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Explosion dynamics of rare-gas clusters in an intense laser field
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We study the explosion dynamics of rare-gas clusters(AAr,;, Xess, and Xg,7) 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.,
guadratic 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 numbes): 36.40.Vz, 07.05.Tp

[. INTRODUCTION fined inside the cluster by the space-charge effect. However,
Last and Jortnef11-13 performed classical dynamics
Since the advent of high-intensity=(10**W/cn¥?), short-  simulations, and showed that electrons are quickly removed
pulse (<1 ps) lasers, their interaction with rare-gas clusterseven from large xenon clusters containing over 1000 atoms
has been extensively studi¢d—13. Although the global due to a quasiresonance energy enhancement, and, therefore,
density of a cluster gas may be arbitrarily low, its high localthat the existence of the nanoplasma confined inside the clus-
density leads to strong absorption of laser energy. The exer is questionable.
perimental observation of highly charged idis?], high-ion In the present study we investigate the explosion dynam-
kinetic energy{3], high-electron temperatuf@], and x-ray ics of rare-gas clusters irradiated by an ultrashort intense
emission in the keV ranggs] has revealed a surprisingly laser pulse using Monte Carlo classical particle-dynamics
high energetic nature of the interaction. simulations. Classical particle-dynamics simulations have al-
Theoretical modeling of the intense laser pulse interactiomeady been used to study laser-cluster interaction by several
with rare-gas clusters is a challenging subject involving theauthorg9,10,13. However, these authors mainly studied the
nonlinear, nonperturbative response of many ions and elegdenization dynamics, and up to now, to our knowledge, there
trons. The laser-cluster interaction involves two processedas been no detailed work on the dynamics of ions ejected
i.e., ionization and explosion. Several models have been ddrom an exploding cluster, such as the dependence of their
veloped on the ionization mechanism which leads to the prokinetic energy on their charge state or emission angle. Such
duction of unusually high charge states. In a coherent eledependence has been experimentally meas[2e214] in
tron motion model by Boyeet al. [6], multiple ionization order to study the cluster explosion dynamics, and its simu-
arises from impact by coherently moving electrons, behavindational investigation is the main concern of the present
like a quasiparticle. Ditmireet al. [7,9] proposed a “nano- study, though we also discuss the ionization mechanism
plasma” model, in which ions are ionized mainly through briefly. We simulate the explosion of &y, Arq47, Xess, and
the impact of hot electrons heated by inverse bremsstrahlunXe,,;. This cluster size is larger than that in Rg®] and
Rose-Petruclet al. [10] introduced an “ionization ignition smaller than in Ref[13]. In principle we can treat even
(I11)” model, where ionization is driven by the combined larger clusters, but we limit the cluster size to the values
field of the laser, the other ions, and the electrons. The exgiven above in order to obtain sufficiently good statistics for
plosion dynamics, responsible for the high-ion energy, hashe discussions in the present study.
been less exploited in the theoretical modeling. The nano- The present paper is organized as follows. Section Il sum-
plasma mode(7,9] suggests that the cluster expands in amarizes our simulation method. Although we take an ap-
hydrodynamic manner by the pressure of hot electrons corproach similar to those in Reff9] and[13], we include two
important improvements over these previous methods: the
use of real(singulay Coulomb potential from ions and the
*Present address: Laser Technology Laboratory, Institute ofmplementation of ion-electron recombination. It appears
Physical and Chemical ReseartRIKEN), 2-1 Hirosawa, Wako- that the recombination plays an important role in the expla-
shi, Saitama 351-0198, Japan. Email address: nation of the angular dependence of ion energy in Sec. V. In
ishiken@postman.riken.go.jp Sec. Il we discuss the importance of tunnel and electron-

1050-2947/2000/68)/06320411)/$15.00 62 063204-1 ©2000 The American Physical Society



