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Cluster explosion in an intense laser pulse: Thomas-Fermi model
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A refined three-dimensional version of the time-dependent Thomas-Fermi model is used to qualitatively
study the explosion of rare-gas atomic clusters in an intense laser field. Clusters as large as 55 atoms are
exposed to a strong subpicosecond laser pulse. A stepwise character of the explosion is observed in which
atomic shells are expelled sequentially. The role of ‘‘hot’’ electron dynamics in the explosion process is also
investigated via initial temperature effects. Contrary to previous opinions it seems that the so-called hydrody-
namic explosion scenario is important for most energetic ions coming from the outermost shells only.
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I. INTRODUCTION

Investigations of the interaction of atoms with sho
~durationt<1 ps), intense~intensityI .1015 W/cm2) laser
pulses have led to the discovery of several interesting p
nomena. Examples are excess photon or above-thres
ionization, suppression of ionization rate at high intens
~stabilization!, generation of extreme ultraviolet and x radi
tion, and production of multiply charged atomic ions~for a
review, see, e.g.,@1#!. In the case of such intensities th
electric field of the laser radiation becomes comparable w
the Coulomb field strength experienced by an electron in
ground state of atomic hydrogen. Thus a simple perturba
picture of the interaction of individual electrons with th
field is no longer applicable.

One of the main motivations behind these studies w
probably the desire to generate particles~photons, electrons
and ions! with energies much larger than the energy o
single laser photon. However, in gaseous media the abs
tion of laser energy is rather weak and the application
such media to the effective conversion of laser light in
ultraviolet and x radiation is problematic. On the other ha
in solid media the absorption of laser energy is usually v
good but the drawback of solid targets is that they are no
easily penetrated by the laser beam as gaseous media
cently, atomic clusters formed in expanding high-press
gas jets have been proposed as an alternative solution
bining the advantages of both gaseous media~easily pen-
etrated by a laser beam! and solid targets~large absorption of
laser energy! @2#. The clusters may be considered as targ
of intermediate size between gaseous media and solid
gets.

Due to collective many-body effects the laser interact
with the atomic clusters~consisting of a few hundred to
few thousand atoms! may differ substantially from that o
simple atomic and molecular systems. For instance, re
experiments on clusters irradiated by intense laser pu
have revealed several extremely high-energetic phenom
not encountered in previous experiments restricted to at
and small molecules: efficient generation of highly charg
atomic ions @3–9#, generation of electrons and ions wi
MeV kinetic energies@7,8,10–12#, and emission of intense
rays @3,5,13,14#.
1050-2947/2000/63~1!/013203~10!/$15.00 63 0132
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Several theoretical models have been proposed to exp
the mechanism underlying the production of highly charg
energetic ions in interaction of atomic clusters with inten
laser pulses. In the phenomenological microplasma mo
@2,8# the cluster is treated as a spherical plasma and
scribed by hydrodynamic equations. The Coulomb expans
of this plasma is effectively boosted by heating through c
lisions of the laser driven electrons with the ions~or inverse
bremsstrahlung!. In this model the charge states of the io
are governed mainly by collisional and tunnel ionization a
impact with the very hot electrons. In Monte Carlo simul
tions of cluster explosion@15# an ionization ignition mecha-
nism has been proposed. In this picture the enhanced ra
over-the-barrier ionization stems from the combined field
the laser and the Coulomb attraction from neighboring io
When the intensity of the laser wave becomes sufficien
large, ions are rapidly stripped of electrons. Last but
least, in the coherent electron motion model@16#, high
charge states arise from impact ionization by coheren
moving electrons.

Much work has been done also on the description of m
clusters within both quantal@17,18# and semiclassica
@19,20# mean-field models based on the density-functio
theory. In the case of metals with a simple electronic str
ture ~e.g., sodium! only the valence electrons need to b
treated explicitly and the nucleus together with the core e
trons can be described by a pseudopotential that is ef
tively local. This approximation leads to a considerable si
plification of the theoretical description of the electron
system. Recently, both ground state configurations and p
toabsorption spectra of sodium clusters@18# as well as the
dynamical evolution of electrons and ions in a sodium clus
irradiated by intense femtosecond laser@17# were investi-
gated using such a theoretical approach based on den
functional theory within the local density approximation.

