
PHYSICAL REVIEW A, VOLUME 62, 063204
Explosion dynamics of rare-gas clusters in an intense laser field

Kenichi Ishikawa* and Thomas Blenski
Service des Photons, Atomes et Mole´cules, Centre d’Etudes Nucleaires de Saclay, Commissariat a` l’Energie Atomique,

91191 Gif-sur-Yvette Cedex, France
~Received 26 April 2000; revised manuscript received 17 July 2000; published 15 November 2000!

We study the explosion dynamics of rare-gas clusters (Ar55, Ar147, Xe55, and Xe147) in an intense,
femtosecond laser pulse via Monte Carlo classical particle-dynamics simulations. Our method includes tunnel
and impact ionization as well as ion-electron recombination, and allows us to follow the motion of both ions
and free electrons during laser-cluster interaction. Our simulation results show that ionization proceeds mainly
through tunnel ionization by the combined fields from ions, electrons, and laser while the contribution of
electron-impact ionization is secondary. The ions are ejected in a stepwise manner from outer shells and
accelerated mainly through their mutual Coulomb repulsion. Taking a spatial laser intensity profile into ac-
count, we show that the Coulomb explosion scenario leads to the same charge dependence of ion energy, i.e.,
quadratic for lower charge states and linear for higher ones, as that observed in experiments with larger
clusters. This indicates that Coulomb explosion may be a dominant cluster explosion mechanism even in the
case of large clusters. We also find that the ion energy is higher in the direction parallel to laser polarization
than in the direction perpendicular to it. When ions are emitted along the direction of laser polarization, their
charge changes in phase with the laser field, and this leads to an efficient acceleration.

PACS number~s!: 36.40.Vz, 07.05.Tp
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I. INTRODUCTION

Since the advent of high-intensity (.1014W/cm2), short-
pulse (,1 ps) lasers, their interaction with rare-gas clust
has been extensively studied@1–13#. Although the global
density of a cluster gas may be arbitrarily low, its high loc
density leads to strong absorption of laser energy. The
perimental observation of highly charged ions@1,2#, high-ion
kinetic energy@3#, high-electron temperature@4#, and x-ray
emission in the keV range@5# has revealed a surprisingl
high energetic nature of the interaction.

Theoretical modeling of the intense laser pulse interac
with rare-gas clusters is a challenging subject involving
nonlinear, nonperturbative response of many ions and e
trons. The laser-cluster interaction involves two proces
i.e., ionization and explosion. Several models have been
veloped on the ionization mechanism which leads to the p
duction of unusually high charge states. In a coherent e
tron motion model by Boyeret al. @6#, multiple ionization
arises from impact by coherently moving electrons, behav
like a quasiparticle. Ditmireet al. @7,9# proposed a ‘‘nano-
plasma’’ model, in which ions are ionized mainly throug
the impact of hot electrons heated by inverse bremsstrahl
Rose-Petrucket al. @10# introduced an ‘‘ionization ignition
~II !’’ model, where ionization is driven by the combine
field of the laser, the other ions, and the electrons. The
plosion dynamics, responsible for the high-ion energy,
been less exploited in the theoretical modeling. The na
plasma model@7,9# suggests that the cluster expands in
hydrodynamic manner by the pressure of hot electrons c
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fined inside the cluster by the space-charge effect. Howe
Last and Jortner@11–13# performed classical dynamic
simulations, and showed that electrons are quickly remo
even from large xenon clusters containing over 1000 ato
due to a quasiresonance energy enhancement, and, ther
that the existence of the nanoplasma confined inside the c
ter is questionable.

In the present study we investigate the explosion dyna
ics of rare-gas clusters irradiated by an ultrashort inte
laser pulse using Monte Carlo classical particle-dynam
simulations. Classical particle-dynamics simulations have
ready been used to study laser-cluster interaction by sev
authors@9,10,13#. However, these authors mainly studied t
ionization dynamics, and up to now, to our knowledge, th
has been no detailed work on the dynamics of ions ejec
from an exploding cluster, such as the dependence of t
kinetic energy on their charge state or emission angle. S
dependence has been experimentally measured@2,8,14# in
order to study the cluster explosion dynamics, and its sim
lational investigation is the main concern of the pres
study, though we also discuss the ionization mechan
briefly. We simulate the explosion of Ar55, Ar147, Xe55, and
Xe147. This cluster size is larger than that in Ref.@9# and
smaller than in Ref.@13#. In principle we can treat even
larger clusters, but we limit the cluster size to the valu
given above in order to obtain sufficiently good statistics
the discussions in the present study.

