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Abstract—We study the ionization and explosion dynamics of rare gas clusters containing up to 147 atomsin
anintense, femtosecond laser pulseviaMonte Carlo particle dynamics simulations. Our method includestunnel
and impact ionization as well as ion—electron recombination, and allows us to follow the motion of both ions
and free el ectrons during laser—cluster interaction. The simulation results show that ionization proceeds mainly
through tunnel ionization by the combined fields from ions, electrons and laser while the contribution of elec-
tron impact ionization is secondary. Concerning explosion dynamics, the ions are gjected in a stepwise manner
from outer shells and accelerated mainly through their mutual Coulomb repulsion. If we take a spatial laser
intensity profile into account properly, this Coulomb explosion 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. Thisindicates that Coulomb explosion may be a dominant cluster explosion mechanism evenin

the case of large clusters.

1. INTRODUCTION

Since the advent of high-intensity (>10** W/cm?),
short-pulse (<1 ps) lasers, their interaction with rare gas
clusters has been extensively studied [1-11]. Although
the global density of a cluster gas may be arbitrarily
low, its high local density leads to strong absorption of
laser energy. The experimental 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 surprisingly high energetic
nature of the interaction.

Theoretica modeling of the intense laser pulse
interaction with rare gas clusters is a challenging sub-
ject involving the nonlinear, nonperturbative response
of many ions and electrons. The laser—cluster interac-
tion involves two processes, i.e., ionization and explo-
sion. Several models have been developed on the ion-
ization mechanism which leads to the production of
unusually high charge states. In a coherent electron
motion model by McPherson et al. [6], multipleioniza-
tion arises from impact by coherently moving elec-
trons, behaving like a quasi-particle. Ditmire et al.
[7, 8] proposed a “nanoplasma’ model, in which ions
are ionized mainly through impact of hot electrons
heated by inverse bremsstrahlung. Rose-Petruck et al.
[9] introduced an “ionization ignition (I1)" model,
whereionization is driven by the combined field of the
laser, the other ions, and the electrons. Concerning the
explosion dynamics, related to the high ion energy, the
nanoplasma model [7, 8] suggests that the cluster
expands in a hydrodynamic manner by the pressure of
hot electrons confined inside the cluster by space
charge effect. However, Last and Jortner [10, 11], who
performed classical dynamics simulations using the
approximation of frozen ion positions, fixed number of
free electrons, and smoothed ion—electron and elec-

tron—electron interaction, showed that electrons rela-
tively quickly leave even large xenon clusters contain-
ing over 2000 atoms and, therefore, that the existence
of the nanoplasma confined inside the cluster is ques-
tionable.

In the present study, we improve the Monte Carlo
particle dynamics simulation presented in [8], and
investigate the ionization and explosion dynamics of
rare gas clusters (Arss, Ary, Xess, and Xe, ;) irradiated
by aultrashort intense laser pulse using this method. In
Section 2 we briefly summarize our simulation method.
The equations of motion of the ions and the free elec-
trons are numerically integrated with the force calcu-
lated as the sum of the contributions from the laser field
and real (singular) Coulomb potentials of the other par-
ticles. Free electrons may appear through tunneling
ionization and electron impact ionization, and may
recombine with ions. This method allows us to follow
the motion of both ions and free electrons during the
cluster explosion. In Section 3, we discuss the impor-
tance of tunnel and electron impact ionization in laser—
cluster interaction. Our results indicate that the former
is the dominant ionization mechanism and that the lat-
ter plays only a minor role. In Section 4, we examine
the mechanism of cluster explosion with specia focus
on the charge dependence of ion energy. Experimental
work by Leziuset al. [2] has shown that the dependence
is quadratic in the case of Ar while it is quadratic at
lower charge states and linear at higher charge statesin
the case of Xe. In [2] the quadratic dependence was
attributed to Coulomb explosion, and the linear one to
hydrodynamic expansion. However, the analysis of our
simulation results, which lead to a similar behavior,
shows that this charge-energy relation can be entirely
explained on the basis of the Coulomb explosion mech-
anism if we take a spatial laser intensity profile into
account properly. The conclusionsare givenin Section 5.
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2. SSIMULATION METHOD

