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The dynamics of small (≤ 55 atoms) argon clusters ionized by an intense femtosecond laser
pulse is studied using a time-dependent Thomas-Fermi model. As follows from recent experiments,
absorption of radiation and subsequent ionization of clusters observed in the short-wavelength laser
frequency regime (98 nm) differs considerably from that in the optical spectral range (800 nm).
Our theoretical approach provides an unified framework for treating these very different frequency
regimes and allows for a deeper understanding of the underlying cluster explosion mechanisms. The
results of our analysis following from extensive numerical simulations presented in this paper are
compared both with experimental findings and with predictions of other theoretical models.

PACS numbers: 36.40.Gk, 32.80.-t, 52.50.Jm

I. INTRODUCTION

Clusters are agregates of atoms containing up to a few
thousands atoms. Usually they are formed in expand-
ing high-pressure gas jet. Atomic clusters have proper-
ties intermediate between those of an isolated atom and
the bulk or solid-state material. The study of the in-
teraction of such species with electromagnetic radiation
is increasingly active research field. Clusters are as eas-
ily penetrated by a laser beam as gaseous media and, at
the same time, exhibit large absorption of laser energy
comparable to the solid targets [1].

Laser interaction with the atomic clusters differs sub-
stantially from that of simple atomic and molecular sys-
tems. Experiments on clusters irradiated by the intense
laser pulses in the optical regime have revealed efficient
generation of extremely highly charged atomic ions [2–8]
and production of highly energetic particles (both elec-
trons and ions), with kinetic energies of the MeV order
[6, 7, 9–11].

Several theoretical models have been proposed to ex-
plain the mechanism underlying the production of highly
charged energetic ions in interaction of atomic clusters
with intense laser pulses with frequencies in the optical
range. In classical Monte-Carlo simulations of cluster ex-
plosion the nuclei and unbound electrons are treated as
classical particles obeying Newton’s equations of motion
[12–15]. The bound electrons are released with a certain
probability depending on the electric field strength inside
the cluster [12–15] and on collisions with other electrons
and ions [13, 14].

Recently an application of the time-dependent density
functional theory to a study of the response of atomic
clusters to an intense laser pulse appeared [16]. A simpli-
fied one-dimensional model with frozen ion positions and
the correlation effects neglected allowed to solve numer-
ically time-dependent Kohn-Sham equations describing
electron dynamics in a cluster. Results concerning the
initial stage of ionization in moderate intensity regime
were presented.

Intense short-wavelength radiation opens many new re-

search areas in physics and chemistry. The photon en-
ergies in the vacuum ultraviolet (VUV) frequency range
are large enough for the single photons to ionize irra-
diated matter. Since the binding energies of the elec-
trons characterize individual elements, the ability to ion-
ize matter allows direct insight into electronic structure
and chemical composition of materials. On the other
hand, the wavelength in the VUV regime is compara-
ble to the atoms spacing in solids, and, therefore, the
diffraction of short-wavelength radiation allows to deter-
mine the geometric structure of complex elements with
atomic resolution.

Until now experiments were hindered by the lack of
sufficiently intense short wavelength light sources. This
situation is presently changing. Free-electron lasers mak-
ing use of linear accelerators are expected to combine the
advantages of synchrotron radiation (short-wavelength)
with those of lasers (intense short pulses) and thus to
pave the way to new types of experiments. Recently,
the study of the interaction of intense VUV free-electron
laser pulses with xenon [17] and argon [18] clusters has
been reported.

It can be expected that the strong-field matter interac-
tion in the short-wavelength VUV regime is considerably
different from that at optical frequencies. The pondero-
motive energy (average kinetic energy of a free electron
oscillating in the radiation field) is a parameter that char-
acterizes to some extent the interaction. For a typical
optical pulse it reaches the values of several hundred eV
whereas in the case of a short-wavelength pulse used in
the DESY experiments [17, 18] it has a value of hundreds
meV. Therefore field ionization, which is a dominant pro-
cess in the optical domain, can hardly account for obser-
vations in the short-wavelength realm. Thus additional
ionization and subsequent explosion mechanisms should
be considered in the case of rare-gas atoms clusters ex-
posed to the short-wavelength radiation [17].

At the first glance the well understood physics that the
describes the laser pulse energy absorption by the cluster
in the optical domain seems not to work in the frequency
range used in the DESY experiments [17]. A standard
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inverse bremsstrahlung model applied to the absorption
of short-wavelength radiation by xenon clusters [17] pre-
dicted an absorption of only few photons per atom. This
differs from the experimentally measured value by more
than an order of magnitude.