The present paper is organized as follows. Section II su
marizes our simulation method. Although we take an a
proach similar to those in Refs.@9# and@13#, we include two
important improvements over these previous methods:
use of real~singular! Coulomb potential from ions and th
implementation of ion-electron recombination. It appea
that the recombination plays an important role in the exp
nation of the angular dependence of ion energy in Sec. V
Sec. III we discuss the importance of tunnel and electr

of
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K. ISHIKAWA AND T. BLENSKI PHYSICAL REVIEW A 62 063204
impact ionization in laser-cluster interaction. Our results
dicate that the former is the dominant ionization mechan
and that the latter plays only a minor role. In Sec. IV w
examine the charge dependence of ion energy. Experime
work by Leziuset al. @2# has shown that the dependence
quadratic in the case of ArN (N'1.83105) while it is qua-
dratic at lower charge states and linear at higher charge s
in the case of XeN (N'2.03106). In recent experiments
with PbN (N'300), Viallon@14# has found a charge-energ
relation similar to the case of XeN . In Refs.@2# and@14# the
quadratic dependence was attributed to Coulomb explos
and the linear one to hydrodynamic expansion. However,
simulation, in which the Coulomb explosion is shown to b
dominant mechanism, leads to a similar behavior. Thus
show that this charge-energy relation can be entirely
plained on the basis of the Coulomb explosion mechanis
we take a spatial laser intensity profile into account prope
In Sec. V we study the dependence of ion energy on
emission angle with respect to the laser polarization. We
that the energy of ions is higher when they are emitted al
the direction of laser polarization. This can be connected
the change of their charge state during an optical cycle
the resulting laser-induced acceleration. The conclusions
given in Sec. VI.

II. SIMULATION METHOD

A basic idea of our simulation method is to treat ions a
free electrons as classical point particles and to integrate
nonrelativistic equations of motion for them. Bound ele
trons do not appear explicitly. This idea is based on the
that the essence of many phenomena involving an inte
laser field, such as above-threshold ionization@15# and high-
order harmonic generation@16#, can be well described by
treating the ejected electron as a classical particle with
taking account of the response of bound electrons. The fo
acting on each particle is calculated as the sum of the c
tributions from all the other particles and the laser elec
field. To account for the finite size of the electron clo
around each nucleus, the field from an ion of charge statQ
is modeled as a Coulomb one from an effective nucl
chargeQeff(r ) of the form,

Qeff~r !5H Z~12r /r a! for r ,~Z2Q!r a /Z,

Q for r>~Z2Q!r a /Z,
~1!

with Z being the atomic number andr a the ‘‘atomic radius,’’
calculated using self-consistent-field functions@17#, which
takes the value of 1.3 a.u. for Ar and 2.0 a.u. for Xe. We u
atomic units throughout this paper unless otherwise sta
Qeff(r ) tends to the bare nuclear chargeZ asr tends to zero.
This potential is more suitable for the description of io
electron interaction, which may lead to the confinement
electrons inside the cluster and inverse bremsstrahlung,
a soft Coulomb potential used by Ditmire@9#. The equation
of motion of particles are integrated with the fifth ord
Cash-Karp Runge-Kutta method with adaptive step-size c
trol @18#. In a situation where an electron happens to be v
close to an ion, the use of a real Coulomb potential mi
06320
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lead to serious problems, i.e., very small time steps and
merical heating. To circumvent these problems, we resor
Kustaanheimo-Stiefel regularization@19–21# ~also see the
Appendix!, widely used in astrophysical simulations. This
an efficient method to transform the equations of the rela
two-body motion into a form that is well behaved for sma
separations.

In an intense laser field, the cluster atoms may be ioni
by tunnel ionization~field ionization!. We evaluate the prob
ability of ionization per unit timeWtun from a state with
orbital numberl of an ion with chargeQ via the following
analytic formula@22,23#:

Wtun5 (
m52 l

l
~ l 1umu!!

2umuumu! ~ l 2umu!!
S 2e

n*
D 2n*

I p

2pn*

3S 2~2I p!3/2

E D 2n* 2umu22

expS 2
2~2I p!3/2

3E D , ~2!

whereI p denotes the ionization potential,E the total electric
field seen by the ion, andn* the effective principal quantum
number defined by

n* 5~Q11!@2I p#21/2. ~3!

If a random numberpP@0,1# is smaller than the tunneling
probability WtunDt during a time stepDt, the tunnel ioniza-
tion occurs. Then a new electron is placed with zero veloc
near the parent ion in the direction of the ionizing field
such a way that the total energy of the system is conser
Depending on the positions of the ions and the other e
trons, there happens to be situations where it is impossibl
put a new electron into the simulated system, guarantee
the energy conservation at the same time. In such cases,
ization is cancelled.

Free electrons may appear also through electron-imp
ionization ~collisional ionization!. An electron-impact ion-
ization takes place if the distance between an electron an
ion is decreasing and if the impact parameterb and the
electron-impact ionization cross sectionsEII satisfy the rela-
tion

4pr 0ur 02bu,sEII , ~4!

wherer 0 is obtained from

UQ11~r 0!5I p , ~5!

with UQ(r ) being the potential of an ion with a charge ofQ.
We use such a value of the impact parameterb that we would
obtain by integrating back the trajectory of the ion and t
electron tot52infinity as if there were no other ions, elec
trons, or the laser fields. This value can be calculated a
lytically using the conservation of momentum and angu
momentum. We calculatesEII using fitting formulas by Len-
non et al. @24# for Ar and the Lotz formula@25#,

sEII5a q
ln~Ee /I p!

EeI p
~Ee.I p! ~6!
4-2
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EXPLOSION DYNAMICS OF RARE-GAS CLUSTERS IN . . . PHYSICAL REVIEW A62 063204
for Xe, wherea54.5310214cm2 eV2, q is the number of
electrons in the outer shell of the ion, andEe is the energy of
the impact electron. In Eq.~6! we have taken into accoun
only the dominant first term of the original Lotz formu
@25#. Upon ionization a new electron is placed at the dista
r 0 from the ion with the position and velocity chosen ra
domly with the condition that the total energy and mome
tum are conserved.

