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Cluster explosion in an intense laser pulse
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Abstract

This manuscript addresses a hot topic in the field of cluster physics: the explosion of rare-gas atomic clusters induced

by short, intense laser pulses. Within the Thomas–Fermi model we have developed an numerical approach for an

explicitly time-dependent description of small to medium size clusters in 3D. Such an approach, though strongly

simplified in comparison to fully quantum-mechanical schemes, is nevertheless expected to yield a qualitatively correct

description of the electronic and ionic dynamics of these systems, at a much lower computational cost.

r 2003 Elsevier Science Ltd. All rights reserved.
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Due to collective many-body effects the laser interac-

tion with the rare-gas atomic clusters (consisting of a few

hundred to few thousand atoms) may differ substan-

tially from that of simple atomic and molecular systems.

For instance, recent experiments on clusters irradiated

by the intense laser pulses have revealed efficient

generation of extremely highly charged atomic ions

(McPherson et al., 1994a, b; Ditmire et al., 1995; Snyder

et al., 1996; Lezius et al., 1997; Ditmire et al., 1997b;

Lezius et al., 1998) and generation of electrons and ions

with MeV kinetic energies (Lezius et al., 1997; Ditmire

et al., 1997a, b; Shao et al., 1996; Ditmire, 1998). In

principle the complete description of clusters in intense

laser fields requires a solution of the time-dependent

Schr .odinger equation for many-electron systems. How-

ever even for the two-electron systems in strong fields,

ab initio wave-function studies require an extremely

powerful computer and are only at the initial stage. Thus

for a description of cluster explosion an alternative

approach should be sought.

Production of highly charged energetic ions by laser

irradiation is of an essentially many-electron character

and thus requires a theoretical framework within which

a large number of electrons could be treated. The time-

dependent density functional theory provides such a

framework. It may be considered as a nontrivial

extension of the steady-state density functional theory

to the time domain. Usually this theory is used in the

regime of weak fields for which the perturbation theory

is applicable. Nevertheless, recently an application of

this theory to a study of the response of atomic clusters

to an intense laser pulse appeared (V!eniard et al., 2001).

A simplified one-dimensional model with frozen ion

positions and the omission of correlation effects allowed

the authors to solve numerically time-dependent Kohn–

Sham equations describing electron dynamics in a

cluster. Results concerning the initial stage of ionization

and high-order harmonic generation in moderate

intensity regime were presented.

Several other theoretical models have been proposed

to explain the mechanism underlying the production of

highly charged energetic ions in interaction of atomic

clusters with intense laser pulses. In classical Monte-

Carlo simulations of cluster explosion the nuclei and

unbound electrons are treated as classical particles

obeying Newton’s equations of motion (Ishikawa and

Blenski, 2000; Last and Jortner, 2000, 2001; Siedschlag

and Rost, 2002). The bound electrons are released with a

certain probability depending on the electric field

strength inside the cluster (Ishikawa and Blenski, 2000;
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Last and Jortner, 2000, 2001; Siedschlag and Rost, 2002)

and collision probability with other electrons and ions

(Last and Jortner, 2000, 2001). Multielectron ionization

and Coulomb explosion of large Xenon clusters studied

using this method revealed that electrons are removed

from the cluster mainly when the cluster size is enlarged

due to Coulomb explosion (Last and Jortner, 2000).

Calculation of the energy absorption of atomic clusters

as a function of laser pulse length showed a maximum

for a critical length which can be linked to an optimal

cluster radius (Siedschlag and Rost, 2002). Molecular

dynamics simulations of heteronuclear molecular clus-

ters containing deuterium and heavy atoms indicated a

new mechanism for multielectron ionization and Cou-

lomb explosion, providing a source of high-energy

deuterons suitable to induce nuclear fusion (Last and

Jortner, 2001).