In this paper we develop a simple yet reasonably reali
theoretical approach to explosions of rare-gas atomic clus
in intense laser pulses. Our studies are based on a t
dependent Thomas-Fermi model, which may be conside
as a semiclassical approximation~described by a Bloch-like
hydrodynamic model! to the rigorous quantum dynamics o
an electron gas. The results of previous papers@21,22# deal-
ing with a one-dimensional version of a similar model a
©2000 The American Physical Society03-1
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now substantially extended and encompass the th
dimensional~3D! case explicitly. This allows us to describ
the shell structure of real clusters in a natural way. Moreov
in one dimension a softening of the Coulomb potential 1/x is
necessary to eliminate the unavoidable singularity atx50.
For sufficiently large clusters this soft Coulomb potent
may alter the process of Coulomb explosion significan
The 3D calculations presented in this paper avoid these
ficulties and use the true Coulomb potential 1/r . In addition,
previous calculations@21,22# utilized a simplified version of
the kinetic energy functional in the Thomas-Fermi modelr2

(r is the electron density!. This approximation, although no
very realistic, allows linearization of all equations of motio
and easy solution using, e.g., a fast Fourier transform. In
present paper we use the correct nonlinear Thomas-F
kinetic energy functionalr5/3 valid for a 3D ideal electron
gas atT50. Some nonzero initial temperature effects a
also investigated and discussed.

In principle the complete description of clusters in inten
laser fields requires a solution of the time-dependent Sc¨-
dinger equation for many-electron systems. However, the
lution of such an equation is beyond the capabilities of c
rent computers. Even for two-electron systems in stro
fields, ab initio wave-function studies require an extreme
powerful computer and are only at the initial stage@23,24#.
Nevertheless, the main qualitative features of several stro
field phenomena in multielectron atoms, like, e.g., high-or
harmonic generation, can be obtained in simple models
invoke the picture of one active electron under the influe
of an effective potential~see, e.g.,@25–27#!. On the other
hand, however, the production of highly charged energ
ions by laser irradiation is of an essentially many-elect
character and thus requires a theoretical framework wi
which a large number of electrons could be treated. T
time-dependent Thomas-Fermi model used in this paper
vides such a framework.

This paper is organized as follows. In Sec. II the Thom
Fermi model of an atom is recalled and extended in orde
describe stable rare-gas atomic clusters with van der W
bonds. In Sec. III we assume that the oscillations of the e
tron cloud in a rare-gas atomic cluster can be viewed a
motion of a fluid characterized by density and velocity field
This hydrodynamic formulation allows us to generalize t
Thomas-Fermi model from Sec. II to the description of tim
dependent phenomena in strong laser pulses. In Sec. IV
smooth particle hydrodynamics scheme is adapted to the
scription of the electron fluid in atomic clusters. Details
numerical implementation are presented. In Sec. V numer
experiments on cluster explosion are performed. A phys
interpretation of the results obtained is also proposed.
nally, some comments and conclusions are given in Sec.

II. THOMAS-FERMI MODEL

The earliest and the simplest of the density-functio
methods@28,29# is the Thomas-Fermi model. It was intro
duced in the mid 1920s by Thomas@30# and independently
by Fermi @31# in order to describe the self-consistent pote
tial of multielectron atoms~for a review see, e.g.,@32,33#!.
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The advantage of this model is its simplicity~the atomic
numberZ is the only parameter! and universality~different
atoms differ by scaling units only!. In this model the ground
state of a many-electron atom is described by the aver
electron densityr(rW) and obtained by minimization of the
electronic energy functional:

E@r~rW !#5E d3r r~rW !U~rW !2
1

2E d3r e r~rW !f~rW !

2E d3r
Ze2 r~rW !

urWu
, ~1!

where the electrons interact through the self-consistent C
lomb potential

f~rW !52E d3r 8
e r~rW8!

urW2rW8u
, ~2!

and the relations for the internal~kinetic! energy of an ideal
electron gas at temperatureT @34# are used locally~in the
approximate expression below,T is assumed to be small!,

U~rW !5ck@r~rW !#2/31
3p2

20

~kT!2

ck@r~rW !#2/3
1•••, ~3!

where

ck5
3

5

\2

2m
@3p2#2/3 ~4!

(e is the elementary charge andm denotes the electron
mass!.

The first term on the right hand side of Eq.~1! is the total
internal energy of the electron gas, which is essentially o
quantum nature and as opposed to that of a classical gas
not vanish atT50. The second term describes the Coulom
energy of the mutual interactions between the electr
through the self-consistent Coulomb potential, and the
term is the energy of the Coulomb interactions between
electrons and the nucleus.