A basic idea of our simulation method is to treat
ions and free electrons as classical point particles and
to integrate the nonrelativistic equations of motion for
them. Bound electrons do not appear explicitly. This
idea is based on the fact that the essence of many phe-
nomena involving an intense laser field such as above
threshold ionization [12] and high-order harmonic gen-
eration [13] can be well described by treating the
gjected electron as a classical particle without taking
account of the response of bound electrons. The force
acting on each particle is calculated as the sum of the
contributions from all the other particles and the laser
electric field. To account for the finite size of the elec-
tron cloud around each nucleus, thefield from anion of
charge state Q is modeled as a Coulomb one from an
effective nuclear charge Qg;(r) of the form,

_ Z(-rlry) for r<(Z-Q)rJZ,
Qe“(r)_EQ for r=(Z2-Q)r,/Z, @)

with Z being the atomic number and r,, the “atomic
radius,” calculated using self-consistent-field functions
[14], which takesthevalue of 1.3 a.u. for Arand 2.0 a.u.
for Xe. We use atomic units throughout this paper
unless otherwise stated. Qg () tendsto the bare nuclear
charge Z asr tends to zero. This potentia is more suit-
able for the description of ion—electron interaction,
which may lead to the confinement of electrons inside
the cluster and inverse bremsstrahlung, than a soft Cou-
lomb potential used by Ditmire [8]. The equation of
motion of particles are integrated with the fifth order
Cash—Karp Runge—Kutta method with adaptive step-
size control [15]. In a situation where an electron hap-
pens to be very close to an ion, the use of area Cou-
lomb potential might lead to serious problems, i.e., very
small time steps and numerical heating. To circumvent
these problems, we resort to Kustaanheimo—Stiefel reg-
ularization [16-18], widely used in astrophysical simu-
lations. This is an efficient method to transform the
equations of the relative two-body motion into a form
that is well behaved for small separations.

In an intense laser field, the cluster atoms may be
ionized by tunnel ionization (optical field ionization).
We evaluate the probability of ionization per unit time
W,,, from a state with orbital number | of an ion with
charge Q viathe following analytic formula[19, 20],

[+ [m)! et |
Won = 3 i) %EZ Zrn
m=—|2 |m||(|_|m|)| (2)
XE?(ZIp)slzmzn*_\m\_zex D_2(2|p)3/2D
O E O Po—3g 0O

where |, denotes the ionization potential, E the total
electric field seen by theion, and n* the effective prin-
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cipa quantum number defined by,

= (Q+ 1)[21,] 3

The rate W,,, in EQ. (2) is averaged over the magnetic
guantum number m. If a random number p 0 [0, 1] is
smaller than the tunneling probability W, At during a
time step At, the tunnel ionization occurs. Then a new
electron is placed with zero velocity near the parent ion
in the direction of theionizing field in such a way that
the total energy of the system is conserved. Depending
on the positions of the ions and the other electrons,
there happensto be situations where it isimpossible to
put a new electron into the simulated system, guaran-
teeing the energy conservation at the sametime. In such
cases, ionization is cancelled.

Free electrons may appear also through electron
impact ionization (collisional ionization). An electron
impact ionization occurs if the distance between an
electron and an ion is decreasing and if the impact
parameter b and the electron impact ionization cross
section og,, satisfy the relation

-1/2

4T o|ro — b| < Ogy, (4)
wherer, isobtained from

UQ+l(rO) = Ip’ (5)

with Ug(r) being the potential of an ion with a charge
of Q. We calculate oy, using fitting formulas by Len-
non et al. [21] for Ar and the Lotz formula[22],

In(Ed/1,)

Og =
E.l
p

(Ee>1ip), (6)

for Xe, wherea= 4.5 x 104 (cm? eV?), q isthe number
of electrons in the outer shell of the ion, and E, is the
energy of the impact electron. Upon ionization a hew
electron is placed at the distance ry from the ion with
the position and velocity chosen randomly with a con-
dition that the total energy and momentum are con-
served.

