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Abstract. We discuss from a theoretical perspective the energetic dynamics of clusters after irradiation
with intense laser pulses in the regime of intensities larger than 10'® W/cm?. To that end, we have
developed a molecular dynamics (MD) model. The valence as well as the core electrons of each atom are
treated as classical Coulomb interacting particles. A minimum of quantum information is embodied by
associating a finite width to each electron which is adjusted to the energies and radii of the related atomic
shells, thus being different for valence and core electrons. The model aims at high excitation but delivers
satisfying physical properties for the initial phase of the process, i.e. it provides a stable cluster ground
state and a reasonable description of optical response. We find that the pattern of electron emission versus
laser intensity are well reproduced in comparison with fully quantum mechanical calculations. Finally, we
produce first applications of the model to violent processes after strong laser irradiation for various medium

large Na, Ar and Xe clusters.

PACS. 36.40.-c Atomic and molecular clusters — 02.70.Ns Molecular dynamics and particle methods

1 Introduction

Cluster dynamics is a very broad field of research covering
so diverse phenomena as, e.g., thermodynamical proper-
ties, structure analysis using optical response, high impact
collision, or the most violent laser excitations with sub-
sequent Coulomb explosion, for an extensive discussion
see [1]. Amongst all these processes, a subfield of its own
with high current interest is the cluster fragmentation in-
duced by high laser fields with intensities at and above
I =10' W/cm?. This is the regime where the laser field
suffices to ionize directly electrons from core states of the
cluster atoms. The enormous forces at work lead to re-
markable reaction products: high-energy electrons in the
keV range [2], highly charged and very energetic ions [3],
fragments [4], X-rays [5,6], and even neutrons from nu-
clear fusion reactions [7]. Most of these phenomena have
been observed in a similar fashion for many different sorts
of clusters, e.g, rare gases or metals and even up to organic
material [8,9].

The theoretical description of these very energetic pro-
cesses is a very demanding task and still in development.
There exist already several different approaches, for recent
reviews see [1,10]. All of them rely on (semi-)classical con-
cepts because a quantum mechanical treatment becomes
extremely expensive and is not really compulsory for these
high excitation states. Most prominent are probably the
models based on the concept of a nano-plasma and its
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various realizations [6,11-13]. A Thomas-Fermi approach
is used in [14]. Dynamics according to the Vlasov equa-
tion is discussed, e.g., in [15]. A few more microscopic
approaches are available, in particular molecular dynam-
ics (MD) approaches [16-18] which provide in this context
an interesting compromise between simplicity and micro-
scopic detail. The calculations reported, e.g., in [18] used
MD for valence electrons and rate equations to describe
the tunneling of core electrons into the valence domain. In
this paper, we carry on along the line of MD models. We
aim at a conceptually simpler MD approach where core
electrons and valence electrons are treated at the same
level as classically Coulomb interacting particles. A mini-
mum of quantum information is brought into the picture
by associating a finite width to each electron. We will out-
line the model in detail, discuss proper calibration as well
as various limiting cases, and provide finally a few first
applications for medium large metal and raregas clusters.

2 The model

We describe a cluster as a set of electrons and ions of
charge qr, both treated as classical particles. Their dy-
namical degrees of freedom are position and momentum
(r;, p;). Each particle i € {1..N} is represented by a
Gaussian of fixed width ;. The interaction between parti-
cles (electrons and/or ions) is simply Coulombic. But be-
cause of the finite extension of the particles the Coulomb
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interaction is here equivalent to a interparticle potential

of the form
erf(?‘/aij )

Vij(r) = Qi "

(1)

with ofj =0’ + 0']2 for particles ¢ and j, Q;; = e? for an
electron-electron interaction, @);; = —qre for an electron-
ion interaction, Q;; = q? for an ion-ion interaction, and
erf(z) = 2 [, exp(—y?)dy/m'/2.

In the initial state a (neutral) cluster is composed of
N atoms each consisting of an ion of a charge q; = +nle|
and n electrons, that is, of ' = (n 4+ 1)N particles in
total. The width o; of the electrons is associated with
that quantum state where they were sitting on initially.
They are adjusted such that the energies of the electrons
roughly match the quantal single particle energies, which,
in turn, also tunes these finite widths to be of the order
of the radius of that state. The finite width o of the ions
accounts for their net extension due to remaining deep
core electrons bound to the actual ion. All ions have the
same 0. Details and examples for the actual choice of the
o; will be given in the next section. Fixing the widths in
this way there are no free parameters in the model.