The minimum of the energy functional in Eq.~1! can be
obtained from the variation principle with the subsidia
condition

E d3rr~rW !5Z ~5!

ensuring that the total number of electrons is constant. I
easy to verify that, up to the term of the order ofT2, the
variation of the functional obtained after inserting the pert
bative expansion from Eq.~3! into Eq. ~1! yields the same
result as variation of the nonzero temperature Thomas-Fe
free-energy functional~see, e.g.,@35,36#!.

As shown by Teller@37#, the ground state of a system o
interacting Thomas-Fermi atoms corresponds to the situa
in which all the internuclear separations are infinite. It
known @38,33# that, in order to mimic a stable molecula
binding within the Thomas-Fermi theory, it is necessary
3-2
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CLUSTER EXPLOSION IN AN INTENSE LASER . . . PHYSICAL REVIEW A 63 013203
add a so-called von Weizsa¨cker correction to Eq.~1!. How-
ever, this correction is proportional to the gradient of dens
which makes it difficult to compute numerically~it is also of
the order of terms dropped out in the smooth particle hyd
dynamics method we use in Sec. IV!. Moreover, what is
even more important, the meaning of such a correction
time-dependent situations would be unclear. Therefore
order to stabilize the cluster before the head of the pu
arrives we resort to a very simple approach and artificia
diminish the Coulomb interaction between the nuclei~while
the electron-electron and electron-nucleus interactions
not changed!. This is done by lowering the charge of ea
nucleus as experienced by other nuclei by a small factoe
!1 ~in this paper we use the value ofe51022).

Thus, we assume that the ground state of a rare
atomic ~van der Waals! cluster is described by the averag
electron densityr(rW) and the equilibrium positions of th
nuclei $RW a%, which can be obtained by minimization of th
following energy functional:

E@r~rW !,$RW a%#5E d3r r~rW !U~rW !2
1

2E d3r e r~rW !f~rW !

2 (
a51

N E d3r
Ze2 r~rW !

urW2RW au

1~12e! (
a,b51
a.b

N
~Ze!2

uRW a2RW bu
. ~6!

It differs from the single-atom functional~1! by adding sum-
mation over different nuclei and an additional term that re
resents the energy of the electrostatic interactions betw
the nuclei modified by a factor (12e).

Ground state properties of small clusters of rare-gas at
have been investigated extensively in the literature~see, e.g.,
@39–41#!. The usual theoretical approach is to describe
atoms in a cluster as a system of particles interacting v
short-range potential such as the Lennard-Jones potenti
has been reported that particularly stable configurations
such clusters are of the form of closed-shell icosahedra
this case the number of atoms per shellNs is related to the
shell numbers by the relationNs510s212. Table I shows
the total number of atomsN5(sNs11 in clusters consisting
of different numbers of shells~note that there is an additiona
atom in the middle of the icosahedron!.

As a simple example let us briefly consider the case
U5(A/2)r ~this approximation was used in@21,22#!. It is
readily seen that in the case of neutral atoms the electros

TABLE I. Total number of atoms in rare-gas atomic cluste
consisting of different numbers of shells.

Number of shells Number of atoms

1 13
2 55
3 147
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potential is related to the electron density byF5(A/e)r.
Solving the Poisson equation, we get the following expr
sion for the ground state density:

r5
Z e2

A (
a51

N
e2kurW2RW au

urW2RW au

where k5A4pe2/A. Thus within the Born-Oppenheime
approximation two neutral atoms separated by a distancR
interact with each other via a Yukawa-type potential mo
fied by the charge defect,F8(R)5Ze(e2kR2e)/R. Our nu-
merical experiments indicate that in this case also the ico
hedral structure seems to provide the minimal energy.

We prepared an initial state of the form of a two-sh
icosahedron containingN555 atoms. The distance betwee
neighboring atoms on each shell has been chosen to e
the equilibrium distance for two atoms given by the min
mum of the potentialF8. For the valuee51022 used we get
the equilibrium distanceR0.7k21 ~note that it does not
depend onZ). After solving the Newton equations of motio
for point particles interacting via the potentialF8 with small
friction terms added in order to have energy dissipation,
found a stable structure of the nuclei that also preserved
initial icosahedral symmetry~its energy was lower than th
energy of the equilibrium structure coming from a rando
initial arrangement of atoms!. However, the final distance
between neighboring atoms turned out to be different
shells 1 and 2~it is slightly lower for the inner shell!. The
results are shown in Fig. 1. They will be used as input in
the hydrodynamic calculations involving the motion of a
electron fluid presented in Sec. V. To choose the length s
on this figure we assumed thatk2151 a.u. In this case the