In the laser-cluster interaction free electrons may be
combined with ions. The main recombination mechanis
are radiative and three-body recombination. Since our si
lation method does not include radiative processes, it is
possible to treat the former correctly. The treatment of
latter, though it is possible in principle, would be extreme
complicated since we have to take into account the motio
all the ions and electrons. Instead, therefore, we propo
simple treatment of recombination as follows: a pair of
ion with a chargeQ and an electron is replaced by an io
with a chargeQ21 if the distance between them is decrea
ing, if there is no potential barrier between them, and if
following relation is satisfied:

(
j

@Qj /uX2X j u2UQj
~ ux2X j u!#

2(
i

S UQ~ uX2xi u!2UQ21~ uX2xi u!2
1

ux2xi u
D

2UQ~ ux2Xu!1FL•~x2X!1
v2

2
,0, ~7!

wherex is the electron position,X the ion position,FL the
laser field, andv the electron velocity. The first sum is take
over all the other ionsj of a positionX j and a chargeQj , and
the second sum over all the other electronsi of a positionxi .
If there were no other ions or electrons than the ion-elect
pair, the inequality Eq.~7! would be reduced to the following
expression:

2UQ~ ux2Xu!1FL•~x2X!1
v2

2
,0, ~8!

which states that the total energy of the electron is negat
The first two terms of Eq.~7! are the correction due to th
presence of the other ions and electrons. The inclusion
recombination has the following advantage. A proble
which may be encountered in classical particle simulati
using a singular Coulomb potential is that some electrons
gain high energy and escape the cluster while others
much energy. This unphysical process is suppressed th
to the inclusion of recombination, which prevents the form
tion of tightly bound ion-electron systems.

The pulse used in our simulations has a field envel
proportional to sine squared, i.e., the laser electric fieldFL is
given by

FL5F0 sin2
pt

2T
sinvt, ~9!
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with a full width at half maximumT of 100 fs and a fre-
quencyv corresponding to a wavelength of 780 nm.F0 de-
notes the peak amplitude. The initial geometry of the clust
is chosen to be a closed-shell icosahedral structure@26# with
an atom spacing of 3.7 Å for Ar and 4.4 Å for Xe@27#. The
shell structure of Ar and Xe clusters is summarized
Table I.

III. IONIZATION MECHANISM

Figure 1 shows the temporal evolution of the mean
charge state obtained from an Ar147 cluster ~solid line! and
individual Ar atoms~dashed line! irradiated by a laser pulse
with a peak intensity of 1.431015 W/cm2. The mean charge
state obtained in a cluster gas is considerably higher than
in an atomic gas. Moreover, in our simulations high
charged ions up to Ar81 were obtained from the cluster ga
though it is not explicitly indicated in the figure.

Our simulation method includes two possible ionizati
processes: tunnel~or field! ionization and electron-impact~or
collisional! ionization. Strictly speaking, the distinction be
tween tunnel ionization by an electronic field and electro
impact ionization is not unambiguous, since the latter is a
due to the field of an incident electron. Nevertheless, in
present study let us refer to the ejection of a bound elec

FIG. 1. Evolution of the mean charge state per ion in Ar147

~solid line! and an atomic gas of Ar~dashed line! irradiated by the
pulse with a peak intensity of 1.431015 W/cm2. The dotted line is
the result for Ar147 with electron-impact ionization switched off.

TABLE I. Shell structure of Ar and Xe clusters. Each she
forms an icosahedron. Shells II and III contain two and three s
shells, respectively.

Shell Subshell Number Distance from the center~Å!

of atoms Ar Xe

Central atom 1 0 0
I 1 12 3.7 4.4
II 2 30 6.3 7.5

3 12 7.4 8.8
III 4 20 8.9 10.5

5 60 9.7 11.4
6 12 11.2 13.2
4-3
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K. ISHIKAWA AND T. BLENSKI PHYSICAL REVIEW A 62 063204
by an incident energetic electron as electron-impact ion
tion and distinguish it from tunnel ionization due to the fie
formed by many electrons. According to the nanoplas
model by Ditmireet al. @7#, the principal ionization mecha
nism is electron-impact ionization by hot electrons. Ditm
@9# argued that this process was important even in small c
ters containing only six atoms. On the other hand, the i
ization ignition model by Rose-Petrucket al. @10# and the
recent work by Last and Jortner@13# indicate that field ion-
ization by the combined field of the laser, the other ions, a
the electrons plays a dominant role, and that electron-imp
ionization is of minor importance. Multiple ionization from
impact by coherently moving electrons proposed in the
herent electron motion model@6# would be, if any, a purely
quantum-mechanical effect, and, therefore, is outside
scope of the present study.

In order to examine the importance of electron-imp
ionization on the mean charge state, we have performe
simulation with electron-impact ionization switched o
whose result is shown as a dotted line in Fig. 1. It can
seen that electron-impact ionization has practically no ef
on the mean charge. We have found that this process p
only a minor role for all the cluster sizes (Ar55, Ar147, Xe55,
and Xe147) we treated and for the laser intensity fro
3.531014 to 1.331016 W/cm2.