In thelaser—cluster interaction free electrons may be
recombined with ions. A pair of anion with acharge Q
and an electronisreplaced by anion with acharge Q-1
if the distance between them isdecreasing, if thereisno
potential barrier between them, and if the following
relation is satisfied:

> (QX=Xj[=Uq (jx=Xj]))
j
S Ve 6 O

2
—Ug(Ix —X|) + F {x=X) +"7 <0,
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where x is the electron position, X the ion position, F,
thelaser field, and v the electron velocity. The first sum
is taken over al the other ions j of a position X; and a
charge Q. and the second sum over all the other elec-
trons i of a position x;. If there were no other ions or
electrons than the ion-€lectron pair, the inequality
Eq. (7) would be reduced to the following expression:

Uk -X) +FL X=X+ <0, (@

which states that the total energy of the electron is neg-
ative. The first two terms of Eq. (7) are the correction
due to the presence of the other ions and electrons.

It istruethat our simple way to implement recombi-
nation would not reproduce its rate accurately, but our
goal is not to develop a highly sophisticated semiclas-
sica model, but to mimic correctly the explosion
dynamics of clusters. Moreover, the inclusion of
recombination has the following advantage. A problem
which may be encountered in classical particle smula-
tions using a singular Coulomb potential is that some
electrons can gain high energy and escape the cluster
while otherslose much energy. Thisunphysical process
is suppressed thanks to the inclusion of recombination,
which prevents the formation of tightly bound ion—
€lectron systems.

The pulse used in the simulations has a field enve-
lope proportiona to sine squared with a full width at
half maximum of 100 fs and a wavelength of 780 nm.
The initial geometry of the clusters is chosen to be a
closed shell icosahedral structure [23] with an atom
spacing of 3.7 A for Ar and 4.4 A for Xe[24]. The shell
structure of Ar and Xe clusters is summarized in the
table.

3. IONIZATION MECHANISM

Figure 1 shows the temporal evolution of the mean
ion charge state obtained from an Ary,; cluster (solid
line) and individual Ar atoms (dashed line) irradiated by
alaser pulse with a peak intensity of 1.4 x 10 W/cm?,
The mean charge state obtained in a cluster gasis con-
siderably higher than that in an atomic gas. Moreover,
in our simulations highly charged ions up to Aré* were
obtained from the cluster gas though it is not explicitly
indicated in the figure.

Our simulation method includes two possible ion-
ization processes. tunnel and electron impact ioniza-
tion. According to the nanoplasma model [7, 8], the
principal ionization mechanism is electron impact ion-
ization by hot electrons heated through inverse
bremsstrahlung. On the other hand, the ionization igni-
tion model [9] indicates that tunnel ionization by the
combined field of the laser, the other ions, and the elec-
trons plays a dominant role. Strictly speaking, the dis-
tinction between tunnel ionization by an electronic field
and electron impact ionization is not unambiguous,
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Fig. 1. Evolution of the mean charge state per ion in Ary47
(solid line) and an atomic gas of Ar (dashed line) irradiated

by the pulse with a peak intensity of 1.4 x 108 W/cm?. The
dotted line is the result for Ary47 with electron impact ion-

ization switched off.

since the latter is also due to the field of an incident
electron. Nevertheless, in the present study, let us refer
to the gjection of a bound electron by an incident ener-
getic electron as electron impact ionization and distin-
guish it from tunnel ionization due to the field formed
by many electrons. Multiple ionization from impact by
coherently moving electrons proposed in the coherent
electron motion model [6] would be, if any, a purely
guantum mechanical effect, and, therefore, is outside
the scope of the present study.