For the molecular dynamics (MD) calculations, we
solve the classical Hamiltonian equations of motion

dr; Pi

dt N m;

dpi

CZ = - VT‘/ij (I‘) + QiElaser(t) (2)

i

where the potential V;; is given by equation (1), m;,q;
are the mass and charge of particle i (electron or ion),
respectively, and Ej,se.(t) is the applied laser field. The
equations of motion, equations (2), are solved using the
velocity Verlet algorithm [19] and an adaptive timestep
scheme. For the initial state of the cluster the positions
of the ions are sampled stochastically in a sphere with
a radius equal to the cluster radius R. During this sam-
pling attention is paid to equilibrize the mutual distances
between the ions by rejecting configurations with nearby
ions. Finally the electrons are attached to the ions; details
are given in the next section. In order to attain a statis-
tically reasonable description we perform an ensemble of
calculations starting with slightly different initial samples.
Later on, each of these microscopic realizations will also
be called an ‘event’. Note finally that all initial momenta
pi(t = 0) are set equal to zero.

3 Ground state properties

As test cases for the MD model we studied both sodium
and rare gas clusters. Here we focus on three examples,
Naj;, Argo and Xegg clusters. The Naj; cluster serves as
a benchmark because we can compare directly with previ-
ously published calculations performed for moderate laser
intensities by more microscopic approaches (quantal and
semi-classical).

The European Physical Journal D

Table 1. Parameters for rare gas clusters and Na.

Element Energies [eV] Orbit radii [ag] Widths [ao]
€v €c To Te or Oy Oc

Na -5.1 387 - 0.35 1 65 1
€p €s Tp Ts or Op Os

Ar -15.8 -29.3 0.86 0.46 14 1.5 09
Xe -12.5 -23.3 1.09 0.58 1.7 1.8 1.1

For the Naj; cluster 9 electrons per atom, 8 “core”
electrons with o, (sitting in the 2s and 2p shells) and one
“valence” electron with o, (from the 3s shell) are consid-
ered, i.e. N = 40 x 9 + 8 + 41 = 409 particles (41 ions,
40 3s and 328 (2s/2p) electrons) per cluster. Because the
2s and 2p shells are energetically relatively close to each
other we treat these two shells at the same footing by at-
tributing its electrons the same width o.. For the rare gas
clusters Argg and Xegg, 8 electrons per atom are taken
into account, 6 (valence) electrons with o, from the 3p
shell for Ar and from the 5p shell for Xe and 2 (core) elec-
trons with o from the 3s and 5s shell, respectively. Thus
N =80 x 8 + 80 = 720 particles are propagated here per
cluster by the MD treatment.

The widths 0. 5,04, and oy of the core electrons, the
valence electrons and the ion are calibrated with respect to
the shell energies €. s and €, , of an isolated atom [20] and
a final fine-tuning of the global properties of a whole clus-
ter. For Na the core shell energy €. is taken as a weighted
average over the 2s and 2p shells, while for Ar and Xe
the ¢, is given by averaging over the 3p and 5p subshell
energies, respectively. The actually used values are given
in Table 1. The first step of the adjustment of the widths
consists in fitting the shell energies. To that end, the de-
sign values €. s, €yp are assumed to match the total po-
tential energies U.s and U, , of a corresponding single
electron, when all electrons of the atom are just sitting on
top of the ion (r7e = 0). For a Na atom with 9 electrons
(i.e. Qre = —9¢?) we then arrive at

€=U, = ‘/}v(o) + 8‘/(/1}(0)
€=U = ‘/}C(O) + 7‘/:,c(0) + ‘/cv(o)a (3)
where V;;(0) = Q;;2/(m(0? + 0]2-))1/2, i,j =1,v,c, is the
interaction potential (Eq. (1)) evaluated at r = 0.