K. ISHIKAWA AND T. BLENSKI PHYSICAL REVIEW A 62 063204

impact ionization in laser-cluster interaction. Our results in-lead to serious problems, i.e., very small time steps and nu-
dicate that the former is the dominant ionization mechanisnmerical heating. To circumvent these problems, we resort to
and that the latter plays only a minor role. In Sec. IV weKustaanheimo-Stiefel regularizatidd9—-21] (also see the
examine the charge dependence of ion energy. Experimentappendix, widely used in astrophysical simulations. This is
work by Leziuset al.[2] has shown that the dependence isan efficient method to transform the equations of the relative
quadratic in the case of Ar (N~1.8x 10°) while it is qua-  two-body motion into a form that is well behaved for small
dratic at lower charge states and linear at higher charge statesparations.

in the case of Xg (N~2.0x10°). In recent experiments In an intense laser field, the cluster atoms may be ionized
with Pk, (N~300), Viallon[14] has found a charge-energy by tunnel ionizatior(field ionization). We evaluate the prob-
relation similar to the case of Xe In Refs.[2] and[14] the  ability of ionization per unit timeW,,, from a state with
guadratic dependence was attributed to Coulomb explosiomrbital number of an ion with chargeQ via the following

and the linear one to hydrodynamic expansion. However, ouanalytic formula[22,23:

simulation, in which the Coulomb explosion is shown to be a

dominant mechanism, leads to a similar behavior. Thus we ! (1+|m|)! 2e\ 2™ |

show that this charge-energy relation can be entirely ex-  Wyp= 2 m - p*
plained on the basis of the Coulomb explosion mechanism if m==1 2Mm{!(I1=[m]! \n 2mn

we take a spatial laser intensity profile into account properly. 2(21,)%? 2n* — |m|—2 2(21,)32

In Sec. V we study the dependence of ion energy on the (—p) ;{_ _P) 2
emission angle with respect to the laser polarization. We find E 3E

that the energy of ions is higher when they are emitted alon

the direction of laser polarization. This can be connected td. _ - _ S
the change of their charge state during an optical cycle anf€ld Seen by the ion, and™ the effective principal quantum
the resulting laser-induced acceleration. The conclusions afémber defined by

given in Sec. VI. n* :(Q+1)[2|p]71/2- 3)

gvherel p denotes the ionization potentidl,the total electric

II. SIMULATION METHOD If a random numbep [0,1] is smaller than the tunneling
dprobabilitthunAt during a time step\t, the tunnel ioniza-

A basic idea of our simulation method is to treat ions and.. X . .

i . . . tion occurs. Then a new electron is placed with zero velocity
free electrons as classical point particles and to integrate thr?ear the parent ion in the direction of the ionizing field in
nonrelativistic equations of motion for them. Bound elec- uch a waF\) that the total eneray of the svstem is gonserved
trons do not appear explicitly. This idea is based on the fac y 9y y '

that the essence of many phenomena involving an intensgcte 0 P P8 BAEL IS B LS U T e e o
laser field, such as above-threshold ionizafib®] and high- ' pp P

order harmonic generatiofi6], can be well described by put a new electron into the simulated system, guaranteeing

. . . : . tthe energy conservation at the same time. In such cases, ion-
treating the ejected electron as a classical particle without ~ .~ =
Ization is cancelled.

taking account of the response of bound electrons. The forcé Free electrons mav appear also through electron-impact
acting on each particle is calculated as the sum of the con- . " - Yy appe gh | -imp
oS : . lonization (collisional ionization. An electron-impact ion-
tributions from all the other particles and the laser electric.__.: X .
. . ; ization takes place if the distance between an electron and an
field. To account for the finite size of the electron cloud.