FIG. 1. Initial guess for the equilibrium positions of the nucl

$RW a% in an N555 atom rare-gas cluster. This structure consists
two closed icosahedral shells and an atom in the middle. Ato
belonging to different shells are marked by filled circles shaded
different ways. Shell 0 is the central atom. The second shell
been split into two subshells with different radii.
3-3
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equilibrium distance between two atoms isR0.7 a.u.
53.7 Å, which is similar to the spacing of atoms in arg
clusters@42#.

III. HYDRODYNAMIC FORMULATION

The time-dependent density functional theory is a n
trivial extension of the steady-state density functional the
to the time domain@43–48#. Usually this theory is used in
the regime of weak fields for which perturbation theory
applicable. Nevertheless, recently several applications of
theory to the nonperturbative treatment of atoms, molecu
and solids in intense laser fields have appeared@49#. One
example is the study of harmonic generation in He ato
@50#. However, the numerical solution of the time-depend
Kohn-Sham equations is very time consuming even in
case of helium atoms. Thus for a description of cluster
plosion an alternative approach should be sought. Follow
Bloch @51# we assume that the oscillations of the electr
cloud in a rare-gas atomic cluster can be viewed as a mo
of a fluid characterized by densityr(rW,t), velocity field

vW (rW,t), and internal energyU(rW,t), obeying the standard
conservation equations for number of particles, moment
and energy. In the Lagrangian form, they are written

dr~rW,t !

dt
52r~rW,t !¹W •vW ~rW,t !, ~7a!

m
dvW ~rW,t !

dt
52

1

r~rW,t !
¹W p~rW,t !1e¹W F~rW,t !, ~7b!

dU~rW,t !

dt
52

p~rW,t !

r~rW,t !
¹W •vW ~rW,t !, ~7c!

where the pressurep is defined by the equation of state for a
ideal fermion gas@34#,

p~rW,t !5
2

3
r~rW,t !U~rW,t !, ~8!

and the self-consistent Coulomb potential reads as

F~rW,t !5f~rW,t !1 (
a51

N
Ze

urW2RW a~ t !u
. ~9!

A similar hydrodynamic model has been used in the we
field limit for the study of photoabsorption of an atom in fre
space@52# and in plasma@53#, and more recently~in its
one-dimensional version! for the study of atoms, molecules
and small clusters exposed to an intense laser pulse@21,22#.

The hydrodynamic equations~7! for the electron density
r should be supplemented by the Newton equations of
tion for the positions of the nucleiRW a :

M
d2RW a~ t !

dt2
52Ze¹W F8„RW a~ t !,t…, ~10!
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where

F8„RW a~ t !,t…5f„RW a~ t !,t…1~12e! (
b51
bÞa

N
Ze

uRW a~ t !2RW b~ t !u
~11!

is the modified Coulomb potential andM denotes the nuclea
mass.

The interaction with the laser pulse is treated within t
dipole approximation by replacing the electrostatic Coulo
potential in Eqs.~7! and ~11! by

f~rW,t !→f~rW,t !2rW•FW ~ t !, ~12!

whereFW (t) is the electric field of the incoming wave. Th
linearly polarized wave of the pulse used in the simulatio
is assumed to have a field envelope proportional to s
squared with a full width at half maximumt and an optical
periodt0:

FW ~ t !5FW 0 sin2S p

2t
t D cosS 2p

t0
t D . ~13!

The initial values of the electron densityr(rW,t0) and the
equilibrium positions of the nuclei$RW a(t0)% are obtained by
minimization of the Thomas-Fermi energy functional~6!
from Sec. II. The electron fluid is initially considered as
static one, i.e.,vW (rW,t0)[0W . Finally, the values ofU(rW,t0) are
calculated using the relation Eq.~3! for the internal energy of
a uniform electron gas at a given temperatureT5T0. This
relation, which is used at the initial timet5t0 only, can be
considered as the sole ‘‘quantum-mechanical’’ ingredien
the present model@Eq. ~8! holds for both a classical an
quantum gas#.