This result can be easily understood from the viewpoin
the mean free path of electrons inside the cluster. The m
free pathlEII with respect to electron-impact ionization
defined bylEII51/NasEII(Ee), whereNa is the atomic den-
sity inside the cluster.lEII takes the minimum value at
certain value of incident electron energyEe ~minimum mean
free path!. We show the minimum mean free path, calcula
using experimentally measured values ofsEII @24,28–30#, as
a function of ion chargeQ before the ionization for Ar and
Xe clusters in Fig. 2. We also indicate the diameter of
cluster containing 147 and 106 atoms. As can be seen from
this figure, the minimum mean free path exceeds the siz
Ar147 already atQ51 and that of Xe147 at Q52. Moreover,
for Q>5 in the case of Ar andQ>8 in the case of Xe, the
minimum mean free path is larger than the size of a clu
containing 106 atoms. It should be noted that in general t
electron mean free path is larger than the minimum va
plotted in Fig. 2. Hence, the contribution of electron-impa
ionization is of minor importance even in the case of ve
large clusters. On the other hand, once several atoms
ionized, the total electric field strength at the position of ea
cluster ion can be significantly larger than the laser fi
alone. This drives further tunneling ionization and leads
high charge states just as was proposed in the ioniza
ignition model@10#.

At a glance, our results may appear to contradict thos
Ref. @9# obtained using a simulation method similar to ou
Figure 2~b! of Ref. @9# shows, however, that the level o
ionization is larger when impact ionizationand electron
fields in tunnel ionization are included than when they
neglected. The effect of impact ionizationalonewas not ex-
amined in Ref.@9#. On the other hand, the present stu
clearly shows that electron-impact plays a negligible role
ionization, in agreement with the results in Ref.@13#.
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IV. CHARGE DEPENDENCE OF ION ENERGY

We can consider two different explosion mechanisms
clusters irradiated by an ultrashort intense laser pulse: C
lomb explosion and hydrodynamic expansion. Coulomb
plosion is expected to be a dominant mechanism in c
where ejected electrons escape from the cluster quickly
this case the accumulated total Coulomb energy is conve
into ion kinetic energy. Thus, we can approximate the re
tion between the mean ion energyĒ5( j 51

N Ej /N and the

mean ion charge stateQ̄5( j 51
N Qj /N, with Ej andQj being

the kinetic energy and the charge state, respectively, of ioj,
andN the number of atoms contained in the cluster, as

Ē5
Q̄2

N (
i 51

N21

(
j 5 i 11

N
1

uRi2Rj u
}Q̄2, ~10!

whereRi denotes the initial position of ioni. On the other
hand, one expects that the cluster explodes mainly thro
hydrodynamic expansion in the case where most of the
electrons are confined inside the cluster by the space-ch
effect for a long time. In this case, the thermal energy of
electrons is transformed into ion kinetic energy. Then,

FIG. 2. ~a! Minimum electron mean free path inside the A
cluster with respect to electron-impact ionization ArQ1

→Ar(Q11)1 (0<Q<17) calculated for the incident electron en
ergy at which the cross sectionsEII takes a maximum value. The
diameter of an Ar147 and Ar106 is also indicated.~b! Similar plot for
the case of the Xe cluster (Q51, . . .,6,8).
4-4
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relation between the mean energy and the mean charge o
ions is approximately given by

Ē5
3

2
Q̄kBTe}Q̄, ~11!

wherekB is the Boltzmann constant andTe the electron tem-
perature. This relation is linear under the assumption thaTe

does not depend much onQ̄.
Lezius et al. @2# obtained experimentally the charge d

pendence of the kinetic energy of the ions emitted fr
laser-irradiated Ar and Xe clusters. This dependence
used to determine when the cluster explosion is governe
the Coulomb explosion and when by hydrodynamic exp
sion. Their results can be summarized as follows: in the c
of ArN (N'1.83105) the charge dependence of the ion e
ergy is quadratic in the entire range of 1<Q<8, while in the
case of XeN (N'2.03106), the dependence is quadratic f
lower charge states (Q,6) and linear for higher charg
states (Q.10). Based on these results and the discussio
the preceding paragraph, the authors of Ref.@2# have con-
cluded that Ar clusters undergo Coulomb explosion while
clusters exhibit a mixed Coulomb-hydrodynamic expans
behavior. A behavior similar to the case of Xe has recen
been found in the experiments with PbN (N'300) @14#.
Hence, such a behavior appears to be a general feature w
is valid over a very wide range of cluster size except
ArN . Also in Ref.@14# the quadratic dependence was attr
uted to the Coulomb explosion, and the linear one to hyd
dynamic expansion. Equations~10! and ~11! describe, how-
ever, the relation between themeanenergy and themean
charge state of the ions, and do not necessarily hold true
the charge-energy relation ofindividual ions, obtained in
these experiments@2,14#. In what follows, we examine the
charge-energy relation obtained from our simulation res
in detail.

In Fig. 3 we plot the relation between the mean ion ene

FIG. 3. Relation between the mean ion energyĒ and charge

stateQ̄ obtained using different intensities~starting from the lowest

value of Q̄,0.35,1.4,3.2,5.6,8.8,1331015 W/cm2 for Ar55, Ar147,
and Xe55, and 0.35, 0.79,1.0,1.4,1.9,3.2,13,5.6,8.831015 W/cm2

for Xe147). The values ofĒ for Xe clusters were multiplied by 1.5
for clarity.
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Ē and mean charge stateQ̄ obtained using different lase
intensities for Ar55, Ar147, Xe55, and Xe147. The relation
can be modeled withĒ'aQ̄2, wherea is a constant. This
indicates that ions are accelerated mainly through a Coulo
explosion mechanism. The value ofa indicated in Fig. 3 is
smaller than the one~57, 115, 41, and 75 eV for Ar55, Ar147,
Xe55, and Xe147, respectively! which can be calculated from
Eq. ~10!. This is because the charge state of each ion chan
in time, and because the cluster explosion begins before
ion charges reach their final values.