In turned out that the problem was in the choice of the
ionic scattering potential [19]. It seems that in a dense
plasma formed by illuminating a xenon cluster with a
VUV pulse the electrons experience more than just a
Coulomb potential. By using Yukawa-like form of the
screening potential the authors of [19] have shown that
their implementation of inverse bremsstrahlung model is
able to reproduce the large number of VUV photons ob-
served in the experiment [17].

Similar situation occurs in the case of the argon clus-
ters irradiated by a short-wavelength laser pulse. In a
recent experiment [18] each argon atom in the cluster
absorbed on average up to 20 photons while losing 2 elec-
trons. Also in this case the standard collisional heating
model cannot fully account for the strong laser energy
absorption.

In this paper we further extend and refine a time-
dependent Thomas-Fermi model introduced in our pre-
vious paper [20] to describe the dynamics of argon clus-
ters in an intense laser pulse. Both optical and short-
wavelength regimes are analyzed and the explosions
mechanism are compared. A simplified one-dimensional
version of a similar model has been already successfully
applied to the description of cluster explosion in optical
frequency regime [21, 22]. In our previous work a three-
dimensional model produced promising results for argon
atoms and 6 atom argon clusters subjected to an opti-
cal pulse [20]. The slightly refined version of the model
allowed us to extend these previous results to a more re-
alistic case of 55 atom cluster in three-dimensions [23].
This new version of the model permits us also to attack
the short-wavelength case (for a preliminary numerical
evidence see [24]). In the present paper we go much fur-
ther by analyzing the realistic case of larger clusters, pro-
viding a synthetic physical interpretation encompassing
both cases. The results obtained in the present paper
look very promising and seem to agree with the experi-
mental findings [18].

Note that the time-dependent Thomas-Fermi model
used automatically yields a Yukawa-type screening of the
Coulomb potential used in [19]. This was shown in our
previous paper [20] in the case of a simplified relation of
the internal energy of the electron gas (ρ2 instead of ρ5/3).
Our theoretical treatment does not require the assump-
tion of thermodynamical limit used in [19] and thus does
not limit us to the study of “sufficiently large” clusters.
Also the perturbation theory is no longer needed which
allows us in principle to go to the higher intensities where
nonlinear effects may arise.

This paper is organized as follows. In Section II
the time-dependent Thomas-Fermi model is introduced.
Then in Section III the details of numerical calculations
are presented. In section IV we check the results coming

from the model in the optical frequencies regime. Main
results concerning short-wavelength pulses are described
in Section V. Finally we finish with a brief summary.

II. THEORETICAL MODEL

The Thomas-Fermi model introduced in the mid 1920’s
by Thomas [25] and independently by Fermi [26] embod-
ies many of the features of the modern density functional
methods [27, 28]. Within this model the ground state
structure of an atomic cluster is described by the aver-
age electron density ρ(~r) and the positions of the nuclei
~Ra. It can be obtained by minimization of the following
Thomas-Fermi energy functional ETF which is a sum of
the internal and potential energies [20]:

ETF = Eint + Epot (1)

In the equation above the relations for the internal (ki-
netic) energy Eint of an ideal electron gas at temperature
T = 0 are used locally:

Eint = ck

∫
d3r [ρ(~r)]5/3

, ck =
3
5

h̄2

2m
[3π2]2/3 (2)

and the potential energy Eint of mutual Coulomb inter-
actions of electrons and nuclei is given by:

Epot =
e

2

∫
d3r

[
N∑

a=1

Z δ(~r − ~Ra)− ρ(~r)

]
Φ(~r) (3)

where the self-consistent Coulomb potential Φ(~r) reads
as:

Φ(~r) = e

∫
d3r′

|~r − ~r′|

[
N∑

a=1

Z δ(~r′ − ~Ra)− ρ(~r′)

]
. (4)

Here N is the number of atoms in the cluster, e is the
elementary charge, and m denotes the electron mass.

The collective Thomas-Fermi model is most valid for
heavy atoms — with many electrons. It has been used for
the calculation of ionization potentials of different atomic
numbers and ionization degrees [29]. In this paper we use
the time-dependent version of the Thomas-Fermi model
to describe ionization of argon atoms (atomic number
Z = 18). Even for such a relatively low value of Z the ion-
ization potentials calculated in [29] agree well with real
values in some range of ionization degrees (at low ioniza-
tion degrees the method breaks down because of the lack
of exchange, while for high degrees only a few electrons
remain and the statistical Thomas-Fermi approach stops
to work). This is confirmed in [30] where multiphoton
ionization of noble gases atoms in strong laser field is
explained theoretically using the Thomas-Fermi model.
The results compare favorably with experiments.