In this paper we further investigate a theoretical

approach to explosion of rare-gas atomic clusters in

intense laser pulses based on a time-dependent Thomas–

Fermi model introduced in our previous article (Rusek

et al., 2001). The results of additional simulations are

presented and their relation to the conclusions of the

recent time-dependent density functional (V!eniard et al.,

2001) and molecular dynamics models (Last and

Jortner, 2000, 2001; Siedschlag and Rost, 2002) is

discussed. The Thomas–Fermi model is the earliest

and the simplest of the density functional methods. It

was introduced by Thomas (1926) and Fermi (1928) in

order to describe the self-consistent potential of multi-

electron atoms. The advantage of this model is its

simplicity (atomic number Z is the only parameter) and

universality (different atoms differ by scaling units

only). The time-dependent version Thomas–Fermi

model we use in this paper may be considered as a

semiclassical approximation (described by a Bloch-like

hydrodynamic model) to the rigorous quantum dy-

namics of an electron gas. Let us begin by recalling the

basic assumptions of the model.

Within the Thomas–Fermi model the ground state

structure of an rare-gas atomic (van der Waals) cluster is

described by the average electron density rð~rrÞ and the

positions of the nuclei ~RRa: It can be obtained by

minimization of the following Thomas–Fermi energy

functional (Rusek et al., 2001):
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where the relations for the internal (kinetic) energy of an

ideal electron gas at temperature T ¼ 0 are used locally

Uð~rrÞ ¼ ck½rð~rrÞ�2=3 and the electrons and nuclei interact

through the self-consistent Coulomb potential Fð~rrÞ: In

order to stabilize the cluster before the head of the pulse

arrives we resort to a very simple approach and

artificially diminish the Coulomb interaction between

the nuclei (while the electron–electron and electron–

nucleus interaction are not changed). This is done by

lowering the charge of each nucleus as seen by other

nuclei by a small factor e51 (in this paper we use the

value of e ¼ 10�2).

To introduce a discretized version of the Thomas–

Fermi model suitable for numerical solution we assume

that the electron density at any point of space is

obtained by summing up the contributions from n

smoothed pseudo-particles:

rð~rrÞ ¼
ZN

n

Xn

j¼1
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affiffiffi
p

p
 !3
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The parameter a from Eq. (2) is chosen to minimize the

energy Eq. (1) of the Thomas–Fermi atom of given Z:
After inserting Eq. (2) into Eq. (1) and treating the

Thomas–Fermi energy functional Eq. (1) as the Hamil-

tonian of the system we arrive at the Hamilton equations

of motion for the smoothed pseudo-particles Eq. (2):

m
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ðd~rri=dt ¼ ~vviÞ: Eq. (3) can be understood as a discretized

smooth particle hydrodynamics (Lucy, 1977; Gingold

and Monaghan, 1977) version of the standard hydro-

dynamic equations together with the equation of state

for an ideal fermion gas which defines the pressure.

Therefore, by treating the Thomas–Fermi energy func-

tional as a Hamiltonian of the system we followed

(Bloch, 1933) who had viewed the oscillations of the

electron cloud in an many-electron atom as a motion of

a fluid characterized by a density rð~rr; tÞ and a velocity

field ~vvð~rr; tÞ: Eq. (3) for the electron density r should be

supplemented by the Newton equations of motion for

the positions of the nuclei ~RRa: The interaction with the

laser pulse is treated within the dipole approximation.

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 t and an optical period t0:
Let us limit the presentation of the results of our

numerical simulations of cluster explosion within the

time-dependent Thomas–Fermi model with the discus-

sion of the case of Z ¼ 1: It is known, that within the

static (time-independent) Thomas–Fermi model atoms

of different atomic number Z differ by scaling units

only. Thus we may expect that simulations performed

for Z ¼ 1 will allow us to gain some qualitative
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information about the process of cluster explosion

without spending too much computational time. We

have prepared an initial state of a N ¼ 55 atom cluster

in a form of a two shell icosahedron and an atom in the

center. In the next step this cluster has been exposed to a

strong laser pulse with the peak intensity I ¼ 1:4 �
1015 W=cm2 (or F0 ¼ 0:2 ½a:u:�). The pulse used in the