In Fig. 4~a! we show the temporal evolution of the tot
number of free electrons and the number of free electr
inside the cluster for the case of a Xe147 cluster irradiated by
a laser pulse with a peak intensity of 8.831015 W/cm2. Fig-
ure 4~b! shows the evolution of the mean kinetic energy
ions from each subshell. From these figures we can see
electrons quit the cluster before the main stage of ion ac
eration without exchanging significant energy with ions. Th
excludes a hydrodynamic scenario and indicates that the
are accelerated mainly by their mutual Coulomb repulsi
Figure 4~b! also shows a stepwise character of the clus
explosion. The explosion is neither instantaneous nor u
form: the ions are accelerated in sequence from outer sh
and those leaving first are more energetic than those lea

FIG. 4. ~a! Evolution of the total number of free electrons~up-
per line! and the number of free electrons whose distance from
origin ~the initial position of the central atom! is smaller than that of
the outermost ion~lower line! for the case of a Xe147 cluster irradi-
ated by the pulse with a peak intensity of 8.831015 W/cm2. ~b!
Evolution of the mean ion energy of each subshell, for the c
of ~a!.
4-5
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K. ISHIKAWA AND T. BLENSKI PHYSICAL REVIEW A 62 063204
later. This feature, also observed in one-dimensio
Thomas-Fermi simulations@31# and in smoothed particle hy
drodynamics simulations@32#, can be understood on the b
sis of the ionization ignition mechanism@10# and Coulomb
explosion. Seen by an ion in outer shells, the fields from
other ions add up to a large value while seen by an ion
inner shells, they cancel each other partly. Thus the ion
outer shells are ionized earlier and, at the same time, m
effectively accelerated than those in inner shells.

Let us now turn to the charge-energy relation of in
vidual ions. Rare-gas clusters have a shell structure a
shown in Table I. We consider the charge and energy dis
bution of ions originating from each subshell. We denote
mean kinetic energy of the ions with a charge ofQ, originat-
ing from subshells asEs(Q). It should be noted that neithe
Es(Q) nor its average over all the cluster subshells is id
tical to Ē, plotted in Fig. 3. The latter is the mean energy
all the cluster ions, regardless of their charge stateQ. On the
other hand, for a given value ofQ, Es(Q) involves only the
ions with this charge state.Ē can be written in terms o
Es(Q) as

Ē5
1

N (
s

Ns(
Q

Ys~Q!Es~Q!, ~12!

whereNs is the number of the ions contained in subshels,
satisfyingN5(sNs , while Ys(Q) is the probability distribu-
tion of Q in subshells, normalized as(QYs(Q)51. Using
Ys(Q), the mean charge stateQ̄ can be written as

Q̄5
1

N (
s

Ns(
Q

Ys~Q!Q. ~13!

In Fig. 5 we plotEs(Q) as a function of charge stateQ for
each subshells(s51, . . . ,6) of Xe147 in the case of a peak
intensity 8.831015 W/cm2. We can model the relation in
Fig. 5 with Es(Q)'bsQ, where a constantbs depends ons.
It should be emphasized that the approximately linear dep

FIG. 5. Mean ion kinetic energyE(Q) as a function of charge
stateQ for each subshell of Xe147 and for the entire cluster~filled
circles, multiplied by 0.4 for clarity! in the case of a peak intensit
8.831015 W/cm2. The subshells are enumerated outwards star
from the innermost one.
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dence in Fig. 5 is a consequence of the Coulomb explos
which dominates the cluster explosion in our simulation
sults. This behavior can be understood as follows. Let
consider a pure Coulomb explosion of clusters compose
N ions with chargesQi( i 51, . . . ,N) randomly chosen ac
cording to the probability distributionYs(Qi) depending on
s. In general, the final kinetic energyE1 of an ion with a
charge Q1 in subshell s1 is a complicated function of
Q1 , . . . ,QN . In order to estimate the averageÊ1 of E1 over
the distribution ofQ2 , . . . ,QN , we may assume that th
cluster expands in average nearly isotropically and that
effect of the other ions in subshells1 is negligible. ThenÊ1
can be roughly written as

Ê1~Q1!'
Q1S i Ps,s1

Q̄i

r 1
}Q1 , ~14!

where the sum is taken over all the ions in inner subsh
and at the center,r 1 denotes the initial distance of the io
from the central ion, andQ̄i[(Qi

Ys(Qi)Qi is the expecta-

tion value of Qi . The value of bs is different from
( i Ps,s1

Q̄i /r 1 in general, since in simulationsQi depends on
time, there is screening of ion charges by free electrons,
the effect of the others ions in the same subshell is not c
pletely negligible.