To introduce a time-dependent version of the Thomas-
Fermi model we assume that the electron density at any
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point of space is obtained by summing up the contribu-
tions from n smoothed pseudo-particles [20]:

ρ(~r) =
Z N

n

n∑

j=1

fj(~r − ~rj) (5)

(the functions fj are assumed to be normalized∫
d3rfj(~r) = 1).
The dynamics of the electron density (5) and the mo-

tion of the nuclei is governed by the following Hamilto-
nian in which the Thomas-Fermi energy functional (1)
plays a role of the potential energy term [20]:

E = Ekin + ETF (6)

and the kinetic energy (of translational motion) of elec-
trons and nuclei reads as:

Ekin =
N∑

a=1

M ~V 2
a

2
+

∫
d3r ρ(~r)

m [~v(~r)]2

2
(7)

(M denotes the nuclear mass).
After inserting Eq. (5) into Eq. (6) and assuming that

the functions fj are sufficiently δ-like (i.e., neglecting
terms of the second order in characteristic width of the
kernel functions fj [31, 32]) one arrives at the following
Hamilton equations of motion for the smoothed pseudo-
particles positions ~rj (c.f., [20]):

m
d2~ri

dt2
= −2

3

n∑

j=1

(
ck

ρ
1/3
i

+
ck

ρ
1/3
j

)
~∇iwij(~ri−~rj)+e ~∇iΦi

(8)
where

wij(~r) =
Z N

n

∫
d3r′ fi(~r′ − ~r) fj(~r′) (9)

and the transition between field quantities F (~r) (F =
ρ,~v, Φ, . . .) and pseudo-particle-based quantities Fi is
done in the following way:

Fi =
∫

d3r fi(~r − ~ri) F (~r) (10)

Equations (8) can be understood as a discretized
Smooth Particle Hydrodynamics [33, 34] version of the
Bloch-like hydrodynamic equations [35]. Therefore, by
treating the Thomas-Fermi energy functional as a po-
tential energy part of the Hamiltonian of the system we
had viewed the oscillations of the electron cloud in an
atomic cluster as a motion of a fluid characterized by a
density ρ(~r, t) and a velocity field ~v(~r, t). A similar hy-
drodynamic model has been used in the weak-field limit
to study photoabsorption of an atom in free space [36]
and in plasma [37]. Also multiple ionization of xenon
atoms by a strong laser field was studied using a two-
dimensional version of a similar model [38].

The hydrodynamic equations for the electron density ρ
are supplemented by the Newton-like equations of motion
for the positions of the nuclei ~Ra:

M
d2 ~Ra

d t2
= −Ze~∇Φ(~Ra). (11)

The interaction with the laser pulse is treated within
the dipole approximation by replacing the electrostatic
Coulomb potential in Eq. (4) by:

Φ(~r) → Φ(~r)− ~r· ~F , (12)

where ~F is the electric field of the incoming wave. The
linearly polarized wave of a pulse used in the simulations
is assumed to have a field envelope proportional to sine
squared with a full width at half maximum τ and an
optical period τ0:

~F(t) = ~F0 sin2
( π

2τ
t
)

cos
(

2π

τ0
t

)
(13)

Note, that the theoretical approach presented here in-
cludes several possible ionization mechanisms: above-
the-barrier (or field) ionization both by an external laser
field, and by an internal field due to the space-charge dis-
tribution inside the cluster, as well as (to some extent)
electron-impact (or collisional) ionization.

III. CALCULATION DETAILS

The electron density in a neutral Thomas-Fermi atom
is singular at the nucleus. At large distances from the
nucleus r it falls off as r−6 rather than exponentially [39].
An electron cloud of an ion has a finite cut-off radius.
In order to model the electron density of Thomas-Fermi
atoms and ions as a sum of smoothed pseudo-particles
(5) one should in principle use a variable pseudo-particle
width: narrower pseudo-particles to model the electron
cloud in the vicinity of the nucleus, and wider pseudo-
particles to model the outer shells of the atom (or ion).

