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We present a modified nanoplasma model to describe the interaction of intense laser pulses with rare-gas
clusters of nanometric size. Compared to previous models, the model relies on a better description of the
collisional processes and allows one to obtain highly charged ion populations and associated x-ray spectra in
accordance with experimental findings. We further study the x-ray emission dependence on pulse duration and
cluster size and show that these parameters can be optimized to maximize He � production.
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I. INTRODUCTION

The irradiation of rare-gas clusters by short and intense
laser pulses has received a great deal of attention over the
past years since experimental findings revealed the peculiar
behavior of these targets in the context of laser-matter inter-
action �1�. Clusters present advantages of both gaseous me-
dia and solid targets—i.e., propagation through a large inter-
action volume and high-energy absorption rates �2�,
respectively. Experiments have shown that the laser-cluster
interaction yields strong �multi-keV� x rays �3�, high-order
harmonics �4�, and very energetic particles �5�. Among these
emission processes, we specifically focus on x-ray produc-
tion. Since targets can be continuously renewed �for ex-
ample, from the condensation of a high-pressure gas jet ex-
panding through a nozzle �6�� and since no debris is
generated �7�, the laser-cluster interaction can indeed be
thought as an appealing alternative for high-repetition-rate
and compact x-ray sources. We further focus on the influence
of the laser pulse duration and the cluster size since experi-
ments have shown that the x-ray yield can be enhanced by
varying these parameters �8,9�.

Several models, based on a fluid description �10�, particle-
in-cell approach �11,12�, or molecular dynamics methods
�13–16�, have been so far proposed to understand the mecha-
nisms that tailor the laser-cluster interaction, but only a few
of them provide detailed information on x-ray emission.
Quantitative predictions for x-ray production have been re-
cently obtained using classical transport simulations �17�.
The authors identified elastic backscattering of electrons in
phase with the oscillating laser field as an efficient heating
mechanism, which induces inner-shell processes, resulting in
x-ray emission ��3 keV� from highly charged argon ions.
Sherrill et al. �18� used a coupled electron kinetic and
collisional-radiative model to obtain a high-resolution x-ray
spectrum. Their simulations describe the dynamics of a non-
steady state Ar8+ plasma after the end of the laser pulse. A
near-solid density confined during 5.7 ps is found to be nec-
essary to reproduce the experimental spectrum associated
with high ionization states.

In this study, we employ the nanoplasma model of Dit-
mire et al. �10� to predict the x-ray production and optimize
the emission as a function of laser pulse duration and cluster
size. This model is particularly suitable for a description of
large clusters �with N�106, N being the number of atoms in

the cluster�, which have been shown to favor x-ray emission
�9�. The nanoplasma model, which treats the cluster as a
dielectric sphere irradiated by the quasistatic laser field, pro-
vides a time-dependent picture of the dynamics that other
simulations basically corroborate. Moreover, it is convenient
for repetitive use because of its simplicity which relies on
three main assumptions: �i� the laser field is described within
the dipolar approximation, �ii� the electronic and ionic den-
sities are supposed to be uniformly distributed within the
cluster throughout the interaction, and �iii� the electrons are
assumed to be instantaneously thermalized so that their en-
ergy distribution is Maxwellian. Assumption �i� is valid as
long as ��R0, where � and R0 are the laser wavelength and
the initial cluster radius, respectively, and the highly colli-
sional nature of the near-solid density nanoplasma dynamics
supports assumptions �ii� and �iii�. From a practical point of
view, the nanoplasma model reduces to a set of differential
coupled equations �19� describing the time evolution of the
electronic density ne inside the cluster, which vary due to
ionization processes and free streaming, of the populations of
the different charge states that evolve through field and col-
lisional ionization, of the net cluster charge, which increases
due to free streaming, of the cluster radius, subject to Cou-
lombian and hydrodynamic pressures, and of the electronic
temperature Te, which results from balancing between energy
gains and losses within the cluster volume. In a previous
contribution �20�, we have, however, shown that the original
nanoplasma model cannot reproduce the observed high ion-
ization states and associated x-ray spectra. We have traced
back the roots of this failure to an incomplete description of
the collisional processes. In Sec. II, we detail the ameliora-
tions that have been implemented to improve the description
of the nanoplasma dynamics and accordingly provide consis-
tent pictures of the x-ray emission and related spectra. Com-
parisons of simulations with experimental results as well as
optimization of the x-ray yield are presented in Sec. III, and
conclusions are drawn in Sec. IV.