In order to examine the effect of electron impact
ionization on the mean charge state, we have performed
a simulation with electron impact ionization switched
off, whose result is shown as a dotted line in Fig. 1. It
can be seen that electron impact ionization has practi-
cally no effect on the mean charge. Moreover the high-
est charge state produced by electron impact ionization
was 5+. This result can be easily understood from the

Shell structure of Ar and Xe clusters. Each shell forms an
icosahedron. Shells Il and 11l contain two and three sub-
shells, respectively

Distance from the center (A)

Shell | subshell | NUmber pa -
Central atom 1 0 0
| 1 12 3.7 4.4
1 2 30 6.3 7.5

3 12 7.4 8.8
Il 4 20 8.9 10.5

5 60 9.7 114

6 12 11.2 13.2
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Fig. 2. (&) Minimum electron mean free path inside the Ar
cluster with respect to el ectron impact ionizati onAre* —»

ArQ*D* (0 < Q < 17) calculated for the incident electron
energy at which the cross section o), takes a maximum

value. The diameter of anAry47 and Ar106 isalsoindicated.
(b) Similar plot for the case of the Xecluster (Q=1, ..., 6, 8).
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Fig. 3. Evolution of the total electric field strength (dashed
line) seen by an Ar ion of the outermost subshell of Ary4;
and that of the amplitude of the laser field alone (solid line)
for the case of Fig. 1.

viewpoint of the mean free path of electrons inside the
cluster. The mean free path A, with respect to electron
impact ionization is defined by Ag, = 1/N,0g(Eo),
where N, is the atomic density inside the cluster. Ag,
takes the minimum value at a certain value of incident
electron energy E., (minimum mean free path). We
show the minimum mean free path as a function of ini-
tial ion charge Q for Ar and Xeclustersin Fig. 2. Inthis
figure we also indicate the diameter of the cluster con-
taining 147 and 106 atoms. As can be seen from Fig. 2,
the minimum mean free path exceeds the size of Ary,;
aready at Q = 1 and that of Xe;,; a Q = 2. Moreover,
for Q= 5inthe case of Ar and Q = 8 in the case of Xe,
the minimum mean free path is larger than the size of a
cluster containing 10° atoms. It should be noted that in
general the electron mean free path is larger than the
minimum value plotted in Fig. 2. Hence, electron
impact plays only aminor rolein ionization even in the
case of very large clusters.

In Fig. 3we show the temporal evolution of thetotal
electric field seen by an ion, together with the ampli-
tude of the laser field, for the case of Fig. 1. As can be
seen from Fig. 3, once several atoms are ionized, the
total electric field strength at the position of each clus-
ter ion can be significantly larger than the laser field
alone. This drives further tunneling ionization and
leads to high charge states just as was proposed in the
ionization ignition model [9].

At a glance, our results may appear to contradict
thosein [8] obtained using asimulation method similar
to ours. Figure 2b of [8] shows, however, that the level
of ionization islarger when impact ionization and elec-
tron fields in tunnel ionization are included than when
they are neglected. The effect of impact ionization
alone was not examined in [8]. On the other hand, the
present study clearly shows that electron impact plays
anegligible rolein ionization.

4. EXPLOSION MECHANISM

We can consider two different explosion mecha-
nisms of clusters irradiated by an ultrashort intense
laser pulse: Coulomb explosion and hydrodynamic
expansion. Coulomb explosion is expected to be adom-
inant mechanism in case where egjected electrons
escape from the cluster quickly. In this case the accu-
mulated total Coulomb energy is converted into ion
kinetic energy. Thus, we can approximate the relation

between the mean ion energy E = z:“: ,Ej/Nand the

mean ion charge state Q = J.N: LQ;/N, with E; and Q,

being the kinetic energy and the charge state, respec-
tively, of ion j, and N the number of atoms contained in
the cluster, as

N
S 00 ©®
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where R; denotes the initial position of ion i. On the
other hand one expects that the cluster explodes mainly
through hydrodynamic expansion in case where most
of free electrons are confined inside the cluster by
space-charge effect for a long time. In this case, the
thermal energy of hot electronsis transformed into ion
kinetic energy. Then, the relation between the mean
energy and mean charge of the ions is approximately
given by

- 3~ _

E = éQkBTe 0Q, (20
where kg is Boltzmann constant, and T, the electron
temperature. This relation is linear under the assump-

tion that T, does not depend much on Q.

Leziuset al. [2] obtained experimentally the charge
dependence of the kinetic energy of the ions emitted
from laser-irradiated Ar and Xe clusters. This depen-
dence was used to determine when the cluster explo-
sion is governed by Coulomb explosion and when by
hydrodynamic expansion. Their results can be summa-
rized as follows: in the case of Ar, the charge depen-
dence of the ion energy is quadratic in the entire range
of 1< Q< 8, whileinthe case of Xe, the dependenceis
guadratic for lower charge states (Q < 6) and linear for
higher charge states (Q > 10).