In our previous paper [20] we utilized fj from Eq. (5) in
the form of a Gaussian function identical for all pseudo-
particles:

f(~r) =
(

α√
π

)3

e−(α ~r)2 . (14)

It turned out however that this choice of fixed width
of all pseudo-particles leads to some problems in mod-
eling the electron cloud close to the nucleus. Several
pseudo-particles were stacking atop on each other and the
Smooth Particle Hydrodynamic method used was break-
ing down. To prevent this we have chosen a large value
of the parameter α (α = 7 for Z = 18 and n/N = 125)
from Eq. (14). That choice increased the maximum force
appearing in the simulations, what in turn made the nu-
merical code extremely slow and turned any realistic cal-
culations nearly impossible.
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Let us stress that the condition of validity of the
Thomas-Fermi theory is not well obeyed near nuclei
where the singular Coulomb potential varies rapidly over
a characteristic electron wavelength. Therefore instead
of modeling the electron cloud close to the nucleus with
a large number of test-particles of very small width we
made a more physical choice – the electron density of an
atom is modeled by test-particles of two kinds: one large
particle originally centered at the nucleus which repre-
sents the core electrons and a large number of smaller
particles modeling the outer shells of an atom:

ρ(~r) =
Z N

n



ξ




n∑

j=1

f(~r − ~rj)


 + (1− ξ)

n

N
g(~r − ~r0)



 ,

(15)
where f is given by Eq. (14) and

g(~r) =
(

β√
π

)3

e−(β ~r)2 . (16)

We have chosen β = 1/r0 where r0 is the radius of the
Thomas-Fermi ion of charge Z(1 − ξ) (i.e., Zξ electrons
remain to be bound) [40]:

r0 = 3.17361

√
(1− ξ)/ξ

Z1/3
. (17)

The parameter α from Eq. (14) was chosen to model
well an isolated Thomas-Fermi atom of given Z [20]. For
this value of α the Thomas-Fermi energy relations are
preserved [39]:

2 Eint + Epot = 0 (18)

This choice was done in the following way. First ground
states of an atom corresponding to several different values
of α were prepared. It turns out that the relation (18)
holds only for a certain value of α which was than used to
model the interaction of the cluster with the laser pulse.
For example for n/N = 125 pseudo-particles per atom
(this is the value used later in the paper), and Z = 18
(argon atoms) we have found α = 5 for ξ = 0.1 and
α = 1.5 for ξ = 0.5.

Let us mention that because the collective Thomas-
Fermi model is basically statistical in nature, it cannot
be applied directly to the low electron density regions, as
in the outer shells of the neutral atom. By modeling the
electron density of an atom by a finite number of pseudo-
particles we in fact introduce some cut-off radius and
these low density regions are not considered. By changing
the parameter ξ from Eq. (15) we can manipulate the
value of this cut-off and chose how well the outer shells
of an atom should be modeled. For example in the case
of ξ = 0.1 (and α = 5) the cut-off radius is small, and
therefore the outer shells are not well modeled. In the
second case of ξ = 0.5 (and α = 1.5) the cut-off radius is
larger, and therefore the outer shells are modeled better
(at the expense of the core electrons which in this case
are represented by a single Gaussian function).
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FIG. 1: Ground-state structure of a N = 55 atom cluster with
ξ = 0.1. Equilibrium positions of the nuclei {~Ra} are marked
by filled circles. Small black dots correspond to the positions
of the pseudo-particles modeling the equilibrium electronic
density ρ.

Ground state properties of small clusters of rare-gas
atoms have been investigated extensively in the literature
(see, e.g., [41–44]). The usual theoretical approach is to
describe the atoms in a cluster as a system of particles
interacting via a short-range potential such as, e.g., the
Lennard-Jones potential. It has been reported that par-
ticularly stable configurations of such clusters are of the
form of closed-shell icosahedron. For example a N = 55
atom cluster consists of two icosahedral shells and one
atom in the middle; the second shell can be separated
into two sub-shells with different radii.

We downloaded from [45] the publicly available ground
state structures of N = 55 atom Lennard-Jones clusters
and used them as the equilibrium positions of the nuclei
in the Thomas-Fermi model. The positions of the nuclei
were rescaled so that equilibrium distance between two
atoms is R0 ' 7 [a.u.] = 3.7 Å which is similar to the
spacing of atoms in argon clusters [46]. Next they were
used as an input into the hydrodynamic calculations in-
volving the motion of an electron fluid. The resulting ex-
ample ground-state structures are shown in Figs. 1 and
2. Let us note that in Fig. 1 the electron clouds of indi-
vidual atoms are well separated. On the contrary, in Fig.
2 we observe the larger radius of the pseudo-particles as
compared to Fig. 1. This allows us to model the electron
cloud in between the atoms with greater accuracy.

Notice that, as shown by [47], additional corrections
are needed to the Thomas-Fermi functional in order to
model inter-atomic bonds. However it turned out that
in the case of a cluster illuminated by a short 100 fem-
tosecond pulse considered in this paper, the ground-state
structure of a cluster obtained by a minimization of the
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FIG. 2: Ground-state structure of a N = 55 atom cluster with
ξ = 0.5. Equilibrium positions of the nuclei {~Ra} are marked
by filled circles. Small black dots correspond to the positions
of the pseudo-particles modeling the equilibrium electronic
density ρ.

standard Thomas-Fermi functional turned out to be sta-
ble enough during the time of interest.