' . ion is decreasing and if the impact parameteand the
around each nucleus, the field from an ion of charge spate lectron-impact ionization cross secti satisfy the rela-
is modeled as a Coulomb one from an effective nucleaﬁ P Ry

chargeQg(r) of the form, on

4 —b|<og, 4
Z(1-rlr,) for r<(Z—Q)r,/Z, olro=bl<oe @)
Qer(r) = Q for r=(Z2-Q)r,/z, 1 wherer is obtained from
with Z being the atomic number amg the “atomic radius,” Ug+a(ro)=lp, ®)

calculated using self-consistent-field functiois/], which ) ) . ) )
takes the value of 1.3 a.u. for Ar and 2.0 a.u. for Xe. We us&Vith Uo(r) being the potential of an ion with a charge@f

atomic units throughout this paper unless otherwise stated/€ Use such a value of the impact parambtrat we would
Q.q(r) tends to the bare nuclear chargasr tends to zero. obtain by integrating back the trajectory of the ion and the

This potential is more suitable for the description of ion- electron tot=—infinity as if there were no other ions, elec-

electron interaction, which may lead to the confinement offonS, Or the laser fields. This value can be calculated ana-

electrons inside the cluster and inverse bremsstrahlung, thaiically using the conservation of momentum and angular

a soft Coulomb potential used by Ditmif8]. The equation momentum. We calculateg,, using fitting formulas by Len-
of motion of particles are integrated with the fifth order "Onetal-[24] for Arand the Lotz formulg25],
Cash-Karp Runge-Kutta method with adaptive step-size con- IN(EJ/1.)

trol [18]. In a situation where an electron happens to be very og=aq P (Ee>ly,) (6)
close to an ion, the use of a real Coulomb potential might Eelp P
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for Xe, wherea=4.5x 10" *cn? eV?, q is the number of TABLE I. Shell structure of Ar and Xe clusters. Each shell
electrons in the outer shell of the ion, aBgis the energy of forms an icosahedron. Shells Il and Ill contain two and three sub-
the impact electron. In Eq6) we have taken into account shells, respectively.

only the dominant first term of the original Lotz formula -
[25]. Upon ionization a new electron is placed at the distancé&hell ~ Subshell  Number  Distance from the cerféy
ro from the ion with the position and velocity chosen ran- of atoms Ar Xe
domly with the condition that the total energy and momen-

Central atom 1 0 0
tum are conserved.
. . | 1 12 3.7 4.4
In the laser-cluster interaction free electrons may be re-

. o . o - I 2 30 6.3 7.5
combined with ions. The main recombination mechanisms 3 12 74 8.8
are radiative and three-body recombination. Since our simul-II 4 20 8.9 10'5
lation method does not include radiative processes, it is im- 5 60 9‘7 11'4
possible to treat the former correctly. The treatment of the ‘ :

6 12 11.2 13.2

latter, though it is possible in principle, would be extremely
complicated since we have to take into account the motion of

all the ions and electrons. Instead, therefore, we propose Rith a full width at half maximumT of 100 fs and a fre-

simple treatment of recombination as follows: a pair of an :
ion I[\)/vith a chargeQ and an electron is replaced bpy an ion quencyaw correspondmg toa wgyglength of 780 nFy. de-

ith a ch =it the dist bet themn is d notes the peak amplitude. The initial geometry of the clusters
witha ¢ arg_eQ It the distance between them 1S decréas~q ., san 1o be a closed-shell icosahedral strug¢@Bewith
ing, if there is no potential barrier between them, and if thean atom spacing of 3.7 A for Ar and 4.4 A for X&7]. The
following relation is satisfied: shell structure of Ar and Xe clusters is summarized in

Table 1.

> [Qy/[X=Xj|=Uq,(Ix=X;)]
] 111. IONIZATION MECHANISM

_ Figure 1 shows the temporal evolution of the mean ion
[x—xi] charge state obtained from an4y cluster(solid line) and
individual Ar atoms(dashed lingirradiated by a laser pulse
with a peak intensity of 1410 W/cn?. The mean charge
state obtained in a cluster gas is considerably higher than that
in an atomic gas. Moreover, in our simulations highly
wherex is the electron positionX the ion positionF, the ~ charged ions up to AF were obtained from the cluster gas
laser field, and the electron velocity. The first sum is taken though it is not explicitly indicated in the figure.
over all the other ion'ﬁof a pos|t|onXJ and a Charg@]. , and Our simulation m-ethold ||:1C|U-des two pOSSIle lonization
the second sum over all the other electronga positionx,.  Processes: tunnédr field) ionization and electron-impacor
If there were no other ions or electrons than the ion-electrogollisiona) ionization. Strictly speaking, the distinction be-
pair, the inequality Eq(7) would be reduced to the following tween tunnel ionization by an electronic field and electron-