In the case of the rare gas atoms with 8 electrons
(Qre = —8¢€?) the corresponding expressions are

ep = Up = Vip(0) + 2V}5(0) + 5V} (0)
€s = Us = Vi5(0) +6V5,(0) + Vis(0). (4)
The nonlinear equations (3) or (4) usually allow for in-
finitely many solutions. To proceed towards a definite and
physical result we start the iteration procedure from some
reasonable estimates for the ‘core size’ oy/ag = 1,1.4,1.7
for Na, Ar and xenon, respectively. From the multiple
pairs (o, 0.) solving equations (3) or (4) next a physically
reasonable (e.g. 0y p 2 Oc.s; Oup, Oc,s = 07) one is selected.
For the discussed examples and the given €, ;, €.,s we then
arrive at o./ag = 1,0,/a9 = 6 for Na, os/ag = 0.83,



M. Belkacem et al.: A molecular dynamics description of clusters in strong laser fields

=

S, |
=, |
o M

-40 ‘III”IIIIIIHIIIHIIIII

+
-50 Nay, — Valence e’
200events | Core e’
-60
0 20 40 60 80 100 120

Time [fs]

Fig. 1. Time evolution of ground state properties of a Naj;
cluster sampled from 200 events. Sigmas are o, = 6.5 bohr,
0. = 1 bohr, o; = 1 bohr. Top: radius; middle: number of
electrons inside cluster; bottom: mean potential energies with
standard deviation for valence and core electrons.

op/ap = 1.74 for Ar, and os/ag = 0.94,0,/a0 = 2.1
for Xe.

As the second and final step comes the fine-tuning with
respect to a cluster. To prepare the initial state of the clus-
ter these values are now taken as starting point. After the
stochastic sampling of the ion in a sphere of radius R all
electrons belonging to an atom are distributed on the sur-
face of a sphere of radius r about the ion avoiding again
close distances between these electrons during the sam-
pling process. The radius r is either 7., rs or ry, rp. It is de-
duced as an effective hydrogen-like orbit of an electron in
the field of all other particles of the same atom and a shell
energy e, i.e. r,/ag = —13.6 eV /¢, etc. The corresponding
values are also given in Table 1. The valence electrons in
the Na-cluster are initialized as delocalized electrons by
stochastically distributing them — in the same manner
as the ions — over the whole cluster sphere. To obtain a
good stability of the clusters the widths o, ,, 0. s are fine
tuned by monitoring the temporal evolution in MD runs
for the whole cluster and with all Coulomb interactions,
but in absence of any external perturbation (Ejuser = 0).
The adjusted and finally used o, , and o. s can be found
in Table 1.

3.1 Stability

Examples for the achieved stability of the clusters are pre-
sented in Figures 1-3. Here the averaged total single par-
ticle energies E;, the number of electrons in the cluster N,
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Fig. 2. Same as Figure 1 for an Argy cluster with

op = 1.5 bohr, o5 = 0.9 bohr, ; = 1.4 bohr. Potential energies
now refer to electrons of p and s levels.
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Fig. 3. Same as Figure 2 for a Xegp cluster and o, = 1.8 bohr,
os = 1.1 bohr, o; = 1.7 bohr.

and the ionic cluster radius R; with
511 1 ’
2 Z 2 Z
R 3 FZ - " <E 7 7“1)

have been recorded from such MD runs over a time span
of 120 fs. The above mentioned stochastic sampling leads

(5)
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Fig. 4. Fourier transforms of center of mass for an initial kick
of dp. = 1.5 eV; top: valence electrons; bottom: core electrons.

to surprisingly stable systems. We typically observe only
small variations of the system radius of less than 1% and
no (Ar, Xe) or negligibly small (a fraction of a percent
for Na) electron emission. The single particle energies F;
show fluctuations of a few eV (see the error-bars) but al-
most stationary mean values. As the electrons have not
been initialized directly on top of the ions and due to the
interaction between the particles of different atoms the F;
differ somewhat from their design values €, and e..

3.2 Linear response

As a test of the dynamic ground state properties, we have
evaluated the optical response by recording the dipole mo-
ments after an instantaneous initial excitation by a slight
displacement of the electron cloud with respect to the ionic
background [21]. Both the dipole moment of the valence
electrons and the core electrons have been recorded and
analyzed separately. One observes the expected oscillating
behavior typical of optical response. The related dipole
spectra are shown in Figure 4 for the Naj, cluster. The
dipole spectrum of the valence electrons shows quite ap-
propriately the all dominating Mie surface plasmon reso-
nance. Its frequency lies around 2.5 eV which compares
very well with the experimental value of 2.65 eV [22] and
with the 2.75 eV from calculations [23]. This plasmon fre-
quency can be seen again in the spectrum of the core elec-
trons (lower panel of Fig. 4) which are weakly coupled
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to the collective motion of the valence electrons (mind the
strongly reduced amplitude of the core signal as compared
to the valence one). The second peak in the core signal,
which appears at a much higher frequency of about 42 eV,
is associated with the oscillations of the core electrons in
the minimum of the ionic potential at [r; — r.| = 0. The
stability of the cluster and the acceptable optical response
are already quite satisfying and obviously suffice for the
high excitation domain we aim at studying.