In the next step we make use of the two obtained
ground states to proceed with the simulations. We are
concerned with the interaction of the laser pulses with
these clusters.

IV. INFRARED PULSE

Let us first check how well our model works in the op-
tical frequency domain. The ground-state cluster struc-
ture from Fig. 1 will be now illuminated by a typical laser
pulse of infrared frequency (a similar pulse was used, e.g.,
in the experiments by [48]). The atoms of the cluster have
initially no kinetic energy and are subject to an oscillat-
ing electric laser field at intensity I = 1.4× 1015 W

cm2 (or
F0 = 0.2 [a.u.]). The pulse used in the simulations had a
wavelength λ = 800 nm and a temporal full width at half
maximum τ = 106.67 fs (or τ/τ0 = 40). The electric field
of the pulse was polarized linearly along the x axis. The
same pulse parameters were used in our previous paper
[20] (where only a 6 atom cluster was studied).

In Fig. 3 we plot the internal (2), potential (3), kinetic
(7) and total energy of an 55 atom argon cluster illumi-
nated by a laser pulse plotted versus time. It is seen that
the Thomas-Fermi energy relations are preserved at the
initial time, i.e., the potential energy is twice as large as
the internal energy with the minus sign as in Eq. (18). At
later times the electric field of the laser becomes strong
enough to start above the barrier ionization of the clus-
ter atoms (tunnel ionization which may happen at lower

FIG. 3: Potential, kinetic, internal and total energy of an 55
atom argon cluster illuminated by a laser pulse plotted versus
time. The Thomas-Fermi energy relations are preserved at
the initial time. Total energy absorbed from the laser pulse is
clearly visible. Efficient laser energy absorption starts when
the pulse envelope approaches its maximal value.

values of the field is not described by our semiclassical
model). Thus inner ionization starts. The electrons re-
leased from the individual atoms still remain bounded
by the cluster as a whole. Next they are ejected from
the cluster by the still increasing pulse (outer ionization)
and start to oscillate in the electric field of the laser. As
seen from inspection of Fig. 3 this happens at ' 80 fs: at
this time the oscillations of the total kinetic energy be-
come visible. These laser driven electrons are effectively
heated through collisions with the cluster ions (inverse
bremsstrahlung). It follows from Fig. 3 that such an effi-
cient laser energy absorption starts when the pulse enve-
lope approaches its maximal value. This absorbed energy
is then converted into translational energy of the ions and
cluster disintegrates by a Coulomb explosion process. At
the end of the pulse the kinetic energy of the ions grows
at the expense of the potential energy and the total en-
ergy remains constant. Thus the total energy absorbed
from the laser pulse is clearly visible.

In Fig. 4 we present the structure of the cluster just
after the pulse is finished. The size of the cluster is more
than ten times larger than the ground state structure
from Fig. 1. An inset shows the electron cloud at a
1 : 100 magnification (i.e., the x and y coordinates vary
from −30000 to 30000 [a.u.].) It is seen that the electrons
are ejected mainly along the pulse polarization axis (i.e.,
along the x axis).

It follows from inspection of Fig. 4 that almost all
free electrons were removed from the cluster by the laser
pulse. This observation makes the calculation of the
charges of the outgoing ions feasible. They were calcu-
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FIG. 4: Excited N = 55 atom cluster from Fig. 1 the end
of the laser pulse at t = 250fs. Positions of the nuclei {~Ra}
are marked by filled circles. Small black dots correspond to
the positions of the pseudo-particles modeling the electronic
density ρ. An inset shows the electron cloud at a 1 : 100
magnification (i.e., the x and y coordinates vary from −3000
to 3000 [a.u.].)

lated in the following way: for each pseudo-particle its
charge is added to the charge of the closest ion; pseudo-
particles which are further from any ion than 10 [a.u.]
are considered lost. In Fig. 5 we plot the resulting dis-
tribution of the final charges of the ions formed in the
explosion of the cluster. Charges as high as 8+ are ob-
served. The results are consistent with both experimen-
tal results by Purnell [48] and theoretical predictions by
Ishikawa [12]. It is seen from inspection of Fig. 5 that
it is not possible to tell from which shell of the cluster
an ion is coming just by looking at its charge. What we
need is both charge and kinetic energy.