We simulated the Coulomb explosion of Xe147 by drop-
ping the electronic field term in the ionic equations of moti
but taking account of the ion charge history obtained for
case of Fig. 5. The resulting charge-energy relation, sho
in Fig. 6, is very similar to that in Fig. 5, except that th
obtained ion energy is slightly smaller, whose mechani
will be discussed in Sec. V. This confirms that the contrib
tion of the electronic field to the acceleration of the ions
very small and that the linear relation is due to Coulom
explosion. IfYs(Q) is independent ofs, the averageE(Q) of
Es(Q) over the entire cluster is also proportional toQ. In
Fig. 5 we have plottedE(Q) as filled circles. We see a linea

g

FIG. 6. Mean ion kinetic energyE(Q) as a function of charge
stateQ for each subshell of Xe147 and for the entire cluster~filled
circles, multiplied by 0.4 for clarity!, obtained by neglecting the
electronic field term in the ionic equation of motion for the case
Fig. 5.
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relation except for small deviation due to the dependenc
Ys(Q) on s. We have found that this holds approximate
also for Ar55, Ar147, and Xe55 and for other values of lase
intensity. The preceding discussion has an important imp
on the interpretation of the experimental results by Leziuset
al. @2# and Viallon @14#. These authors attributed the line
dependence at higher charge states observed in their ex
ments to hydrodynamic expansion. Our results, however
dicate that this interpretation is not necessarily correct.

As we have already mentioned, Leziuset al. @2# and Vial-
lon @14# found a quadratic charge dependence of ion ene
for lower charge states and a linear dependence for hig
charge states. We observe such a behavior in our simula
results~see below!. In order to understand it, we have to ta
into account that the laser intensity has a spatial profile
experimental situations. Let us denote the mean energy
the relative yield of ions with a chargeQ from clusters irra-
diated by a laser pulse with a peak intensityI by E(I ,Q) and
Y(I ,Q), respectively. As we have seen in Fig. 5,E(I ,Q) can
be roughly modeled with

E~ I ,Q!5b~ I !Q, ~15!

where b(I ) is a coefficient depending onI. On the other
hand, we can model the relation between

Ē~ I ![(
Q

Y~ I ,Q!E~ I ,Q! ~16!

and

Q̄~ I ![(
Q

Y~ I ,Q!Q, ~17!

with

Ē~ I !5aQ̄~ I !2, ~18!

as we have seen in Fig. 3. It follows from Eqs.~15! and~18!
along with Eqs.~16! and ~17! that

b~ I !5aQ̄~ I !. ~19!

We can write the averagêE&(Q) of E(I ,Q) over the spatial
intensity profile, which corresponds to the charge-energy
lation observed in experiments, as

^E&~Q!5

aQE w~ I !Y~ I ,Q!Q̄~ I !dI

E w~ I !Y~ I ,Q!dI

, ~20!

where we have used Eqs.~15! and ~19!, and w(I ) is a
weighting function, determined by the laser profile. T
mean charge stateQ̄(I ) is a function of intensityI and, in
general, it takes a maximum atI 5I max, where I max is the
maximum peak intensity. It should be noted thatQ̄(I max) is
the maximum value of the mean charge state,not the highest
charge state obtained. In fact, some ions have a charge m
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greater thanQ̄(I max). We can divide the whole range ofQ

into two parts:Q,Q̄(I max) andQ.Q̄(I max).
In the case whereQ,Q̄(I max), the main contribution

comes from such an intensity range that satisfiesQ̄(I )'Q,
sinceY(I ,Q) peaks at the value ofQ aroundQ̄(I ). Hence
we may replaceQ̄(I ) in Eq. ~20! by Q and obtain

^E&~Q!'aQ2}Q2 if Q,Q̄~ I max!. ~21!

On the other hand, for all the values ofQ which satisfyQ

.Q̄(I max), the most important contribution comes from th
same spatial region of such high intensity thatQ̄(I )
'Q̄(I max), since a significant portion of atoms are ionized
high charge states only there. Then, replacingQ̄(I ) in Eq.
~20! by Q̄(I max), we obtain

^E&~Q!'b~ I max!Q}Q if Q.Q̄~ I max!. ~22!

In short, the behavior forQ,Q̄(I max), which reflects Eq.
~18!, contains the contribution from the entire intensi
range, while that forQ.Q̄(I max) contains the contribution
only from the intensity range close toI max.

Figure 7 illustrates the ion energy-charge relation we
tained by taking average over the simulation results for Ar55,
Ar147, Xe55, and Xe147 with different values of intensity as

FIG. 7. Charge dependence of ion energy of~a! Ar55,Ar147 and
~b! Xe55,Xe147 irradiated by the laser pulse with a peak intensity
1.331016 W/cm2 with an account of the spatial intensity profile.
4-7
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in Fig. 3. The average was taken with an equal weight, si
our discussion in the previous paragraph does not dep
much on the form ofw(I ). As expected, for each of the fou
cases the dependence of ion energy^E& on Q is approxi-
mately quadratic for lower charge statesQ<Qc (Qc56 for
Ar, 8 for Xe! and is linear for higher charge statesQ>Qc .
These values ofQc agree well with those ofQ̄(I max), i.e., the
highest value of the mean charge state that we can ob
from Fig. 3. It should be emphasized again that the cha
energy relation in Fig. 7 is a consequence of Coulomb
plosion.