4 Dynamics at laser irradiation
4.1 Electron emission at low intensities

The next step is to consider dynamics in an intermediate
domain, namely above the linear response domain but still
below the high laser intensities at which the systems are
violently blown away. This intermediate energy domain
was already explored in various aspects by means of mi-
croscopic calculations both at a quantal [26] and a semi
classical (VUU) level [25]. It was shown, in particular, that
at sufficiently high laser intensities, electron emission was
dependent on the level of treatment of electron dynam-
ics. The account of dynamical electron correlations within
VUU was thus shown to notably enhance electron emis-
sion at laser frequencies matching the plasmon frequency,
as compared to a pure mean field approach [25]. We have
thus redone the calculations of [25] with our MD model
in order to see how it compares with these former calcu-
lations. Results are presented in Figure 5. The agreement
is remarkable, even from a quantitative point of view.
Indeed we clearly observe resonant emission around the
plasmon frequency. As noted above the MD plasmon fre-
quency is a bit red shifted as compared to the microscopic
one. But once accounted for the shift (of order 0.4 eV)
the behavior and amplitude of resonant emission around
the plasmon become fully comparable. It should in par-
ticular be noted that the maximum numbers of emitted
electrons at plasmon peak are very close in MD and VUU
calculations. This point is worth being emphasized. In-
deed both calculations (MD and VUU) rely on basically
different approaches. The VUU calculation treats electron
correlations approximately in terms of a Boltzmann-like
collision integral. By definition the MD approach includes
all correlations but at a fully classical level. The inter-
esting point here is that the agreement between the two
approaches validates mutually both, because both involve
rather different approximations. It is also interesting to
check which kind of electrons are involved in the emis-
sion, remembering that in the VUU calculations only va-
lence electrons are involved. In the MD calculation the
situation is similar: only the valence electrons are emitted
in the presented case. The situation of course evolves with
the laser intensity. As we shall see below, for sufficiently
high laser intensity we also observe core electron emission.

The spectral selectivity of the electron emission yield
depends sensitively on the laser intensity [27]. Narrow lines
are well resolved for low intensities. The width of the emis-
sion pattern grows larger with increasing intensity until
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Fig. 5. Comparison of the number of emitted electrons
as a function of frequency for VUU (top, Gaussian pulse,
FWHM =20 fs, I =6 x 10" Wcm ™2, Mie frequency is given
for 2.88 eV. Points are from Giglio et al. [24,25]) and MD (bot-
tom, see figure for laser parameters, Mie frequency is given for
2.5 eV) cases.

any structure is dissolved after one has crossed the criti-
cal point from the frequency dominated regime to the field
dominated regime [28]. We have checked these trends and
find that the MD simulations behave in that respect pre-
cisely as the full TDLDA and the VUU simulations.

4.2 High intensity laser irradiation
4.2.1 Atomic and molecular examples

As a starting point for discussing the high intensity laser
domain we continue to analyze the validity of our MD ap-
proach by considering electron emission from simple sys-
tems, namely monomer and dimers. Such simple cases can
also be treated at a quantal TDLDA level which allows a
direct comparison. This is achieved on two examples in
Figure 6 for the particular case of argon where we present
the total electron emission as a function of laser intensity.