II. IMPROVEMENTS

A. Electron-ion collision frequency

First, the electron-ion collision frequency is no longer de-
scribed in terms of the standard Coulomb formulas of Silin
�21�, which are inaccurate at high densities. We rather draw
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from recent works on the heating rate �U /�t in laser-induced
plasmas and relate this one to the frequency �ei, averaged
over one laser cycle �22�:

�U

�t
=

4

3
�eiUP, �1�

where UP=e2E2�t� /4me�
2 is the ponderomotive energy and

E�t� and � are the electric field inside the cluster and the
laser frequency, respectively. In practice, we use the heating
rate of David et al. �23�, derived from molecular dynamics
calculations, in the high-temperature region ���kBTe, and
employ the expression of Polishchuk and Meyer-Ter-Vehn
�24� whenever ���kBTe. Both expressions suitably coalesce
in the ���kBTe transition regime. Moreover, we follow
Megi et al. �19� who prescribe to introduce an additional
damping term, corresponding to electron-surface collisions,
to avoid unphysical enhancement of the internal field around
the plasmon resonance condition, which occurs when ne
=3nc, where nc is the critical density. The electron-ion colli-
sion frequency finally reads

�ei =
8e4�Z�2

me
2�4	
0�2

��ni�
ve

3 ln �1 +
ve

R
, �2�

where ve= �vth
2 +vosc

2 �1/2 is the electronic velocity, vth and vosc
are the thermal and cycle-averaged oscillation velocities, re-
spectively, �Z� is the mean charge state, and R is the cluster
radius. The expression of ln �1 varies according to the
plasma conditions. We have

ln �1 = ln�C1� + C2�2 + C3�3 + exp	1

3

	/2��

ln�exp�1� +
kBTe

��
� �3�

when ���kBTe, where �=mevosc
2 /kBTe, and the constants Ci

are given in Table I. When ���kBTe, we get

ln �1 =
1

4
�ln

mevosc
2

��
�2

. �4�

The function ��ni� represents the dependence of the heating
rate on the ionic density ni. We use ��ni�=ni for ���kBTe
whereas David et al. replace the linear response by a term of
the form

��ni� = C4ni	1 −
ni

C5
� �5�

to fit their molecular dynamics data. The coefficients C4,5 are
given in Table I. This expression is, however, limited to mod-
erate densities since ��ni� becomes negative when ni�2.21
1021 cm−3. As the laser-cluster interaction produces near-

solid density plasmas, we extrapolate Eq. �5� to higher den-
sities:

��ni� = C6 ln�ni� − C7. �6�

Expression �5� is used for ni�61020 cm−3, whereas Eq.
�6� is used for higher densities. Both expressions overlap in
the intermediate density region.

It has to be noted that expression �2� circumvents the use
of the standard Coulomb logarithm, which is negative at the
beginning of the interaction—i.e., when the temperature is
low and the density is high �10�.

B. Unique electron-impact ionization rate

Second, we do not proceed to an artificial discrimination
between the so-called thermal and laser collisional ionization
rates, as proposed by Ditmire et al. We explicitly consider
the electron velocity decomposition ve=vth+vosc�t�, where
vth and vosc�t�=eE�t�cos��t� /me� are the thermal and in-
stantaneous oscillation components, to calculate a unique,
and univocally defined, collisional rate as follows: For a
given electron temperature Te, we define the normal distribu-
tions associated with the three Cartesian components vthi

�i
=x ,y ,z� of the thermal velocity in terms of discretized dis-
tributions of N independent particles with �25�

�vthi
�n = vth�− 2 ln Un�1/2 cos�2	Un+1� ,

�vthi
�n+1 = vth�− 2 ln Un�1/2 sin�2	Un+1� , �7�

where n� �1,N−1� and Un are random numbers distributed
within �0,1�. The total velocity of the nth particle then reads,
in the case of a laser field linearly polarized along the ẑ axis,

�ve�n = �vex
�n

2 + �vey
�n

2 + ��vez
�n + vosc�t��2�1/2, �8�

where the �t phase of vosc�t� is randomly chosen in �0,2	�
according to the quasistatic hypothesis underlying cycle-
averaged rates. The unique collisional rate is then defined as

Wtot = ne���ve�ve�ve
=

ne

N�
n=1

N

�„�ve�n…�ve�n, �9�

where �¯�v stands for average over the Maxwellian electron
distribution and ��v� corresponds to the ionization cross sec-
tion for an impinging electron with velocity v. In practice,
we take N=10 000 to accurately fulfill the uniformity of the
statistical distributions with respect to all random numbers.