In Ref. @2# the relation was reported to be quadratic in t
entire range of 1<Q<8 in the case of Ar. This may be
explained as follows. The laser intensity needed to ob
Ar81 and Ar91 via tunnel ionization is 2.631016 W/cm2

and 1.631018 W/cm2, respectively. The large difference b
tween these two values is due to the fact that the ioniza
potential of Ar81 ~422 eV @33#! is much higher than that o
Ar71 ~143 eV @33#!. The peak intensity (531017 W/cm2)
used in Ref.@2# was sufficient to obtain a significant numb
of Ar81 , but too low to ionize Ar nine times even with th
aid of the ionization ignition mechanism. Since this cor
sponds toQ̄(I max)58, a quadratic charge-energy relation w
observed for 1<Q<8. On the other hand, the yield of ArQ1

(Q>9), for which a linear dependence should be expec
was very low.

V. ANGULAR DEPENDENCE OF ION ENERGY

In the present section we examine the ion accelera
mechanism in some more detail. Figure 8~a! shows the ion
energy as a function of angle with respect to the direction
laser polarization. This figure indicates that the cluster exp
sion is not completely isotropic: the energy of ions is high
when they are emitted along the direction of laser polari
tion rather than perpendicular to it. This observation b
comes more evident if we draw a similar plot only for io
with a final charge stateQ equal to 8 as in Fig. 8~b!. Such a
trend was also observed in recent experiments by Sprin
et al. @8#. The field acting on each ion is composed of thr
contributions: ionic, electronic, and laser fields. The ion
field alone, which plays the most important role of the
three in the acceleration of ions, cannot explain the tre
found in Fig. 8. This can be seen if we compare Fig. 8~b!
with Fig. 9, in which we have plotted the angular depe
dence of the energy of the ions withQ58 obtained by drop-
ping the electronic and laser field terms in the equation
motion of each ion~i.e., the ions are accelerated exclusive
by their mutual Coulomb repulsion! but taking account of the
charge history of each ion for the case of Fig. 8. In order
investigate the impact of the contributions from the la
field, we have also performed simulations in which we n
glect only the electronic field term in the ionic equation
motion. The resulting angular dependence of the energ
the ions withQ58 is shown in Fig. 10. The effect of th
laser field is obtained as the difference of Figs. 10 and 9,
is plotted in Fig. 11~a!. Similarly, the effect of the electric
field is obtained as the difference of Figs. 8~b! and 10, and is
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plotted in 11~b!. We can clearly see that it is the effect of th
laser field that leads to the anisotropy.

Let us consider how the laser field contributes to the
celeration of a cluster ion ejected in the direction of the la
polarization vector. Seen by this ion, the laser field points
the outward direction during the first half optical cycle and
the inward direction during the second half, contributing

FIG. 8. ~a! Dependence of the kinetic energy on the cosine
the angleu between the laser polarization vector and the emit
direction of the ions for the case of Xe147 irradiated by the laser
pulse with a peak intensity of 8.831015 W/cm2. Each filled circle
corresponds to an ion obtained from four simulations.~b! Similar
plot only for the ions with a charge state of 8.

FIG. 9. Similar to Fig. 8~b! for the case of the simulations in
which only the field from the other ions is taken into account in t
equation of motion of each ion.
4-8
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ternatingly to acceleration and deceleration. Thus, its net
fect would be negligible if the ion charge were a const
throughout the optical cycle. The ion charge, however,
pends on time. In Fig. 12 we show typical charge histor
for the case where an ion is ejected along the direction
laser polarization and perpendicular to it. When the ion
emitted along the laser polarization~dashed line!, its charge
state changes significantly even within one optical cycle
should be noted that the sum of the fields from the other i
and the electrons points to the outward direction all the tim
During the first half cycle the laser field adds to these fiel
and a higher charge state is reached via tunnel ionization
the total field. This leads to an efficient ion acceleratio
During the second half cycle, on the other hand, the la
field is antiparallel to the field from the other particles. T
total field is not sufficient to maintain a high charge sta
and the recombination with electrons leads to a lower cha
state. Thus the ion deceleration during the second half c
is not so efficient as the acceleration during the first, wh
results in a net acceleration within one entire optical cyc
Such an effect is less prominent for ions ejected in the dir

FIG. 10. Similar to Fig. 8~b! for the case of the simulations i
which only the fields from the other ions and the laser are taken
account in the equation of motion of each ion.

FIG. 11. The difference of the ion energy~a! between Figs. 10
and 9 and~b! between Figs. 8~b! and 10 as a function of the valu
of cosu obtained for the case of Fig. 8~b!.
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tion perpendicular to the laser polarization, since their cha
remains nearly constant within one optical cycle in mo
cases as can be seen in Fig. 12~solid line!.

Our simple implementation of ion-electron recombinati
may not reproduce its rate very accurately. Moreover, a
crete, integer-valued ‘‘charge state’’ cannot be rigorously
fined in situations where many electrons may reside near
ion and where ionization and recombination may often ta
place, since there exists no quantum-mechanical oper
corresponding to this quantity. Nevertheless, we believe
the above explanation is still valid in real situations, transl
ing into the following one: the electron cloud, including fre
electrons, is significantly less localized near the nucleus d
ing the first half optical cycle than in the second half, a
this leads to a net laser-field-induced acceleration of the i
emitted along the direction of laser polarization.