At first glance, we see that MD ionizations are compa-
rable to the quantal ones, both qualitatively and, to a large
extent, quantitatively. It is noteworthy, in particular, that
the intensity range on which ionization takes place is quite
similar in both approaches. At second glance, one can nev-
ertheless see that the two calculations differ in some de-
tails. First, the slope of ionization as a function of inten-
sity is larger in the classical case than in the quantal one.
Second, one observes a step in the classical calculations
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Fig. 6. Ionization of an Ar atom (upper) and Ars dimer
(lower) by a laser pulse with frequency of 3 eV and pulse length
FWHM = 50 fs drawn versus intensity (in units of W/cm?).
Compared are fully quantum mechanical TDLDA calculations
(using eight active electrons for each Ar atom) with the classi-
cal MD simulations. The results from MD stem from an ensem-
ble calculation. The variation within the ensemble is indicated
by error bars (covering minimum and maximum value).

which reflects the sequential depopulation of the occupied
states. The quantal calculation, on the other hand, shows a
much smoother behavior, both in terms of intensity range
and energy levels. This is clearly a quantum effect which
softens the transition, e.g., by tunneling ionization some-
what before the classical barrier is reached. All in all the
remarkable agreement between the quantal and classical
approaches again validates our MD model, both in the low
and high laser intensity regime. We can now safely turn
towards the case of clusters in intense laser fields.

4.2.2 Cluster ionization

As a first step of analysis we compute the total ionization
of given clusters as a function of laser intensity. Results are
shown in Figures 7 to 9 for sodium, argon and xenon. All
cases behave rather similarly, although we observe some
differences, in particular between the metallic and the rare
gas cases. For the sodium cluster, electron emission shows
a steady slope from low intensities on. That is due to the
ionization of the easily accessible valence electrons. The
yield increases steeply as soon as the field strength suf-
fices to break up the core which happens around an in-
tensity of 10'® Wem™2. The kink happens to occur at
the point where about 40 electrons are removed which
agrees with the number of initially given valence electrons.
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Fig. 9. Same as Figure 7 for Xego clusters.

The strong increase in emission is necessarily due to core
electrons. The situation is slightly different in the case of
rare gases which show a similarly steep increase but a to-
tally flat trend for lower intensities. There are no softly
bound valence electrons around which could easily con-
tribute to ionization. The threshold intensities are around
10'* Wem~—2 and a bit higher for Ar than for Xe as to be
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expected from the ionization potentials. Somehow surpris-
ing and on a first glance contradictory is the much steeper
increase of the electron emission in Ar. We attribute this
to a more efficient ionization by stronger electron-electron
collisions in the Ar cluster due to its higher density and
the lower o, ;, of the electrons. But here further investiga-
tions are needed for definite answers. At intensities above
5x10'® W em ™2 all active electrons which have been taken
into account in our present studies (640 in total for both
rare gas clusters) are emitted. In the case of sodium this
point is not yet reached below 107 W cm ™2,

There exist already some experimental [29] and theo-
retical [30,31] investigations on ionization of Xe clusters
by intense laser pulses. We have compared results from
our model with those and we report the findings in due
brevity: we find less ionization as in the MD simulations
of [30]. However, comparing with [31] for one well defined
laser pulse, we find somewhat more ionization. Unfortu-
nately, the major difference lies at the side of neutral
species which is not accessible experimentally. The com-
parison done by [31] to the data of [29] implies an involved
averaging procedure over laser pulse characteristics which
makes a direct comparison difficult. A simpler comparison
to experiments is nevertheless possible by considering the
lower intensity results on electron emission from irradiated
sodium clusters as studied in [32]. These experiments fo-
cused on Nag, at laser intensities of order 10'* Wem™2.
Net electron emission remains rather limited in these cases
(typically 1 to 4 electrons) and its analysis is thus quite
demanding. Quantum TDLDA calculations [33] failed to
reproduce these data properly, most probably because of
the role played by electron—electron collisions and possibly
because of the relation of the laser frequency to the dipole
plasmon. Once this relation is properly accounted for, our
MD calculations show a remarkable agreement with ex-
perimental data, as will be detailed in a forthcoming pub-
lication. As a conclusion, these various comparisons in-
dicate that there is still a lot of work to be performed to
align the various approaches. Direct comparisons to exper-
iments show that the results of [31] as well as ours perfectly
match experimental data, but in different systems, while
they do not match with each other when compared di-
rectly. This puzzle has yet to be solved. Direct microscopic
inputs (as obtained from quantum TDLDA or VUU cal-
culations) are to be taken as complementing benchmarks.
Such theories are unfortunatly only marginally accessible
for rare gases, but the comparisons we have performed be-
tween these microscopic theories and our MD (for small
systems yet) show that our MD calculations (in Na and
Ar) perform as they should. We are thus confident that
our MD model (which benefits from a great simplicity and
transparency) is able to bring some important piece of in-
formation in the open question of the understanding of
the dynamics of clusters in intense laser fields.