C. Excitation and high-order ionization processes

Third, we include indirect ionization processes. In the
original model, high ionic charge states are reached through

TABLE I. Values of the coefficients Ci used in expressions �3�, �5�, and �6�. Note that the parameters C5,
C6, and C7 are valid for an ionic density expressed in cm−3.

C1 C2 C3 C4 C5 C6 C7

1.042 −0.233 0.139 1.089 2.211021 2.781020 1.281022
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successive ionization between ground states, Xq++e−

→X�q+1�++2e−. No allowance is made for indirect pathways
involving excited states such as Xq++e−→Xq+�+e−→¯

→X�q+1�++2e−. This is the main reason for the failure of the
nanoplasma description to yield high enough charge states
insomuch as excitation and ionization collisional rates are of
the same order of magnitude. Therefore, we include the high-
order ionization processes, but only transitions involving va-
lence electrons are first considered. Thus, neither multiple
ionization nor inner-shell processes are taken into account in
the ionization dynamics. The former ones are negligible with
respect to single ionization, and the latter ones can reason-
ably be ignored in a first step since the gradually increasing
the nanoplasma temperature supports the successive strip-
ping of ions as the main mechanism responsible for the for-
mation of high charged states.

The calculation of both excitation and ionization rates re-
quires the corresponding total cross sections. We work in the
single-active electron �SAE� approximation where the inter-
action of the active �valence� electron with the frozen ion
core is described within a model potential approach �26�. The
model potential parameters are varied until the eigenvalues
of the effective Hamiltonian coincide with the �close-
coupling R-matrix� reference data of Seaton �27� and Ber-
rington et al. �28�, tabulated for the Opacity Project �29�,
within less than 1%. To further gauge the adequacy of the
model potential description, in terms of the accuracy of the
approximate wave functions, we have computed the general-
ized oscillator strengths �30� associated with the optically
allowed excitation transitions. Comparison with the refer-
ence data �29� is again very satisfactory, as deviations do not
exceed a few percent. The empirical formula of Lotz �31� is
used for ionization while the excitation cross sections have
been computed in the frameworks of distorted-wave Born
�DWBA� and plane-wave-Born �PWBA� approximations.
The corresponding rates are then calculated following the
procedure described in the previous subsection �Eq. �9��.

In nanoplasma simulations, the excitation rates

Wq
nlm→n�l�m� are involved in the temporal dependence of the

population Nq,nlm of the excited �n , l ,m� state of Xq+ accord-
ing to

�Nq,nlm�t�
�t

= �
n�l�m�,n��n

Wq
n�l�m�→nlmNq,n�l�m��t�

− �
n�l�m�,n��n

Wq
nlm→n�l�m�Nq,nlm�t�

− Wq
nlm→�Nq,nlm�t� , �10�

where Wq
n�l�m�→nlmNq,n�l�m� accounts for excitation from

lower �n��n� states and −Wq
nlm→n�l�m�Nq,nlm and

−Wq
nlm→�Nq,nlm describe population losses because of excita-

tion to higher �n��n� states and ionization, respectively. It is
obvious that inclusion of a huge number of �n , l ,m�-resolved
excited states is, from the computational point of view, pro-
hibitive as it would correspond to a huge set of coupled
differential equations. A practical solution, which is com-
monly used in collisional-radiative modeling of plasmas

�32�, consists in assuming that the relative populations of
states of a given level are close to statistical. We can accord-
ingly carry out a �n , l�-bundling procedure that aggregates
the �n , l ,m� states into a �nl�-bundled level, whose energy
coincides with that of the underlying �n , l ,m� states as we do
not account for fine structure. �nl�-bundled rates are thus
simply defined by