Thus in Fig. 6 we have the kinetic energy of the ions
plotted as a function as the charge state. Small dots
correspond to individual ions while larger filled circles
represent results averaged over (sub)shells. The linear
dependence of the ion energy on ion charge seems to be a
good approximation for each (sub)shell. For argon clus-
ters Coulomb repulsion is the key explosion mechanism
[8]. Thus ion energy should have a quadratic depen-
dence on ion charge [1, 7]. As shown theoretically by
Ishikawa [12] (who also observed linear dependence for
given shells) it is possible to get the experimentally ob-
served quadratic dependence by summing contributions
from different cluster shells and/or different laser inten-
sity regions.

Note that the ions coming from the outer shells of
the cluster (leaving the cluster first) are more energetic
than those coming from the inner shells (leaving the
cluster later). Such a stepwise character of the explo-

FIG. 5: Distribution of the final charges of the ions formed
in the explosion of an 55 atom cluster. They agree with both
experimental results and recent theoretical predictions.
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FIG. 6: Kinetic energy of the ions plotted as a function as the
charge state. Small dots correspond to individual ions while
larger filled circles represent results averaged over (sub)shells.
The linear dependence of the ion energy on ion charge seems
to be a good approximation for each (sub)shell.

sion has been suggested as an explanation of phenom-
ena observed in experiments [8] and confirmed within
1D numerical simulations using a similar time-dependent
Thomas-Fermi hydrodynamic model [21] as well as with
our previous simulations [20].

Therefore from Fig. 6 we conclude that the most ion-
ized atoms come from the inner shells of the cluster. This
shows the dependence of atomic ionization rates on the
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FIG. 7: Radiation spectrum of the cluster plotted as a func-
tion of the frequency relative to the frequency of the laser
pulse. Odd harmonics are generated during the cluster explo-
sion process. The spectrum falls off for the first harmonics
(later a plateau is expected).

original position of an atom in the cluster and is in agree-
ment with results of the 1D TDFT simulations [16]. Let
us present a following explanation of this observation.
Field ionization induced by an external laser field starts
at the same time for all atoms of the cluster. Next the
ionization of the inner shell seems to be slowed down by
the presence of the outer shells of the cluster. At later
times the outer shells explode and ionization of the inner
shell is strongly enhanced by electron impact ionization
due to the laser field driven oscillations of the electrons
liberated from the cluster atoms. Since these electrons
oscillate mainly along the linear polarization axis of the
laser pulse, they do not affect the outer shells of the clus-
ter, which are already far away from the original position
of the cluster.

One of the main motivations behind the laser-cluster
interaction studies was probably the desire to generate
photons with energies much larger than the energy of a
single laser photon. One of the possible high-energy pho-
ton generation mechanism is the high order harmonic
generation in strong laser fields. Note that due to the
nonlinearity inherent in the Thomas-Fermi model it is
also possible to see some traces of this effect in our sim-
ulations. We have calculated the dipole moment d of the
cluster from Fig. 1 illuminated by a infrared laser pulse.
Its squared Fourier transform is plotted in Fig. 7 as a
function of the frequency. We see that odd harmonics of
the incoming wave are generated during the cluster explo-
sion process (the generation of even harmonics requires
particular spatial symmetry of the nonlinear medium).
This will be contrasted with the short-wavelength case.

Let us mention, that we have also tried to explode the

second ground-state structure from Fig. 2 using the same
infrared laser pulse. However in this case the results we
had got are unphysical. Indeed in the case of ξ = 0.5 as
much as 9 core electrons are modeled by a single Gaussian
particle. For a high ionization degrees (c.f., Fig. 5) this
leads to wrong results: at the end of the pulse each atom
was ionized only 4 times. Thus the dynamics of the core
electrons seems to play an important role in the cluster
explosion at optical frequencies.

V. ULTRAVIOLET PULSE

Encouraged by reasonable results coming out from the
time-dependent Thomas-Fermi model in the optical fre-
quencies regime we would like now to apply it to the de-
scription of DESY experiments with argon clusters [18].
In these experiments small (≤ 900 atoms) argon clusters
were illuminated by a focused free-electron laser radi-
ation at a power density up to 1014 W/cm2. At such a
high power density the absorption and ionization of argon
clusters with VUV radiation turns out to be independent
of the wavelength and the specific electronic structure of
the cluster [18]. Thus the semiclassical Thomas-Fermi
model seems to be a reasonable choice in this intensity
regime.

At 98 nm laser wavelength the energy of a single photon
is 12.7 eV. Since the ionization potential of Ar atoms is
15.5 eV, at least two photons were needed to ionize each
atom. The laser energy absorption in a cluster is strongly
enhanced. In a cluster each Ar atom absorbs up to 20
photons and loses on average 2 electrons.