Based on these results and the discussion in the pre-
ceding paragraph, the authors of [2] have concluded
that Ar clusters undergo Coulomb explosion while Xe
clusters exhibit a mixed Coulomb-hydrodynamic
expansion behavior. Equations (9) and (10) describe,
however, the relation between the mean energy and the
mean charge state of the ions, and do not necessarily
hold true for the charge-energy relation of individual
ions, obtained in the experimentsby Leziusetal.[2]. In
what follows, we examine the charge-energy relation
obtained from our simulation resultsin detail.

In Fig. 4 we plot the relation between the mean ion

energy E and mean charge state Q obtained using dif-
ferent laser intensities for Args, Arqz, Xess, and Xep;.

The relation can be modeled with E = GQZ, where a
is a constant. This indicates that ions are accelerated
mainly through a Coulomb explosion mechanism. The
value of a indicated in Fig. 4 is smaller than the one
(57,115, 41, and 75 eV for Args, Ary 7, Xess, and Xey 7,
respectively) which can be calculated from Eq. (9).
This is because the charge state of each ion changesin
time, and because the cluster explosion begins before
the ion charges reach their final values.

In Fig. 5a we show the temporal evolution of the
total number of free electrons and the number of free
electrons inside the cluster for the case of a Xey,; clus-
ter irradiated by a laser pulse with a peak intensity of
8.8 x 10% W/cm?. Figure 5b shows the evolution of the
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Fig. 4. Relation between the mean ion energy E and charge
state Q obtained using different intensities (starting from the
lowest value of Q, 0.35, 1.4, 3.2, 5.6, 8.8, 13 x 101> W/cm?
for Arss, Arq47, and Xegg, and 0.35, 0.79, 1.0, 1.4, 1.9, 3.2,

13, 5.6, 8.8 x 10'® W/cm? for Xey47). The values of E for
Xe clusters were multiplied by 1.5 for clarity.

mean kinetic energy of ions from each subshell. From
these figures we can see that electrons quit the cluster
before the main stage of ion acceleration without
exchanging significant energy with ions. This excludes
ahydrodynamic scenario and indicates that theions are
accelerated mainly by their mutual Coulomb repulsion.
Figure 5b also shows a stepwise character of the cluster
explosion. The explosion is neither instantaneous nor
uniform: the ions are accelerated in sequence from
outer shells, and those leaving first are more energetic
than those leaving later. This feature, aso observed in
one-dimensional Thomas-Fermi simulations [25] and
in smoothed particle hydrodynamics simulations [26],
can be understood on the basis of theionization ignition
mechanism [9] and Coulomb explosion. Seen by anion
in outer shells, the fields from the other ions add up to
alarge value while seen by an ion in inner shells, they
cancel each other partly. Thus the ions in outer shells
are ionized earlier and, at the same time, more effec-
tively accelerated than those in inner shells.

Let us now turn to the charge-energy relation of
individual ions. Rare gas clusters have a shell structure
as is shown in the table. We consider the charge and
energy distribution of ions originating from each sub-
shell. We denote the mean kinetic energy of the ions
with a charge of Q, originating from subshell sas EQ).
It should be noted that neither E{(Q) nor its average

over al the cluster subshells is identical to E, plotted
in Fig. 4. Thelatter isthe mean energy of al the cluster
ions, regardless of their charge state Q. On the other
hand, for a given value of Q, E(Q) involves only the
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0 50 100 150 200 250 g AR A y g

the probability distribution Y4(Q;) depending on s. In
general, the final kinetic energy E; of an ion with a
charge Q, in subshell s; is a complicated function of

Q,, ..., Qy. In order to estimate the average E; of E,
over thedistribution of Q,, ..., Qy, we may assume that
the cluster expands in average nearly isotropically and
that the effect of the other ionsin subshell s is negligi-

ble. Then E; can be roughly written as

Time, fs

Fig. 5. (a) Evolution of the total number of free electrons
(upper line) and the number of free el ectronswhose distance
from the origin (the initial position of the central atom) is
smaller than that of the outermost ion (lower line) for the
case of a Xey47 cluster irradiated by the pulse with a peak

intensity of 8.8 x 101°\W/cm2. (b) Evolution of themeanion
energy of each subshell, for the case of (a).