—Z Uo(IX—=x|)=Uq_1(|X—xi|)

2
—Ug([x=X])+ Fy- (x=X)+ UE<0, @)

expression: impact ionization is not unambiguous, since the latter is also
due to the field of an incident electron. Nevertheless, in the
02 present study let us refer to the ejection of a bound electron
—UQ(|x—X|)+FL-(x—X)+?<0, (8) so
45| — withEII | e
which states that the total energy of the electron is negative. g a0l w/o EIl i
The first two terms of Eq(7) are the correction due to the P atomic gas The last EIL at 7 = 146 fs.
presence of the other ions and electrons. The inclusion of £ 3.5
recombination has the following advantage. A problem § 3.0
which may be encountered in classical particle simulations g, 25 -
using a singular Coulomb potential is that some electrons can & 2.0
gain high energy and escape the cluster while others lose 5 1.5
much energy. This unphysical process is suppressed thanks < 10
to the inclusion of recombination, which prevents the forma- 0.5
tion of tightly bound ion-electron systems. 0.0
The pulse used in our simulations has a field envelope 0 20 40 60 80 100 120 140 160 180 200
proportional to sine squared, i.e., the laser electric figlds Time (fs)
given by

FIG. 1. Evolution of the mean charge state per ion insAr

(solid lineg) and an atomic gas of Aidashed lingirradiated by the

FL=F, sir? ltsinwt 9) pulse with a peak intensity of 1:410'> W/cn?. The dotted line is
2T ’ the result for Ag,7 with electron-impact ionization switched off.
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by an incident energetic electron as electron-impact ioniza-
tion and distinguish it from tunnel ionization due to the field
formed by many electrons. According to the nanoplasma
model by Ditmireet al. [7], the principal ionization mecha-
nism is electron-impact ionization by hot electrons. Ditmire
[9] argued that this process was important even in small clus-
ters containing only six atoms. On the other hand, the ion-
ization ignition model by Rose-Petruak al. [10] and the
recent work by Last and Jortngt3] indicate that field ion-
ization by the combined field of the laser, the other ions, and
the electrons plays a dominant role, and that electron-impact
ionization is of minor importance. Multiple ionization from
impact by coherently moving electrons proposed in the co-
herent electron motion modgb] would be, if any, a purely
guantum-mechanical effect, and, therefore, is outside the
scope of the present study.

In order to examine the importance 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 practically no effect
on the mean charge. We have found that this process plays
only a minor role for all the cluster sizes (#t Arq47, Xess,
and Xe,;) we treated and for the laser intensity from
3.5x 10" to 1.3 10'® Wicn?.

This result can be easily understood from the viewpoint of
the mean free path of electrons inside the cluster. The mean

Minimum mean free path (Angstrom)

Minimum mean free path (Angstrom)
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free path\g, with respect to electron-impact ionization is o o
defined by\ g =1/N,og,(Ee), WhereN, is the atomic den- FIG. 2. _(a) Minimum electron mean free pgth _|nS|_de the Ar
sity inside the cluster\g, takes the minimum value at a C'“St’(eorﬂ;’fth respect to electron-impact ionization Ar
certain value of incident electron enerBy (minimum mean A _(0=Q=17) calculated for the incident electron en-
free path. We show the minimum mean free path, calculated®' %Y at which the cross sectian takes a maximum value. The
using experimentally measured valuesogf, [24,28—30, as diameter of an Ag;; and An is also indicated(b) Similar plot for
. . e L the case of the Xe clusteQ(=1, ...,6,8).