In practice, the ground state structure of a cluster co
sponding to the minimum of the Thomas-Fermi energy fu
tional Eq.~6! can be obtained in a convenient way by loo
ing for the stationary solution of the hydrodynamic equatio
~7! with small viscosity terms added, supplemented by
Newton equations~10! with small friction terms added. Le
us mention that in order to obtain in this way the equilibriu
state structure of a cluster corresponding to the nonzero t
perature of the electron gasT.0 it is necessary to directly
substitute Eq.~3! into Eq. ~8! and solve only the first and
second of Eqs.~7!. Indeed, it follows from the first and third
of Eqs.~7! that

U~rW,t !

@r~rW,t !#2/3
5

U~rW,t0!

@r~rW,t0!#2/3
. ~14!

According to Eq.~3! this means that a system prepared i
tially at T050 will remain at this constant temperatureT
5T0 all the time. This is, however, not the case ifT0.0.

IV. SMOOTH PARTICLE HYDRODYNAMICS

The time-dependent Thomas-Fermi model presented
the previous section involves fluids moving freely in 3D u
3-4
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der the influence of Coulomb and pressure forces. Usu
these kinds of problems are best approached numerically
ing a Lagrangian formulation where the fluid is represen
by a large number of particles. In this paper we use
probably most popular numerical scheme of this kind, kno
as smooth particle hydrodynamics~SPH! @54,55#. This
simple and robust method to solve the hydrodynamic eq
tions presents some clear advantages over more tradit
grid-based Eulerian methods for calculations of fluid flow
Within SPH a completely gridless approach is used to co
pute the spatial derivatives. Thus it is easy to handle th
dimensional problems and problems without any particu
symmetries. Moreover, calculations are performed in the
evant regions of space only. No computational time is sp
in empty regions making SPH a very computationally e
cient scheme.

The name of the method comes from the fact that
density at any point of space is obtained by summing up
contributions fromn smoothed pseudoparticles,

r~rW !5
Z N

n (
j 51

n

f ~rW2rW j !. ~15!

The functionf is assumed to be spherically symmetricf (rW)
5 f (urWu) and normalized*d3r f (rW)51. The SPH is a
particle-based approach to hydrodynamics. The comp
tional elements are not grid cells, as in finite difference me
ods, but moving points in space where computational dat
the fluid are sampled. The transition between field quanti
F(rW)(F5r,vW ,U,F, . . . ) andpseudo-particle-based quan
ties Fi can be done in the following way:

Fi5E d3r f ~rW2rW i ! F~rW !. ~16!

The SPH method is accurate up to second order in the c
acteristic widthd of the kernel functionf. Within this ap-
proximation the following useful rule of thumb holds
(F G) i5Fi Gi .

The motion of the pseudoparticles and particle-ba
quantities is governed by the equations of the fluid. Af
inserting Eq.~15! using Eq.~16! and neglecting terms of th
order ofO(d2) one arrives at the discretized SPH version
the hydrodynamic Eqs.~7! ~see, e.g.,@56,57#!:

drW i

dt
5vW i , ~17a!

m
dvW i

dt
52(

j 51

n S pi

r i
21

pj

r j
2D¹W iw~rW i2rW j !1e¹W iF i , ~17b!

dui

dt
5

pi

r i
2 (

j 51

n

~vW i2vW j !•¹W iw~rW i2rW j !, ~17c!

where

w~rW !5
Z N

n E d3r 8 f ~rW82rW ! f ~rW8!. ~18!
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Equations~17! should be supplemented by the SPH vers
of the equation of state~8!:

pi5
2

3
r i ui . ~19!

Thus the problem of solving the hydrodynamic equations~7!
has been transformed into ann-body problem for the
pseudoparticles. It is interesting to observe that in the s
plified case ofui}r i and pi5r i ui Eqs. ~17! become the
Hamilton equations of motion for the smoothed pseudop
ticles Eq.~15! with the Hamiltonian given by the Thomas
Fermi energy functional~1!.

The total Coulomb force experienced by pseudopartici
can be written as a sum of all the individual forces:

¹W F i5(
j 51

n
q~ urW i2rW j u!

urW i2rW j u2
rW i2rW j

urW i2rW j u

2 (
a51

N
Q~ urW i2RW au!

urW i2RW au2
rW i2RW a

urW i2RW au
1FW ~ t ! ~20!

where

q~ urWu!5e 4pE
0

urWu
u2du w~u!,

Q~ uRW u!5Ze4pE
0

uRW u
u2du f~u!. ~21!

The pressure forces in Eqs.~17! are short-range forces an
only neighboring particles contribute to the local press
gradients. This is not the case, however, with the long-ra
Coulomb force~20!.