Kinetic energy E, keV
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Charge state O

Fig. 6. Meanion kinetic energy E(Q) asafunction of charge
state Q for each subshell of Xe,47 and for the entire cluster

(filled circles, multiplied by 0.4 for clarity), in the case of a

peak intensity 8.8 x 101> W/cm?. The subshells are enumer-
ated outwards starting from the innermost one.

same subshell is not completely negligible.

We simulated the Coulomb explosion of Xey,;, by
dropping the electronic field term in the ionic equations
of motion but taking account of the ion charge history
obtained for the case of Fig. 6. The resulting charge-
energy relation, showninFig. 7, isvirtually the same as
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that in Fig. 6. This confirms that the contribution of the
electronic field to the acceleration of the ions is very
small and that the linear relation is due to Coulomb
explosion. If Y{(Q) is independent of s, the average
E(Q) of E{Q) over the entire cluster is also propor-
tional to Q. In Fig. 6 we have plotted E(Q) asfilled cir-
cles. We see alinear relation except for small deviation
dueto the dependence of Y(Q) on s. We have found that
this holds approximately also for Arsg, Ary, and Xeg
and for other values of laser intensity. The preceding
discussion has an important impact on the interpreta-
tion of the experimental results by Lezius et al. [2].
These authors attributed the linear dependence at
higher charge states observed in their experiments to
hydrodynamic expansion. Our results, however, indi-
cate that this interpretation is not necessarily correct.

As we have already mentioned, Lezius et al. [2]
found a quadratic charge dependence of ion energy for
lower charge states and a linear dependence for higher
charge states. We observe such a behavior in our ssmu-
lation results (see below). In order to understand it, we
have to take into account that the laser intensity has a
spatial profile in experimental situations. Let us denote
the mean energy and the relative yield of ions with a
charge Q from clusters irradiated by alaser pulse with
a peak intensity | by E(I, Q) and Y(I, Q), respectively.
Aswehaveseenin Fig. 6, E(I, Q) can be roughly mod-
eled with

E(1, Q) = B(HQ, (14)

where (1) isacoefficient depending on I. On the other
hand, we can model the relation between

E(D=Y Y(. QE(, Q). (15)
and ’
Q)= Y(1LQQ, (16)
with )
E(1) = aQ()’, (17)

aswe have seen in Fig. 4. It follows from Egs. (14) and
(17) along with Egs. (15) and (16) that

B(1) = aQ(l). (18)

We can writethe average [EL(Q) of E(I, Q) over the spa-
tial intensity profile, which corresponds to the charge-
energy relation observed in experiments, as

aQw(l)v(l, Q)Q(l)dl
[w()Y(, Q)i ’

where we have used Egs. (14) and (18), and w(l ) isa
weighting function, determined by the laser profile.

[EHQ) = (19)
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Fig. 7. Meanion kinetic energy E(Q) asafunction of charge
state Q for each subshell of Xe;47 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 of Fig. 6.

The mean charge state Q (1) is afunction of intensity |
and, in generd, it takes amaximum at | = |, where
| max 1S the maximum peak intensity. It should be noted

that Q (I,,,5) is the maximum value of the mean charge
state, not the highest charge state obtained. In fact,

someions have acharge much greater than Q (I,,5,). We
can divide the whole range of Q into two parts: Q <

Q(Imad ad Q> Q (Ina0)-

In case where Q < Q (I,4), the main contribution
comes from such an intensity range that satisfies
Q (1) =Q, since Y(I, Q) peaks at the value of Q around
Q(1). Hencewe may replace Q (1) in Eq. (19) by Q and
obtain,

EQQ=0aQ 0Q" if Q<Qm). (20
On the other hand, for all the values of Q which satisfy

Q > Q(l,ya), the most important contribution comes
from the same spatial region of such high intensity that
Q (1) = Q (a0, Since asignificant portion of atoms are
ionized to high charge states only there. Then, replac-
ing Q(I) in Eq. (19) by Q (I, We obtain,

[EHQ) =B(lme)Q O Q if  Q>Q(l )

In short, the behavior for Q < Q (I,y), Which reflects
Eqg. (17), contains the contribution from the entire
intensity range, while that for Q > Q (I ,,5) containsthe
contribution only from the intensity range close to I ,,4.