4.2.3 Coulomb explosion

Let us now examine in more detail the mechanisms of ex-
plosion of the irradiated clusters. In this high intensity
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Fig. 10. Comparison of energy spectra of electrons (top panel) and selected ions (lower panels) for Na}; clusters obtained from
2000 events in each case of laser intensities I = 5 x 10'®> Wem™2 (left column), I = 1 x 10'® Wem™2 (middle column) and
I=5x10" Wem™? (right column). The photon energy was w = 2.5 ¢V and the pulse width 20 fs (FWHM, cos*). Top panel:
valence electrons is dashed line, Core electrons is solid line. Lower panels: dN/dE (effectively N(E)) for the different emerging
ionic charge states. N(FE) is normalized so that (Y N(E))/N = 1, (N) denotes the average number of ions in the specified charge

state.
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domain the expected scenario is a disintegration of the
irradiated cluster by Coulomb explosion. This is found
indeed in all our MD simulations. The experimentally ob-
servable signal of Coulomb explosion can be found in the
energies of the emitted fragments. We thus have studied
in detail the fragment kinetic energies, for laser intensities
leading to cluster disintegration. The test case is Naj;
at three laser intensities between 5 x 10 Wcem™2 and
I = 5 x 10'® Wem=2. Figure 10 shows typical results.
The uppermost panel shows the kinetic energy spectra of
electrons and the panels below the kinetic energy spectra
of the ions at their various charge states. Each column
of the figure corresponds to one given laser intensity. The
maximum charge state attained of course depends on the
laser intensity. In the present cases we have recorded spec-
tra with significant statistics for charge states up to 2% at
the lowest intensity and up to 8 at the highest intensity
(the largest possible charge state in our model, 9%, did
not appear in amounts above statistical significance).

Electron spectra exhibit somewhat different shapes in-
volving dominantly low energy electrons. This is especially
true the higher the laser intensity. For sake of complete-
ness, we have furthermore separated valence from core
electron contributions. The valence electrons exhibit sig-
nificantly lower energies than core electrons. This is due
to the different initial binding and the related different
widths. The smaller width of the core electrons results
in stronger electron-ion collisions and yields an enhanced
energy deposit due to a larger inverse Bremsstrahlung ab-
sorption of laser energy [34].

The case of ions is somewhat different. All ionic spec-
tra look qualitatively similar with a relatively well marked
peak and a low energy tail extending up to almost zero
energy. The most striking result is here the linear depen-
dence of the (average) ionic kinetic energy for a given ionic
charge state with the ionic charge state, see e.g. the middle
and right columns in Figure 10. We also find that the total
kinetic energy of the ions turn out to depend quadratically
on the average ionic charge which, once more, is a signa-
ture of a Coulomb explosion. Both features together are
clear signatures of a Coulomb explosion starting for all
intensities at about the same configuration. A quick esti-
mate of the total kinetic energies shows that the starting
point is near the ground state cluster radius. This com-
plies with the fact that the majority of emitted electrons
has left the cluster short after the end of the laser pulse,
at a time where ionic motion has not yet evolved much.

5 Conclusions

We have presented a simple classical molecular dynamics
(MD) model for the description of clusters in strong laser
fields. The model describes all interacting particles by
means of Gaussian density distributions of various widths,
depending on the nature of the particle (ion, valence, core
electrons) and interacting via the bare Coulomb interac-
tion. This approach is used to consider both rare gas and
metal clusters. We have shown that this simple model pro-
vides a surprisingly good description of cluster properties,
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including the low energy domain (ground state stability,
optical response). The model performs even better in the
true dynamical situations and at high excitation where it
is designed for. At intermediate laser intensities it repro-
duces earlier microscopic results obtained in a semi clas-
sical approximation including dynamical correlations. At
higher laser intensities, we have checked it against quan-
tum mechanical results concerning ionization of very sim-
ple systems like atom and dimer of rare gases and found
a satisfying agreement. This set of test cases and com-
parisons altogether shows that this molecular dynamics is
reliable and can be used to study the response of clus-
ters in strong electromagnetic fields. We have given some
examples of applications in the cases of Ar, Xe and Na.
We have especially discussed the results in Na where we
performed systematics as a function of laser intensities. In
all considered cases we have found a scenario of cluster
disintegration in terms of Coulomb explosion.
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