FIG. 2. Ground state structure of anN555 atom cluster with

Z51. Equilibrium positions of the nuclei$RW a% are marked by filled
circles. Small black dots correspond to the positions of the ps
doparticles modeling the equilibrium electronic densityr.
3-5
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Using the simplest particle-particle method the forces
tween all pairs of pseudoparticles need to be calculate
order to evaluate the second term in expression~20!. The
time required to calculate all interactions isO(n2) and this is
inefficient for systems with a large number of pseudop
ticles n. Thus, in order to calculate the Coulomb force co
ing from the pseudoparticles we use a version of the tr
based method@58–61# instead. Within this method space
divided into cells organized in a form of a tree. When
particle is far enough from a cell the Coulomb force is c
culated using the multipole expansion. Forn pseudoparticles
only O(n logn) time is required~under certain assumptions!.
Tree-based methods can easily be merged with the sm
particle hydrodynamics scheme@62,63#. However, we still
resort to the simple

FIG. 3. Trajectories of the ions after explosion of theN555
atom cluster from Fig. 2 exposed to a laser pulse. Small black
correspond to the positions of the nuclei at every optical per
Initial positions of the atoms are marked by filled circles.
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particle-particle method to calculate the Coulomb force co
ing from the nuclei@the second term in expression~20!#.

In this paper we utilizef in the form of a Gaussian func
tion:

f ~rW !5S a

Ap
D 3

e2(arW)2
. ~22!

The parametera from Eq. ~22! is chosen to minimize the
energy Eq.~1! of a Thomas-Fermi atom of givenZ. It should
also be regarded as a function of the number of pseudo
ticles per atomn/N. For example, forn/N5125 ~this is the
value used later in the paper! we found a minimum of energy
at a53 for Z51 anda57 for Z518. The ground state fo
each value ofa was obtained by solving Eqs.~17! numeri-
cally with small friction terms added. Then the energy of
atoms was plotted as a function ofa and a minimum picked
up. Interestingly, at the value ofa corresponding to this
minimum of energy the Thomas-Fermi energy relations
preserved, i.e., 2Eint1Epot50 @32# whereEint5(ZN/n)( juj
is the internal energy of the electron gas@first term in Eq.
~1!# and Epot5(ZN/n)( j eF j is the potential energy of the
electron gas@second and third terms in Eq.~1!#.

V. CLUSTER EXPLOSION

Let us start the presentation of the results of our numer
simulations of cluster explosion within the time-depende
Thomas-Fermi model with a discussion of the case ofZ
51. It is known, that within the static~time-independent!
Thomas-Fermi model atoms of different atomic numberZ
differ by scaling units only. In the case of the time-depend
Thomas-Fermi model~including ion dynamics! the situation
is much more complicated and to our knowledge there d
not exist any simple scaling of the final energies and char
of ions with atomic numberZ. Let us mention only that the
Coulomb force acting on pseudoparticles in Eqs.~17! scales
as Z whereas the pressure force scales asZ2/3 ~at

ts
.

e
g

FIG. 4. RadiiR of each~sub!shell of the clus-
ter from Fig. 3 ploted versus timet. Inset corre-
sponding to the magnification of a part of th
original plot shows the details of the beginnin
stages of the explosion.
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T50). Nevertheless, we may expect that simulations p
formed forZ51 will allow us to gain some basic qualitativ
information about the process of cluster explosion with
spending too much computational time. Later on we p
also to consider briefly a more realistic case ofZ518 ~argon
clusters!. This will allow us to compare the results comin
from our model with the results of recent Monte Carlo sim
lations.

It turns out that the main problem in considering the ca
of Z@1 comes not from the increase ofZ but rather from the
necessity to simultaneously increase the parametera in Eq.
~22! in order to fulfill the Thomas-Fermi energy relation
~see the discussion at the end of Sec. IV!. For instance, in the
case of an argon cluster with atomic numberZ518 (a57)
the maximal force acting on the pseudoparticles is about
times larger than in the case ofZ51(a53). This makes the
code about 20 times slower. In our code we use the fi
order Cash-Karp Runge-Kutta method with adaptive st
size control~see, e.g.,@64#! to integrate Eqs.~17! and~10! in
time.

