi vs. I

1/2
M /R0 over broad clus-

ter size ranges and laser intensities at constant
τ , when the persistent nanoplasma prevails in
Xen clusters. (a) τ = 25 fs, n = 55–2171 at
IM = 1015–1016 Wcm−2 and n = 1061, 2171
at IM = 1017 Wcm−2. (b) τ = 100 fs, n = 55–
2171 at IM = 1015 Wcm−2 and n = 2171 at
IM = 1016 Wcm−2.

The condition for complete outer ionization was ob-
tained from the electrostatic model, equations (6) and (7).
The characteristic maximal cluster radius R

(I)
0 for the at-

tainment of the conditions nL
p = 0 and nL

oi = nL
ii = qav

(where qav is the average charge of Xeq+) is given by

R
(I)
0 = FMγξ2

/(
4π

√
2

3

)
B̄ρAqav. (13)

Utilizing equations (6), (10) and (13) results in

R
(I)
0 = AI

1/2
M /qav (14)

which can be recast in the form

R
(I)
0 = 1.9 × 10−7γξ2I

1/2
M /qav (15)

IM is again given in Wcm−2, R0 in Å, and R
(I)
0 in Å. The

average charge, qav, in equation (14) incorporates the role
of the intensity and cluster size dependence of the inner
ionization level. We have used equations (14) and (15) for
the estimates of R

(I)
0 in the intensity domain IM = 1015–

1020 Wcm−2 and τ = 25 fs, where γ1/2ξ = 2.16 (Sect. 3).
The values of the average charges qav were taken from our
previous work [11] for the appropriate values of IM and for
the cluster radius R0 = R

(I)
0 . The dependence of R

(I)
0 on

IM (at τ = 25 fs) for Xen clusters is portrayed in Figure 6.
Due to the marked increase of qav with increasing IM , the
increase of R

(I)
0 with increasing I

1/2
M is much weaker than

the R
(I)
0 ∝ I

1/2
M dependence, which is exhibited for (D2)n

homonuclear clusters [19] and for (CD4)n clusters [20],
reflecting some unique features of multiple ionization of
heavy Xen clusters.

The results of the electrostatic model agree well with
simulation results for outer ionization electron dynamics.
The boundary radius R

(I)
0 can be inferred from the cluster

Fig. 6. The laser intensity dependence of the cluster border

radius R
(I)
0 for complete cluster outer ionization and vertical

ionization. The results of the electrostatic model (◦), equa-
tion (14), are in agreement with the simulation results for
complete outer ionization (�) (see text). The n = n(I) size of

Xen clusters, corresponding to the border radius R
(I)
0 , is also

marked on the figure. Data of the electrostatic model are given
for the intensity range IM = 1015–1020 Wcm−2 (τ = 25 fs),
while the simulation data are given for IM = 1016–1018 Wcm−2

(τ = 25 fs).

size for complete outer ionization at a given laser intensity.
R

(I)
0 for Xen clusters was obtained from simulation results

for the attainment of the complete outer ionization level.
In our simulations complete (taken as 95%) outer ioniza-
tion was defined [19,20] by noi(t = 0) = 0.95 nii(t = 0)
(taken at the peak of the Gaussian pulse at t = 0). The
simulation results for R

(I)
0 at IM = 1016–1018 Wcm−2

(τ = 25 fs) presented in Figure 6 are in satisfactory agree-
ment (within 20%) with the predictions of the electrostatic
model (Fig. 6). It is instructive to address the depen-
dence of R

(I)
0 on the pulse length τ . Using equations (10)
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and (11), together with equation (14), for the dependence
of the expansion parameters ξ and τ , we obtain

R
(I)
0 = 1.06 × 10−7τ0.64I

1/2
M /qav (16)

for the boundary radius, where R0 is given in Å, τ in
fs, and IM in Wcm−2. The near linear dependence of
R

(I)
0 on τ2α with 2α = 0.64 ± 0.06 for Xen clusters, ac-

cording to equation (16), is identical with the value of
2α = 0.62 inferred for (D2)n clusters [22]. The bound-
ary radius, equation (16), marks the cluster size domain
(specified in terms of the cluster initial radius R0) for the
existence of a persistent nanoplasma, which exists when
R0 > R

(I)
0 . The boundary radius R

(I)
0 , which emerges from

the analysis of outer ionization electron dynamics, also
specifies the upper limit of the cluster size for the appli-
cability of the cluster vertical ionization (CVI) condition
for nuclear CE dynamics [19,20,23], establishing the in-
terrelationship between electron and nuclear dynamics in
cluster-ultraintense laser interactions.

5 Discussion

We explored cluster-ultraintense laser interactions that
drive electron dynamics of the nanoplasma in Xen (n =
55–2171) clusters. Of considerable interest is the produc-
tion of a persistent nanoplasma in Xen clusters at lower
intensities of IM = 1015–1016 Wcm−2 and larger clus-
ter sizes (n = 459–2171), and a transient nanoplasma
at higher laser intensities and smaller cluster sizes. It is
instructive to attempt to establish contact between the
microscopic nanoplasma model used herein and a macro-
scopic ‘plasma model’ for the nanoplasma response and
outer ionization [8,9,14] that considers the enhancement
of light absorption by resonance effects. The frequency
of the linear oscillations for a thermally equilibrated and
uniform nanoplasma is [7,8,14,15] ωp = (4πe2ρe/3me)1/2.
The maximal (nearly intensity independent) electron den-
sity in the nanoplasma is ρmax