Let us first illuminate by a short-wavelength pulse of
ultraviolet frequency the 55 atom argon cluster ground
state from Fig. 1. The pulse used in the simulations had
a wavelength 98 nm (or τ0 = 13.527[a.u.]), temporal full
width at half maximum of 50 fs (or τ/τ0 = 150), and the
peak intensity of 1014 W/cm2 (or | ~F0| = 0.05 [a.u.]). It
turns out that in this case there is practically no laser
energy absorption. The clusters survive the pulse intact
and no atoms get ionized.

We conclude that the vibrations of the core electrons
that were well modeled in the optical case are not rele-
vant. They eventually could start playing a role at higher
VUV pulse intensity, as suggested in [49], where a simple
man’s (one dimensional) model was used. We proved,
however, that in the intensity regime considered in this
paper, even more sophisticated 3D not-that-simple man’s
model, does not help in explaining the strong energy ab-
sorption observed in experiments.

One possible source of this problem may be the fact
that the Thomas-Fermi model works well only in a cer-
tain ionization degrees regime. Indeed the authors [29]
studied ionization potentials of different atoms using the
Thomas-Fermi model. In the case of Z = 20 (a Z num-
ber close to 18 for argon) and ionization degrees ∝ 0.1
(close to the experimental result) the ionization potential
coming from the model is overestimated by factor of 3.
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Another possible reason for the discrepancy between
theoretical and experimental result is a poor modeling of
the outer shells of the Thomas-Fermi atoms within our
numerical method. This assertion is supported by Fig. 1
where the cluster looks just as a collection of independent
individual isolated atoms.

Fortunately in our approach we can freely tune the
width of the central gaussian (parameter ξ) thus contin-
uously interpolating between two limiting cases. In the
first case (studied in the previous section) of small values
of ξ the core electrons are perfectly modeled whereas the
outer shell is not. In the opposite case of large ξ, the
quality of outer shell modeling significantly increases at
the cost of poorer modeling of the core electrons, which,
however, do not play any role in the energy absorption
in the considered regime.

Therefore we decided to try the case where the half
(nine in our case) of the atom electrons is frozen and the
remaining half is free to move around. It looks reasonable
as in the experiment each atom looses two electrons at
average. Notice please, that in a recent theoretical paper
dealing with xenon [19] only the ionized electrons were al-
lowed to move and the rest were attached to the nucleus,
forming an effective Yukawa scattering potential.

This weak absorption should be contrasted with the
behavior presented in Fig. 8. In this figure we plot the
total absorbed energy measured in photons per atom as
a function of time. The calculations are done for ξ = 0.5
and two different cluster sizes of N = 55 (the ground
state of this cluster is depicted in Fig. 2) and N = 147
atoms. The absorbed energy increases with the size of the
cluster and reaches the experimental result of 20 photons
per atom already for a 147 atom cluster. The decrease
in the energy absorption speed after the maximum of
the pulse visible for the 55 atoms case corresponds to
the destruction of collective electron oscillations by the
cluster explosion.

Let us mention that the energy oscillations seen in Fig.
8 for the case of 147 atoms are of purely numerical origin.
The tree-based multipole method [50–53] of calculating
the Coulomb force has to deal with multiple scales of the
system. It has to properly model both the individual ions
and the cluster as a whole. When the size of the system
becomes sufficiently large energy oscillations appear. We
have checked that they persist also for a smaller time
step. Note however that these oscillations are small with
respect to the absolute value of cluster energy (c.f., Fig.
3).

In Fig. 5 we plot the resulting distribution of the fi-
nal charges of the ions formed in the explosion of the
55 atoms cluster from Fig. 2 illuminated by a short-
wavelength pulse. The result of average ionization degree
of two electrons per atom matches well the experimental
result [18].

In Fig. 10 we present the structure of the cluster just
after the pulse is finished. It shows that the atoms from
the outer shells started to move. Still the atoms of the
cluster stay together - the pulse itself was not able to

FIG. 8: Total energy absorbed by clusters of different sizes
subjected to short-wavelength laser pulse plotted as a func-
tion of time. The results are presented in average number
of photons absorbed per atom. The energy acquired by the
cluster increases strongly with its size.

FIG. 9: Distribution of the final charges of the ions formed in
the explosion of an 55 atom cluster.

totally disintegrate the cluster what is the case for opti-
cal frequencies. Although the electron cloud excited by
the pulse is still well within the spatial structure of the
cluster it already starts to affect the atoms forming the
inner shells of the cluster. This could lead in principle to
collisional ionization.