First we will need a ground state structure of anN555
atom cluster withZ51 at T50 corresponding to the mini
mum of the energy functional given by Eq.~6! together with
Eq. ~3!. It was obtained by solving simultaneously the SP
hydrodynamic equations~17! and the Newton equations~10!
with small friction terms added. At the initial time we use
the approximate values of the equilibrium positions of t
nuclei $RW a

(0)% from Fig. 1. The initial guess for the electron
density was chosen in the form

r (0)~rW !5
Z e2

A (
a51

N
e2kurW2RW a

(0)u

urW2RW a
(0)u

,

which corresponds to the simplified case ofp}r2 within the
Born-Oppenheimer approximation~see the discussion in Se
II !. Pseudoparticles were initially distributed randomly w
the densityr (0). The resulting stationary positions of th
pseudoparticles$rW i% describing the equilibrium electroni
densityr and the equilibrium positions of the nuclei$RW a% are

FIG. 5. Average kinetic energyEkin of the ions coming from
different ~sub!shells of the cluster from Fig. 3 ploted versus timet.
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depicted in Fig. 2. Note that the radii of all the shells of t
cluster in Fig. 2 are slightly smaller than in Fig. 1. It is th
inner shell that collapsed most with respect to the appro
mate structure of Fig. 1.

In the next step the cluster from Fig. 2 was exposed t
strong laser pulse with the peak intensityI 51.4
31015 W/cm2 ~or F050.2 a.u.). The pulse used in th
simulations had a wavelengthl5800 nm ~or t0
5110.425 a.u.) and a temporal full width at half maximu
t5106.67 fs~or t/t0540). All of the results presented in
this paper were obtained using a wave polarized linea
along thex axis. The only independent parameter left is t
mass of the nucleiM, which has been set toM /m52000. In
Fig. 3 we present the trajectories of the ions after explos
of the cluster. The black dots correspond to the positions
the nuclei at every optical period. Larger filled circles rep
sent the initial positions of the nuclei. We see that there
forward-backward symmetry. Thex axis ~parallel to the po-
larization of the pulse! seems also to be a symmetry axis.
addition in Fig. 4 we plot the radiiR of the shells of the
cluster from Fig. 3 as a function of timet. These radii were
computed as the average distance between each ion fro
given shell and the central ion of the cluster. For conv
nience the second shell was split into two subshells w
different initial radii ~i.e., a subshell is defined as a group
atoms equally spaced from the central atom of the cluster!. It
is seen that the explosion is neither instantaneous nor
form. It exhibits a layerlike structure in which shells of clu
ter ions are expelled sequentially. The inset correspondin
the magnification of a part of the original plot shows t
details of the beginning stages of the explosion at 0<t
<2000 a.u.. It is interesting to see that it is the inner shel
the cluster that started to expand first and ‘‘pushed’’ t
outer shells. In Fig. 5 we have the kinetic energyEkin of the
atomic ion fragments versus timet. Again it is averaged over
the different~sub!shells. Note once more the stepwise ch
acter of the explosion, the ions leaving first being far mo
energetic than those leaving later. Such a process has
suggested as an explanation of phenomena observed in

FIG. 6. Average kinetic energyEkin of the ions coming from
different ~sub!shells of anN555 atom cluster versus timet plotted
for different initial temperaturesT0 of the electron gas.
3-7
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periments@9# and confirmed within 1D numerical simula
tions using a similar time-dependent Thomas-Fermi hyd
dynamic model@21#.

‘‘Hot’’ electron dynamics is believed to play an importa
role at the initial stages of the cluster explosion~see, e.g.,
@2,8#!. In this picture electrons moving under the influence
a laser pulse expand and ‘‘pull’’ the cold heavy ions outwa
with them. This hydrodynamic pressure associated with
hot electrons together with Coulomb interaction are the t
forces that act on the cluster, causing it to expand during
after the laser pulse. The hydrodynamic part of the clus
expansion results from a conversion of electron thermal
ergy into the directed kinetic energy of the ions. This exp
sion process can be perfectly described within the tim
dependent Thomas-Fermi model used. However, instea
introducing some phenomenological coefficient describ
the absorption of laser energy into the hydrodynamic eq
tions ~17! for an ideal electron fluid, in our paper we hav
chosen to investigate the effect of preheating the clusterbe-

FIG. 7. Same as in Fig. 6 but for anN56 atom cluster.
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fore the pulse arrives. This is done in a natural way by
troducing a small nonzero electron temperatureT into Eq.~3!
used at timet50 in order to calculate the initial value