e = 0.08–0.09 Å−3 (at IM =
1015–1019 Wcm−2, τ = 25 fs), which is realized for the
persistent nanoplasma (IM = 1015–1016 Wcm−2) prior
to cluster CE, and for the transient nanoplasma (IM >
1017 Wcm−2) prior to its depletion. The nanoplasma en-
ergy is �ωp = 6.1–6.4 eV. This value of �ωp is considerably
larger than the photon energy of 1.44 eV. Our simula-
tion results for the persistent nanoplasma at IM = 1015–
1016 Wcm−2 over the time scale of t − ts = 100 fs
manifest the decrease of ρe due to CE. The time depen-
dence of noi(t) and np(t) in this intensity domain (with
τ = 25–100 fs) is smooth and does not reveal any steep
temporal increase of the ionization level or the electron
energy, which could be interpreted as resonance genera-
tion of nanoplasma oscillations, precluding the possibility
of such excitations. The role of the macroscopic ‘plasma
model’ [7,8,14,15] is not borne out by our simulations.

The gross features of the outer ionization process were
adequately described by the electrostatic CBSI model [10],
which predicts the linear dependence of nL

oi vs. I
1/2
M /R0,

being in good agreement with simulation results, and be-
ing determined by the relative values of the cluster ex-
pansion parameter ξ and its pulse length dependence. In
spite of this success of the electrostatic model, the com-
plete description of outer ionization in terms of quasires-
onance nonlinear effects in nanoplasma-laser interactions
is still lacking. Some recent numerical simulations [10,24]
and recently proposed macroscopic mechanisms involving
surface absorption [25] pertain to this issue. Returning
to the CBSI model, we have further pursued the electro-
static model for the estimates of the laser intensity and
pulse width dependence of the cluster border radius R

(I)
0

for the completion of outer ionization, which is in rea-
sonable agreement with simulation results for outer ion-
ization and electron dynamics. The border radius R

(I)
0 is

central in the characterization of the nuclear dynamics
and energetics of CE [19,20,23]. In the cluster size do-
main and in the laser intensity range where R0 � R

(I)
0 ,

the cluster vertical ionization (CVI) model is applicable,
with the energetics (e.g., the average ion energy Eav) of
CE being characterized by the cluster size scaling equa-
tion Eav ∝ q2

avR2
0, which is explicitly independent of IM

and of other laser parameters [10,19,20,22,23]. The anal-
ysis of the energetics of CE of extremely charged ions from
Xen clusters [26] leads to independent estimates of R

(I)
0

at IM = 1016 Wcm−2 and at IM = 1017 Wcm−2, which
is in good agreement with the corresponding R

(I)
0 data

from the electron dynamics (Fig. 6) presented herein. The
border radius R

(I)
0 constitutes a bridge between electron

(outer ionization) dynamics and nuclear (CE) dynamics
in elemental and molecular clusters.

Another general characteristic of the dynamics of the
nanoplasma, which is generated by near-infrared laser-
cluster interaction, pertains to the strength of the charge
hopping [27–31]. The electron-electron coupling Γee and
the electron-ion coupling Γei are given by [30,31]

Γee = e2/reeε (17)

and
Γei = qavΓ

3/2

ee . (18)

Here ree = 2r0/q
1/3

av is the interelectron separation, where
r0 = 2.16 Å is the Xe constituent radius, qav is the
average ionization level of each Xe atom [11], and ε
is the nanoplasma single electron average energy [11].
The parameter Γei, which represents the ratio of the ion
charge to the electron charge within the Debye length,
determines the length over which charge fluctuations are
screened by nanoplasma electrons [29–31]. A weakly cou-
pled nanoplasma is characterized by Γee � 0.1 and Γei < 1
[29–31]. In a weakly coupled electron-ion nanoplasma fluc-
tuations resulting from the discrete nature of the charges,
which give rise to collisions and Coulomb correlations,
are kept at a low level through Debye shielding. For the
persistent nanoplasma in Xe2171 clusters driven by a near-
infrared laser field, our simulations result in the follow-
ing estimates of the coupling parameters in the inten-
sity range and cluster size domain where the persistent
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nanoplasma prevails: for IM = 1015 Wcm−2 (ε = 53 eV,
ree = 2.52 Å, qav = 5), Γee = 0.11 and Γei = 0.18.
For IM = 1016 Wcm−2 (ε = 147 eV, ree = 2.16 Å,
qav = 8), Γee = 0.045 and Γei = 0.07, while for IM =
1017 Wcm−2 (ε = 933 eV, ree = 1.75 Å, qav = 15) Γee =
8.8× 10−3 and Γei = 0.012. The electron-electron and the
electron-ion coupling parameters are lower than 0.2. Ac-
cordingly, the nanoplasma driven by near-infrared laser-
elemental cluster interactions corresponds to the weak
coupling limit, where ion-electron correlation and multi
electron-ion collision effects are minor. The weakly cou-
pled nanoplasma is realized at a low density limit, and
at a high effective temperature. This situation is distinct
from vacuum-ultraviolet-cluster interactions [32], where
a strongly-coupled, electron-ion nanoplasma is produced,
and many-body (multi electron-ion) collisions are impor-
tant [31]. The main new results of this work pertain to the
response of the nanoplasma in an elemental cluster driven
by near-infrared laser fields. The computational results are
amenable to description by electrostatic models for the ef-
fects of the cluster size, the laser intensity and the laser
pulse length dependence of the nanoplasma depletion level
and of the border radius for complete outer ionization.
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