Wq
nl→�n�l�,�� =

1

2l + 1 �
m,m�

Wq
nlm→�n�l�m�,��. �11�

We can further reduce the number of coupled equations by
assuming a statistical distribution within n levels, yielding
the n-bundled energies and rates

En =
1

n2�
l

�2l + 1�Enl,

Wq
n→�n�,�� =

1

n2�
l,l�

�2l + 1�Wq
nl→�n�l�,��, �12�

where Enl corresponds to the electronic energy of the �n , l ,m�
states. In practice, we always first proceed to n bundling;
more excited n levels are introduced until the convergence of
the main populations is reached. Segregation of n-bundled
levels into �n , l�- or �n , l ,m�-resolved states can later be op-
erated. The excitation processes consistently lead to a de-
crease of free electron temperature; within a n-bundled ap-
proach, the �kBTe /�t associated term reads

�
q

�
n,n��n

�En� − En�Wq
n→n�Nq,n. �13�

Finally, it is worth noting that the dynamics of inner-shell
electrons can be similarly described. We shall detail in the
next section how we include the dynamics of the 1s electrons
that monitor the K � emission.

III. RESULTS

A. Ionization dynamics

Including these improvements, we have performed nano-
plasma simulations for an argon cluster irradiated by a
Ti:sapphire laser pulse. The initial radius of the cluster is
R0=350 Å �N=4.74106 atoms�, the laser energy is 3 mJ,
and the pulse duration �full width at half maximum
�FWHM�� is 500 fs, corresponding to a peak intensity of I0
=1.61016 W /cm2. We present in Fig. 1�a� the temporal
evolution of the populations Nq of the charge states Arq+

�including both ground and excited states�, normalized to the
initial number N of atoms. t=0 corresponds to the time
where the Gaussian laser field reaches its maximum value.
To obtain a converged description of ionization, it has been
necessary to include the n=4 bundled level for q=1, the n
=4,5 ones for q=2, n=4–6 for 3�q�7, n=3–6 for 8
�q�11, and 6 excited n levels for q�12. This corresponds
to 1840 �n , l ,m�-resolved states. In previous calculations per-
formed under similar laser and cluster conditions, we have
shown that the original nanoplasma model leads to Arq+-ion
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charge states with q�13, whereas experimental results indi-
cate x-ray emission from highly charged ions with q�16
�20�. The striking feature of Fig. 1 is the production of highly
populated Arq+ charge states up to q=16. We can further
underline the impact of the model’s improvements previ-
ously detailed by evaluating the mean charge state �q� at the
end of the laser-cluster interaction. In Fig. 1, �q�=14.7
whereas the original model leads to �q�=10.9 only.

To depict the dynamics of the laser-cluster interaction, we
show in Fig. 1�b� the temporal evolution of the internal and
laser electric fields. At t=−800 fs, the inner field Eint�t�
�which is almost equal to the laser field since the electronic
density ne is very low� becomes large enough to induce tun-
neling ionization of the Ar atoms. The electronic density ac-
cordingly increases and rapidly reaches the particular value
ne=3nc=5.21021 cm−3, where nc is the critical density and
3nc corresponds to the plasmon resonance where the internal
field is strongly enhanced. The first Arq+ charge states are
thus almost instantaneously ionized up to q=4 until ne be-
comes larger than 3nc at t=−670 fs. The internal electric
field is then strongly shielded with respect to the laser one

and becomes too low to further populate higher charge states.
Nevertheless, as the electrons mainly gain energy through
inverse bremsstrahlung �IB�, the electronic temperature Te
roughly follows the evolution of the inner field. The progres-
sive increase of Te thus induces direct or indirect �i.e.,
through intermediate excited states� electron-impact ioniza-
tion that leads to higher ionized states. In the meanwhile,
electrons with enough energy can leave the cluster. The Cou-
lombian pressure induced by this loss of plasma neutrality
combined with the Te-mediated hydrodynamic pressure in-
duces the expansion of the nanoplasma. ne accordingly de-
creases until it approaches the ne=3nc resonance condition at
t=142 fs. The enhancement of the inner field then leads to a
very efficient absorption of the laser energy, resulting in a
high-temperature �several keV� electron bath, which pro-
duces the highest charge states up to q=16. However, the
important free streaming that arises from the growing tem-
perature and the associated sudden increase of the Coulom-
bian pressure end at time t=140 fs in the final explosion of
the cluster.