From Fig. 11~b! we can see that the ions are accelerated
slightly higher energy in the simulation including the ele
tronic field term in the ionic equation of motion than in th
simulation neglecting it. A similar trend can be found if w
compare Figs. 5 and 6. This is, paradoxally, due to
screening of the ion charge by free electrons. At an ea
stage of the cluster explosion, where a portion of free el
trons reside inside the cluster, the ion is less efficiently
celerated because of the screening when the field from e
trons are included in the simulation. As a consequence, w
the ion charge has reached its final value and most of
electrons have escaped the cluster, the ions are still clo
packed together, and more Coulomb energy is accumul
than when the electronic field is neglected in the ionic eq
tion of motion. This results in higher final ion kinetic energ

VI. CONCLUSIONS

We have studied the explosion of rare-gas clusters c
taining up to 147 atoms in an intense laser field using Mo
Carlo classical particle-dynamics simulations. The ionizat
ignition mechanism@10# dominates cluster ionization, while
the electron-impact ionization plays only a minor role. Th
follows from the fact that the electron mean free path w

to

FIG. 12. Examples of the charge history of the ions ejected fr
subshell 5 of Xe147 for the case of Fig. 8 in the direction nearl
parallel (u511°, dashed line! and perpendicular (u590°, solid
line! to the laser polarization.
4-9
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respect to this process is typically larger than the cluster s
Although the cluster size treated in the present study

relatively small, our detailed analysis of ion kinetic ener
has provided several interesting findings. The cluster ions
accelerated mainly by the Coulomb repulsion force betw
themselves. Free-electrons escape from the cluster wit
exchanging significant energy with ions, and hardly contr
ute to the cluster explosion except screening of the
charges at an early stage of the explosion. Even though t
observations may not be surprising for the cluster size in
present study, this Coulomb explosion leads to the qua
tively same charge dependence of ion kinetic energy as
found in experiments@2,14# with larger clusters. Especially
we have found a linear dependence at higher charge st
which was formerly attributed to hydrodynamic expansio
We have shown that the entire charge-energy relation ca
understood as a consequence of Coulomb explosion and
effect of the spatial laser intensity variation. Our finding c
affect the interpretation of experimental results.

Nevertheless, unlike a pure Coulomb explosion, the c
ter explosion is neither uniform nor isotropic. Our resu
show that cluster ions are accelerated in sequence from o
shells and that the energy of ions is higher when they
emitted along the direction of laser polarization than perp
dicular to it. The charge state of the ions emitted in t
direction parallel to laser polarization changes in resona
with the laser field, and this leads to the net acceleration
ions, which is absent in the direction perpendicular to la
polarization.
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APPENDIX: KUSTAANHEIMO-STIEFEL „KS…
REGULARIZATION

In this appendix we briefly summarize the Kustaanheim
Stiefel regularization@19–21#. The equations of the per
turbed relative two-body~ion-electron! motion have the form

d2r

dt2
1

Q

mr3
r5

]V

]r
1F, ~A1!

where r5(r 1 ,r 2 ,r 3) denotes the relative position vector,r
5ur u, and m the reduced mass. The ‘‘ion charge’’Q may
depend onr. The right-hand side describes the force from
disturbing potentialV and a nonpotential disturbing forceF.
The KS variables are the components of the fo
dimensional vectoru5(u1 ,u2 ,u3 ,u4) of the parametric
space related to the three-dimensional vectorr of the physi-
cal space by the KS transformation,

r5L~u!u, ~A2!

with
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L~u!5S u1 2u2 2u3 u4

u2 u1 2u4 2u3

u3 u4 u1 u2

D . ~A3!

It follows from Eq. ~A2! that

r 5ur u5uuu2. ~A4!

The initial transformation fromr into u is achieved@20# by

u15A~r 1r 1!/2, u25r 2/2u1 , u35r 3/2u1 , u450,
~A5!

if r 1.0, and by

u25A~r 2r 1!/2, u15r 2/2u2 , u350, u45r 3/2u2 ,
~A6!

if r 1<0. If we introduce the fictitious times obeying the
relation,

dt

ds
5r , ~A7!

we obtain

dr

dt
5

2

r
L~u!

du

ds
and

du

ds
5

1

2
LT~u!

dr

dt
, ~A8!

whereLT denotes the transposed matrix ofL. We also obtain

LT~u!
]V

]r
5

1

2

]V

]u
. ~A9!

Then we can rewrite the equation of motion Eq.~A1! as

d2u

ds2
1

1

2
hKu5

1

2
uuu2S 1

2

]V

]u
1LT~u!FD , ~A10!

with

hK5
Q

mr
2

2

r Udu

dsU
2

5
Q

mr
2

1

2 Udr

dtU
2

, ~A11!

which is the binding energy of the Keplerian motion divide
by m if Q is constant. This equation involves the equation
r,

d2r

ds2
12hKr 5

Q

m
1r S ]V

]r
1FD •r . ~A12!

Since Eq.~A10! has the same form as the equation of moti
for a perturbed harmonic oscillator, it is much easier
handle numerically than Eq.~A1! when r is very small.
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@31# M. Brewczyk and K. Rza¸żewski, Phys. Rev. A60, 2285

~1999!.
@32# M. Rusek, H. Lagadec, and T. Blenski, Phys. Rev. A~to be

published!.
@33# R. D. Cowan,the Theory of Atomic Structure and Spect

~University of California Press, Berkeley, 1981!, p. 12.
4-11