a function of ion charg&) before the ionization for Ar and

Xe clusters in Fig. 2. We also indicate the diameter of the
cluster containing 147 and 4@toms. As can be seen from

this figure, the minimum mean free path exceeds the size of We can consider two different explosion mechanisms of
Aryy; already atQ=1 and that of Xe,; at Q=2. Moreover,  clusters irradiated by an ultrashort intense laser pulse: Cou-
for Q=5 in the case of Ar an@=8 in the case of Xe, the |omb explosion and hydrodynamic expansion. Coulomb ex-
minimum mean free path is larger than the size of a clusteplosion is expected to be a dominant mechanism in case
containing 16 atoms. It should be noted that in general thewhere ejected electrons escape from the cluster quickly. In
electron mean free path is larger than the minimum valughis case the accumulated total Coulomb energy is converted
plotted in Fig. 2. Hence, the contribution of electron-impactinto ion kinetic energy. Thus, we can approximate the rela-
ionization is of minor importance even in the case of veryiio, petween the mean ion ener@=3"_,E. /N and the

large clusters. On the other hand, once several atoms are =17

ionized, the total electric field strength at the position of eacHEeal‘(r.‘ ion charge Stafg—h Ei:thi /N, with E; andQ; Ibe'n_g_
cluster ion can be significantly larger than the laser fieldne Kinetic energy and the charge state, respectively, of, ion

alone. This drives further tunneling ionization and leads toandN the number of atoms contained in the cluster, as

high charge states just as was proposed in the ionization
ignition model[10].

At a glance, our results may appear to contradict those in
Ref.[9] obtained using a simulation method similar to ours.
Figure 2Zb) of Ref. [9] shows, however, that the level of
ionization is larger when impact ionizatioand electron  whereR; denotes the initial position of ion On the other
fields in tunnel ionization are included than when they arehand, one expects that the cluster explodes mainly through
neglected. The effect of impact ionizatialonewas not ex- hydrodynamic expansion in the case where most of the free
amined in Ref.[9]. On the other hand, the present studyelectrons are confined inside the cluster by the space-charge
clearly shows that electron-impact plays a negligible role ineffect for a long time. In this case, the thermal energy of hot
ionization, in agreement with the results in REf3]. electrons is transformed into ion kinetic energy. Then, the

IV. CHARGE DEPENDENCE OF ION ENERGY

1 _
—“QZ,

IR —R;| (19
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stateQ otialned using different intensitiéstarting from the lowest > 5000 | — s '.// o
value of Q,0.35,1.4,3.2,5.6,8.8,3310'> W/cn? for Args, Arisz, ‘5 -~ Subshell 6 Ny T
and Xes, and 0.35, 0.79,1.0,1.4,1.9,3.2,13,5.6:818'°> W/cn? & 4000 N
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for clarity. g S
& 2000 Y
relation between the mean energy and the mean charge of the ;504 | (b) // i/
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= 5QksTexQ, (11 Time (fs)

FIG. 4. (a) Evolution of the total number of free electrofig-
wherekg is the Boltzmann constant afid the electron tem-  per line and the number of free electrons whose distance from the
perature. This relation is linear under the assumptionThat origin (the initial position of the central atonis smaller than that of
does not depend much @ the outermost iorilower line) for the case of a Xg; cluster irradi-