B. X-ray spectrum

We now turn to the ability of our model to yield the the-
oretical counterparts to the time-integrated x-ray spectra ob-
tained in laser-cluster experiments �see, e.g., �9,20��. Experi-
ments indicate that energetic x rays ��3 keV� arise from
K � transitions. As our calculations explicitly include the
1s→2p excitation process in Ar16+, little effort is required to
evaluate the He � emission. We segregate the n=2 bundled
level into 2p and 2s states, and compute the Einstein spon-
taneous decay rate A16

2p→1s in the context of the model poten-
tial approach. The other K � lines are related to inner-shell
1s vacancies and subsequent 2p→1s radiative deexcitation.
To describe them, we introduce in our set of coupled equa-
tions an additional excited state for each of the Arq+ ions
with 9�q�15, representing an excited electron on the
2p-shell and associated 1s-shell vacancies. We consider that
these levels are populated from the ground states through
collisional excitation and decay either radiatively or through
Auger relaxation according to

�Nq,2p�t�
�t

= Wq
1s→2pNq,1s�t� − Aq

2p→1sNq,2p�t�

− Wq
Auger,2pNq,2p�t� . �14�

Nq,1s and Nq,2p, respectively, stand for the populations of the
ground and 1s2p excited states of an Arq+ ion, Wq

1s→2p is the
collisional excitation rate, and Aq

2p→1s and Wq
Auger,2p are the

Einstein spontaneous and Auger decay rates. Rather than in-
troducing additional model potentials to determine those
rates, we have used the recommended data of the Interna-
tional Atomic Energy Agency �33�. By integrating over time
the radiative decays, we then evaluate the number of K �
photons emitted for each ion:
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FIG. 1. �Color online� Temporal evolution of �a� the populations
of Arq+ normalized to the initial number of atoms and �b� internal
and laser electric field amplitudes, obtained by means of the modi-
fied nanoplasma model for an argon cluster �R0=350 Å� irradiated
by a Ti:sapphire laser ��=500 fs, I0=1.61016 W /cm2,
E=3 mJ�.
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NK �
�q� = �

−�

+�

dt Aq
2p→1sNq,2p�t� . �15�

Figure 2 shows the experimental x-ray spectrum obtained
with the same parameters as in Fig. 1 and the number of K �
photons theoretically obtained for each ion. It has to be noted
that the triplet Ar16+ excited state is not included in our cal-
culations so that we cannot retrieve the intercombination line
at 3.125 keV. The results obtained, normalized to the Ar15+

line, indicate that our model correctly reproduces the experi-
mental spectrum, as the K � emission increases with the ion
charge. It is interesting to note that, even though there are
more Ar15+ than Ar16+ ions �see Fig. 1�, the He � line is
brighter than the Li � one. This is due to higher collisional
excitation and radiative decay rates.

C. Influence of the laser pulse duration

Dorchies et al. have reported measurements of the x-ray
signal in the He � line �3.14 keV� as a function of the pulse
duration � for a fixed energy of 3 mJ �20�. Their results are
shown in Fig. 3, which also includes the theoretical time-
integrated He � signal obtained by means of our model ac-
cording to Eq. �15�. The theoretical results have been aver-
aged over Gaussian cluster size and intensity spatial
distributions in order to mimic the experimental uncertainty

R0= �350�38� Å �20� and to account for the location of the
cluster within the focal volume. The modified nanoplasma
model reproduces the behavior of the experimental results
with the advent of an optimum laser pulse duration for the
He � signal. Although the theoretical optimum is slightly
shorter than the experimental one, the overall agreement is
yet satisfactory, and this justifies our confidence in the reli-
ability or our description of both heating and ionization dy-
namics.