Another possible ionization mechanism is field ioniza-
tion by the strong Coulomb field of the ions inside the
cluster. Indeed an inset to Fig. 10 shows the electron
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FIG. 10: Excited N = 55 atom cluster from Fig. 2 at the
end of the free-electron laser pulse at t = 100 fs. Positions of
the nuclei {~Ra} are marked by filled circles. Small black dots
correspond to the positions of the pseudo-particles modeling
the electronic density ρ. An inset shows the electron cloud
at a 1 : 100 magnification (i.e., the x and y coordinates vary
from -5000 to 5000 [a.u.]. The size of the cluster is only about
two times larger than the ground state structure from Fig. 2.

cloud at a 1 : 100 magnification. Most of the electrons
remain still to be bound by the cluster as whole but the
size of this bound electron cloud is much larger than the
size of the cluster. Thus the cluster core becomes pos-
itively charged what leads to production of the highly
charged ions at the cluster surface. That it is indeed the
case will be seen in the forthcoming figures.

In Fig. 11 we see the cluster structure after longer
time, namely seven times as long as in the previous case.
The cluster behavior is thus influenced by the period of
”without-the-pulse” evolution. The outer shell is appar-
ently moving away from the cluster but the atoms from
the deeper located shells are still close to each other.
They continue, however, to be ionized by the excited
electrons. The inset to Fig. 10 illustrates an isotropic
character of the explosion (remember that the electric
field of the laser pulse was polarized along the x axis).

As seen from Fig. 11 the cluster size is comparable with
the optical case depicted in Fig. 4. There are still some
electrons inside the cluster structure but the energies and
charges of the ions do not practically change if we further
propagate the cluster in time. Thus in Fig. 12 we have
the kinetic energy of the ions plotted as a function of the
charge state. Both charges and energies were calculated
at t = 700fs. As opposed to the optical case from Fig.
6 now the ions with higher charges come from the outer
shells of the cluster. As already mentioned, one possible
explanation of this result is the influence of the Coulomb
field of the cluster core. It lowers the ionization potential
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FIG. 11: Excited N = 55 atom cluster with ξ = 0.5 at t =
700fs.

.

.

. .

.

.
.

.
.

.
.

.

.

.
.

.

.

.

. . .

.

.

.

.

.
.

.

.

.

.

.

.

.

.

.

.
.

. .

..

.

.
...

.
.

.

.

.
..

.

FIG. 12: Kinetic energy of the ions plotted as a function as
the charge state in the short-wavelength case. Small dots cor-
respond to individual ions while larger filled circles represent
results averaged over (sub)shells.

for the ions from the outer shells of the cluster facilitating
their ionization.

Last but not least let us mention that a straight line
seems to be a good approximation for the functional de-
pendence from Fig. 12. This could indicate a hydrody-
namic explosion scenario [1, 7] for the short-wavelength
pulse.
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VI. BRIEF SUMMARY

Using a rather simplified yet powerful approach we
have addressed a “hot” topic in the field of cluster
physics, namely, that of the rare-gas atomic clusters ex-
plosion driven by a short X-ray pulse absorption. De-
spite its simplicity our time-dependent Thomas-Fermi
model happened to provide quite realistic description of
both the ionization and explosion processes. Using the
pulse parameters of the actual experiments we have ob-
tained quite impressive qualitative agreement with the
measured quantities.

Let us stress that our simple unified model encom-
passes two different cases and, surprisingly enough, en-
ables us to track down two different physical mechanisms
responsible for the explosion dynamics in both considered
regimes. It seems that in the realm of optical frequencies
the electrons are released mainly by external laser field
(above-the-barrier ionization process). The static electric
fields of the other ions play only a minor role in lowering
the ionization barrier. The released electrons are driven
to move back and forth along the polarization axis of
the laser wave. We suspect that they cause inner shell
atoms to be more ionized that those from outer shell.
The physical reason for that could be the fact that due

to Coulomb expansion of the ions, the inner shell atoms
are more likely to be hit by the moving electrons.

In the ultraviolet regime, the physical mechanism
seems to be different. First of all, the pulse do not di-
rectly ionize the atoms but rather excite the electrons.
As a result the electron cloud expands isotropically still
being bounded by cluster as a whole. As a natural conse-
quence, the inner part of the cluster becomes positively
charged and resulting Coulomb field lowers the ionization
barrier facilitating ionization of atoms, especially that of
the outer shells.

It also seems that our model is able to reproduce the
strong energy absorption observed in the experiment and,
beyond that, provides a framework for explaining and
interpreting this phenomenon. Moreover the nonlinearity
inherent in our model allows us to look further towards
even stronger intensity regimes. This line of development
will be pursued in a forthcoming paper.
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J. Schulz, H. Wabnitz, and T. Möller, Phys. Rev. Lett.
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