Figure 8 illustrates the ion energy-charge relation

we obtained by taking average over the simulation
results for Arss, Aryy, Xess, and Xey,, with different

(21)
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Fig. 8. Charge dependence of ion energy of (a) Args, Arqs7
and (b) Xesgs, Xey 47 irradiated by thelaser pulse with apeak

intensity of 1.3 x 106 W/cm?, with account of the spatial
intensity profile.
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respectively.

ISHIKAWA, BLENSKI

values of intensity as in Fig. 4. The average was taken
with an equal weight, since our discussion in the previ-
ous paragraph does not depend much on the form of
w(l ). As expected, for each of the four cases the depen-
dence of ion energy [ECJon Q is approximately qua-
dratic for lower charge states Q < Q. (Q, = 6 for Ar, 8
for Xe) and linear for higher charge states Q = Q..

These values of Q. agree well with those of Q (I,0),
i.e., the highest value of the mean charge state that we
can obtain from Fig. 4. It should be emphasized again
that the charge-energy relation in Fig. 8 is a conse-
quence of Coulomb explosion.

In[2] therelation was reported to be quadratic in the
entire range of 1 < Q < 8 in the case of Ar. This may be
explained asfollows. The laser intensity needed to obtain
Ar® and Ar® viatunnel ionization is 2.6 x 10 W/cm?
and 1.6 x 10'® W/cm?, respectively. The large differ-
ence between these two valuesis dueto the fact that the
ionization potential of Ar®* (422 eV [27]) is much
higher than that of Ar’™* (143 eV [27]). The peak inten-
sity (5 x 10 W/cm?) used in [2] was sufficient to
obtain a significant number of Aré*, but too low to ion-
ize Ar nine times even with the aid of the ionization
ignition mechanism. Since this corresponds to

Q () = 8, a quadratic charge-energy relation was
observed for 1 < Q < 8. On the other hand, the yield of
Ar? (Q=9), for which alinear dependence should be
expected, was very low.

5. CONCLUSIONS

We have studied the ionization and explosion of rare
gas clustersin an intense laser field using Monte Carlo
particle dynamics simulations. The ionization ignition
mechanism [9] dominates ionization of cluster atoms,
while the electron impact ionization plays only a minor
role. This follows from the fact that the electron mean
free path with respect to this processis typically larger
than the cluster size. Our results show that cluster ions
are accelerated in sequence from outer shells by the
Coulomb repulsion force between themselves. Free
electrons escape from the cluster without exchanging
significant energy with ions, and hardly contribute to
the cluster explosion. The entire charge dependence of
ion kinetic energy, including a linear part at higher
charge states, formerly attributed to hydrodynamic
expansion, can be understood as a consequence of Cou-
lomb explosion and the effect of the spatial laser inten-
sity variation. Our finding can affect the interpretation
of experimental results.

It is true that our simulation results cannot directly
exclude the possibility of hydrodynamic expansion in
larger clusters containing over 1000 atoms. However, it
is striking that the overall feature of the charge-energy
relation in Fig. 8 is similar to the one obtained in the
experiments by Lezius et al. [2]. Last and Jortner
[10, 11] showed that electrons quickly leave even large

LASER PHYSICS Vol. 11 No.2 2001
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clusters containing 2097 atoms. Moreover, according
to our results, the energy of ionsis slightly higher when
they are emitted along the direction of laser polariza-
tion than perpendicular to it (see Fig. 9), which agrees
with a recent experimental finding [28]. These agree-
ments strongly indicate that the cluster explosion may
be essentially governed by Coulomb explosion evenin
such large clusters.
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