To understand the occurrence of an optimum pulse dura-
tion, we compare in Fig. 4, for R0=350 Å and a fixed energy
of 3 mJ, the temporal evolution of the laser and inner fields
for �=200 and 1000 fs. t=0 has been set by reference to the
time where Elas=1010 V /m for convenience of comparison.
The advent of the optimum pulse duration results from the
interplay of ionization and �resonant� efficient heating. As
the laser energy is fixed, the shorter the pulse duration, the
prompter are the increase and decrease of the laser field am-
plitudes. For a 200-fs pulse �Fig. 4�a��, the quicker rising
field leads to faster ionization dynamics. Nevertheless, short
pulse durations impede enhanced electron heating since the
ne=3nc resonant absorption condition occurs as the laser
field has decreased to a small value. So short pulse durations
allow a sizable production of highly charged ions up to
Ar16+, but the low electron temperature ��500 eV� clamps
the excitation of these ions and accordingly prevents strong
x-ray emission. Reversely, longer pulse durations �Fig. 4�b��
severely slow down ionization and accordingly yield a tiny

0 400 800 1200 1600 2000
FWHM laser pulse duration (fs)

0

0.2

0.4

0.6

0.8

1

X
-r

ay
si

gn
al

in
H

eα
(a

rb
.u

ni
ts

)

FIG. 3. �Color online� Intensity of He � emission as a function
of FWHM pulse duration for an argon cluster with mean radius
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Ar16+ population at the moment where efficient electron heat-
ing takes place.

D. Influence of cluster size

It is further interesting to investigate the dependence of
the x-ray emission on the cluster size. Several experiments
have shown that the x-ray yield increases with the number of
atoms compounding the clusters �9,20,34�. These experi-
ments have, however, been limited to R0�350 Å. Using our
modified nanoplasma model, we have performed calculations
to study the evolution of the number of He � photons emit-
ted as a function of the cluster radius. Our model allows us to
extend the cluster size range to determine optimal conditions
for x-ray emission and guide future experiments. The results
obtained for fixed laser parameters �I0=1.61016 W /cm−2,
�=300 fs, E=3 mJ� are shown in Fig. 5. In agreement with
the experimental results, the x-ray yield increases with the
cluster size as long as R0�400 Å. Further increase of the
initial radius, however, leads to lower emission, indicating an
optimum cluster size. To understand the emergence of this
optimum, one has to consider that the expansion of the clus-
ter is driven by hydrodynamic and Coulombian pressures. As
these pressures, respectively, vary as R−3 and R−4, the smaller
the cluster, the faster it expands. For a given pulse duration,
the ne=3nc resonance condition and, hence, the final explo-
sion are thus more rapidly reached as the cluster size de-

creases. On the one hand, the end of the interaction occurs
too early for a small cluster so that the ionization dynamics is
shortened and the highly charged ion populations are accord-
ingly low. On the other hand, the expansion time of larger
clusters is severely enlarged so that the resonance condition
is reached when the electric field is weak and the correspond-
ing low electron heating impedes strong x-ray emission.

IV. CONCLUDING REMARKS

In conclusion, we have improved the nanoplasma model
with a more complete description of the collisional pro-
cesses. Particular allowance has been made for high-order
ionization processes involving valence electrons to improve
the production of high charge states, and the dynamics of
inner-shell electrons has been partially included to reproduce
the K � x-ray emission. With this model, we have been able
to reproduce the main features of x-ray spectra emitted by Ar
clusters. We have also reproduced the experimental He �
emission dependence on pulse duration and cluster size and
further shown that these parameters can be optimized to
maximize the He � production. Nevertheless, it has to be
noted that our model yields insignificant K � emission for
short pulse durations ���200 fs; see Fig. 3� and/or weak
laser fields �I0�1014 W /cm2�. The IB heating is not effi-
cient enough under such irradiation conditions, and addi-
tional heating mechanisms such as the Fermi shuttle �17� or
locally enhanced electric fields induced by density inhomo-
geneities �11� may then play a decisive role since the begin-
ning of the interaction. The inclusion of such mechanisms in
the nanoplasma description is not easily feasible since they
are not compatible with the assumptions of homogeneous
velocity and density. From a practical point of view, this
inclusion is fortunately unnecessary: in the small � and/or I0
regime, reliable simulations have to be performed in terms of
sophisticated particle-in-cell, molecular dynamics, or classi-
cal transport methods, which intrinsically include both IB
and additional heating mechanisms. For longer and intense
pulses, our nanoplasma model, which self-consistently
couples the nanoplasma dynamics and the collisional-
radiative processes, safely applies because of the leading role
of the IB mechanism. The validity range of our model en-
compasses the optimum irradiation and cluster conditions
leading to maximum K � emission, and the model can be
easily implemented to large rare-gas clusters other than Ar
ones because of its enhanced versatility.
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