Lezius et al. [2] obtained experimentally the charge de- ated by the pulse with a peak intensity of 8.80'° Wicnt. (b)
pendence of the kinetic energy of the ions emitted fromEVolution of the mean ion energy of each subshell, for the case
laser-irradiated Ar and Xe clusters. This dependence wad @.
used to determine when the cluster explosion is governed —
the Coulomb explosion and when by hydrodynamic expanE and mean charge sta@ obtained using different laser
sion. Their results can be summarized as follows: in the cas@tensities for Ags, Ary,;, Xess, and Xe,;. The relation
of Ary (N~1.8x10°) the charge dependence of the ion en-can be modeled witlE~«Q?, wherea is a constant. This
ergy is quadratic in the entire range o0 =<8, while in the indicates that ions are accelerated mainly through a Coulomb
case of Xg (N~2.0x10°), the dependence is quadratic for explosion mechanism. The value efindicated in Fig. 3 is
lower charge statesQ<6) and linear for higher charge smaller than the oné7, 115, 41, and 75 eV for A, Ary7,
states Q>10). Based on these results and the discussion iXess, and Xq,47, respectively which can be calculated from
the preceding paragraph, the authors of R&f.have con- Eq.(10). This is because the charge state of each ion changes
cluded that Ar clusters undergo Coulomb explosion while Xein time, and because the cluster explosion begins before the
clusters exhibit a mixed Coulomb-hydrodynamic expansiorion charges reach their final values.
behavior. A behavior similar to the case of Xe has recently In Fig. 4@ we show the temporal evolution of the total
been found in the experiments with P{N~300) [14]. number of free electrons and the number of free electrons
Hence, such a behavior appears to be a general feature whigtside the cluster for the case of a psgcluster irradiated by
is valid over a very wide range of cluster size except fora laser pulse with a peak intensity of &80 W/cn?. Fig-

Ary. Also in Ref.[14] the quadratic dependence was attrib-ure 4b) shows the evolution of the mean kinetic energy of
uted to the Coulomb explosion, and the linear one to hydroions from each subshell. From these figures we can see that
dynamic expansion. Equatiori$0) and (11) describe, how- electrons quit the cluster before the main stage of ion accel-
ever, the relation between thmeanenergy and thanean eration without exchanging significant energy with ions. This
charge state of the ions, and do not necessarily hold true faxcludes a hydrodynamic scenario and indicates that the ions
the charge-energy relation afdividual ions, obtained in are accelerated mainly by their mutual Coulomb repulsion.
these experiment2,14]. In what follows, we examine the Figure 4b) also shows a stepwise character of the cluster
charge-energy relation obtained from our simulation result®xplosion. The explosion is neither instantaneous nor uni-
in detail. form: the ions are accelerated in sequence from outer shells,

In Fig. 3 we plot the relation between the mean ion energyand those leaving first are more energetic than those leaving
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FIG. 5. Mean ion kinetic energi(Q) as a function of charge FIG. 6. Mean ion kinetic energi£(Q) as a function of charge

stateQ for each subshell of Xg; and for the entire clustdfilled stateQ for each subshell of Xg; and for the entire cluste(filled
circles, multiplied by 0.4 for clarityin the case of a peak intensity circles, multiplied by 0.4 for clarity obtained by neglecting the
8.8x10' Wicn?. The subshells are enumerated outwards startingelectronic field term in the ionic equation of motion for the case of
from the innermost one. Fig. 5.

later. This feature, also observed in one-dimensionatlence in Fig. 5 is a consequence of the Coulomb explosion,
Thomas-Fermi simulatiorf81] and in smoothed particle hy- which dominates the cluster explosion in our simulation re-
drodynamics simulationg32], can be understood on the ba- sults. This behavior can be understood as follows. Let us
sis of the ionization ignition mechanispi0] and Coulomb  consider a pure Coulomb explosion of clusters composed of
explosion. Seen by an ion in outer shells, the fields from the\ ions with charge;(i=1, ... N) randomly chosen ac-
other ions add up to a large value while seen by an ion irtording to the probability distributioiY4(Q;) depending on
inner shells, they cancel each other partly. Thus the ions is. In general, the final kinetic enerdg, of an ion with a
outer shells are ionized earlier and, at the same time, moreharge Q, in subshell's, is a complicated function of
effectively accelerated than those in inner shells. Q. ....Qu. Inorder to estimate the averafeg of E, over