simulations had a wavelength l ¼ 800 nm (or

t0 ¼ 110:425 ½ a:u:�) and a temporal full-width at half-

maximum t ¼ 106:67 fs (or t=t0 ¼ 40). All of the results

presented in this paper were obtained using a wave

polarized linearly along the x-axis. The only indepen-

dent parameter left is the mass of the nuclei M which has

been set to M=m ¼ 2000:
In Fig. 1 we have the kinetic energy Ekin of the atomic

ions fragments coming from the different shells of an

N ¼ 55 atom cluster versus time t: For convenience the

second shell has been splited into two subshells with

different initial radiuses. The energy is averaged over the

ions coming from a given (sub)shell. Note the stepwise

character of the explosion: the ions leaving first being far

more energetic than those leaving later. It is seen that the

explosion is neither instantaneous nor uniform. It

exhibits a layer-like structure in which shells of cluster

ions are expelled sequentially. Let us compare these

results with kinetic energy of the ions coming from the

explosion of an N ¼ 13 atom cluster composed of one

atomic shell and one atom in the middle. It can be

viewed as an N ¼ 55 atom cluster without the second

shell. The results for this smaller cluster are ploted as an

additional curve in Fig. 1. We see a strong increase of

energy of the ion fragments (coming from an increase in

ionization rate) with the number of atoms in the cluster.

This is in agreement with TDFT simulations (V!eniard

et al., 2001). It is interesting to note that the explosion of

an N ¼ 13 started faster than the explosion of the first

shell in an an N ¼ 55 atom cluster as if the outer shell in

an N ¼ 55 atom the larger cluster prevented the inner

shell from moving.

To investigate the role of the electron dynamics in the

cluster explosion process we have also performed

additional simulations of the Coulomb explosion of a

cluster. This time the ions were treated as point-like

particles of given charges QaðtÞ as in the classical Monte-

Carlo simulations (Ishikawa and Blenski, 2000; Last and

Jortner, 2000, 2001; Siedschlag and Rost, 2002). In the

first case the charges of each ion at a given instant of

time were chosen equal to the charges of the ions

calculated in the full Thomas–Fermi simulation, i.e.,

QaðtÞ ¼ QTF
a ðtÞ: A plot illustrating the energies of the

ions obtained in this case is presented in Fig. 2. The

kinetic energy of the ions coming from different shells

also looks qualitatively similar to Fig. 1 but their

numerical values are higher. Notice, that this not a mere

constant energy shift, the difference depends on the shell

of the cluster. This confirms the fact that the space-

charge distribution due to electrons present inside the

cluster plays an important role in the explosion process.

In out second simulation the charges of all ions were

identical and equal to the average charge from the TF

simulation, i.e., QaðtÞ ¼ 1=N
PN

b¼1 QTF
b ðtÞ: In this case

the results are different: the energies of the ions coming

from different shells are almost the same (except the

central atom). This shows the dependence of atomic

ionization rates on the original position of an atom in

the cluster and is in agreement with results of the with

1D TDFT simulations (V!eniard et al., 2001) (however in

our case the most ionized atoms come from the outer

shells of the cluster) (Fig. 3).

In summary, the dynamics of small rare-gas atomic

clusters ionized by a high-intensity femtosecond laser

pulse have been studied qualitatively using a three-

dimensional refinement of the time-dependent Thomas–

Fermi model. It was confirmed that the explosion is
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Fig. 1. Average kinetic energy Ekin of the Thomas–Fermi ions

coming from different (sub)shells of N ¼ 55 and 13 atom

clusters ploted versus time t:

Fig. 2. Approximate average kinetic energy Ekin of the point-

like ions coming from different (sub)shells of N ¼ 55 atom

clusters ploted versus time t:
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neither instantaneous nor uniform. It exhibits a layer-

like structure in which shells of cluster ions are expelled

sequentially. It seems that the inner shells of the cluster

start to expand first and ‘‘push’’ the outer shells.

Stepwise character of the explosion was seen also in

the kinetic energy of the outgoing atomic ion fragments:

the ions leaving first were far more energetic than those

leaving later. The role of electron dynamics in the cluster

explosion at the initial stages has been also investigated.
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Fig. 3. Approximate average kinetic energy Ekin of the point-

like ions coming from different (sub)shells of N ¼ 55 atom

clusters ploted versus time t:
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