U(rW,0) of the internal energy of the electron gas. We use
initial temperature ofk T050.02 a.u.~or k T050.3 eV). In
this case the initial values ofui are changed by about 1% i
the low-electron-density regions between the atoms and
main essentially unchanged in the high-density regions c
to the atomic core@thus the perturbative expression~3! is
perfectly justified#. In Fig. 6 we compare the kinetic energ
Ekin of the atomic ion fragments coming from the explosi
of clusters prepared initially in equilibrium states at tempe
turesT5T0 andT50. It follows from inspection of this plot
that ions coming from the outer shells of the cluster are
deed somewhat accelerated by thermal expansion of the
tron gas. However, for ions originating from the inner sh
the opposite is true: their energy turns to be lower when
initial temperature of the electron gas in the cluster is high
To understand this effect we repeated the same calculat
for an N56 atom cluster with an initial octahedral structu
consisting of one shell. The corresponding plot is presen
in Fig. 7. We see that again the kinetic energy of the out
ing ions is lower for a higher initial temperature of the clu
ter. A possible explanation of this effect is that the spa
charge ionization due to electrons has an important effec
the ion energies resulting from the cluster explosion.
electrons are liberated in small clusters they exit the volu
of the cluster quite rapidly and thus cannot continue to ion
the atoms. It is reasonable to expect that this escape of e
trons is accelerated by a nonzero initial temperature of
cluster; this results in a lower charge of the atoms, and t
the Coulomb explosion of small clusters and inner shells
larger ones is slowed down. A mixed Coulom
hydrodynamic expansion behavior has been observed
cently in the explosion of xenon clusters@9#. However, ac-
cording to these authors most energetic ions arise from
ts
gle
FIG. 8. Average chargeQ of the ions after
explosion of anN56 atom cluster withZ518
plotted versus timet for two different amplitudes
F0 of the incoming laser pulse. Inset presen
time dependence of the charge state of a sin
atom illuminated by the same laser pulse.
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Coulomb and not the hydrodynamic scenario of the exp
sion. This seems to be the opposite of our results.

Finally, let us consider a more realistic case ofZ518 and
M /(Zm)54045.45~argon clusters!. Figure 8 shows the tem
poral evolution of the average ion charge stateQ obtained
for an Ar6 cluster illuminated by pulses of two different in
tensities: I 51.431015 W/cm2 ~or F050.2 a.u.) and I
51.331016 W/cm2 ~or F050.6 a.u.). The inset presen
analogous results obtained for an isolated argon atom
jected to the same laser pulses. The charge of the ion
calculated in the following way: for each pseudoparticle
charge is added to the charge of the closest ion; pseudo
ticles that are further from any ion than 10 a.u. are cons
ered lost. It is seen that for such a small cluster most ioni
electrons leave the cluster during the beginning stages o
pulse. Moreover, it follows from comparison with the ins
that the impact of such laser-driven electrons on the ex
sion process via the mean field is important even in clus
as small as six atoms. Notice that the final charges of the
from Fig. 8 are similar to the charges obtained recently
Monte Carlo simulations~see, e.g.,@12,65#!. This proves that
the time-dependent Thomas-Fermi model is also able to
also correct quantitative predictions about the process of
plosion of rare-gas atomic clusters.

VI. SUMMARY

The dynamics of small rare-gas atomic clusters ionized
a high-intensity femtosecond laser pulse have been stu
qualitatively using a three-dimensional refinement of
ys
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ys

ys
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, J
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time-dependent Thomas-Fermi model. It was confirmed t
the explosion is neither instantaneous nor uniform. It exhib
a layerlike structure in which shells of cluster ions are e
pelled sequentially. It seems that the inner shells of the c
ter start to expand first and ‘‘push’’ the outer shells. T
stepwise character of the explosion was seen also in the
netic energy of the outgoing atomic ion fragments: the io
leaving first were far more energetic than those leaving la
The role of hot electron dynamics in the cluster explosion
the initial stages has also been investigated. It turned out
ions coming from the outer shells of the cluster are inde
somewhat accelerated by thermal expansion of the elec
gas. On the other hand, the thermal expansion of the elec
gas causes the electrons to leave the inside of the clu
rapidly. This slows down the rate of space-charge ionizat
inside the cluster and thus the Coulomb explosion of
inner shells is decelerated. Contrary to previous belief
seems that the hydrodynamic explosion scenario is impor
for most energetic ions only. The expansion of slower io
from inner shells is governed mainly by the Coulomb forc
The model used was also checked to give correct quantita
predictions in the case of small argon clusters.
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