Let us now turn to the charge-energy relation of indi-yha gistribution ofQ,, ... Qy, We may assume that the

vidual ions. Rare-gas clusters have a shell structure as §yster expands in average nearly isotropically and that the
shown in Table I. We consider the charge and energy d|str|-eﬁcect of the other ions in subshes] is negligible. TherE
bution of ions originating from each subshell. We denote thecan be rouahly written as gligole. 1
mean kinetic energy of the ions with a charge®foriginat- gnly
ing from subshels asE¢(Q). It should be noted that neither —

lei es<lei

E.(Q) nor its average over all the cluster subshells is iden- -

. — o : E1(Qu)~——F——=Qy, (14

tical to E, plotted in Fig. 3. The latter is the mean energy of i

all the cluster ions, regardless of their charge stat®n the ) ) o

other hand, for a given value 6§, E(Q) involves only the ~Where the sum is taken over all the ions in inner subshells
ions with this charge stateE can be written in terms of and at the center,; dencles the initial distance of the ion
E(Q) as from the central ion, an@iEEQiYS(Qi)Qi is the expecta-

tion value of Q;. The value of B¢ is different from

o E E NSE YJ(Q)EL(Q), (12) 2ies<lei/r1 in general, since in simulatiort3; depends on
N s Q time, there is screening of ion charges by free electrons, and
the effect of the others ions in the same subshell is not com-
pletely negligible.
We simulated the Coulomb explosion of peby drop-
ping the electronic field term in the ionic equations of motion

whereNg is the number of the ions contained in subslsell
satisfyingN =X N, while Y4(Q) is the probability distribu-
tion of Q in subshells, normalized a2 qY¢(Q)=1. Using

Ys(Q), the mean charge sta@ can be written as but taking account of the ion charge history obtained for the
1 case of Fig. 5. The resulting charge-energy relation, shown

S in Fig. 6, is very similar to that in Fig. 5, except that the
Q N 25 NS% Y{(QQ. (13 obtained ion energy is slightly smaller, whose mechanism

will be discussed in Sec. V. This confirms that the contribu-
In Fig. 5 we plotE4(Q) as a function of charge sta@@for  tion of the electronic field to the acceleration of the ions is
each subshel(s=1,...,6) of Xq,7in the case of a peak very small and that the linear relation is due to Coulomb
intensity 8.8<10' Wi/cn?. We can model the relation in explosion. IfY4(Q) is independent of, the averag&(Q) of
Fig. 5 with E¢(Q) ~ B:,Q, where a constani, depends ors. E(Q) over the entire cluster is also proportional @ In
It should be emphasized that the approximately linear deperiig. 5 we have plotte&(Q) as filled circles. We see a linear
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relation except for small deviation due to the dependence of 4.5 ~
Y4(Q) ons. We have found that this holds approximately —~40| ® Ar, ‘.»".
also for Ars, Arqs7, and Xes and for other values of laser Y35| A Arg .‘_‘.'
intensity. The preceding discussion has an important impact o
on the interpretation of the experimental results by Leeius B 3.0 &
al. [2] and Viallon[14]. These authors attributed the linear z 2.5 .
dependence at higher charge states observed in their experi- 220 P ___‘.---‘
ments to hydrodynamic expansion. Our results, however, in- & ; & A
dicate that this interpretation is not necessarily correct. o Py ‘.-“
As we have already mentioned, Lezietsal.[2] and Vial- g 10 (a) &
lon [14] found a quadratic charge dependence of ion energy 2 0.5 'g
for lower charge states and a linear dependence for higher 0.0 boeaett=h
charge states. We observe such a behavior in our simulation 61 2 3 4 5 6 7 8 9§ 10
results(see below. In order to understand it, we have to take o Charge state O
into account that the laser intensity has a spatial profile in
experimental situations. Let us denote the mean energy and = 8 ® Xeyr o
)
the relative yield of ions with a chardg@ from clusters irra- & 7| & Xess R4
diated by a laser pulse with a peak intensityy E(1,Q) and 26 ‘.‘-'
Y(I,Q), respectively. As we have seen in FigE{J,Q) can =3 5 .
be roughly modeled with 5] . .
2 4 ’ oaATA
E(1,Q)=B(1)Q, (15 £ 3 . et
= P
where B(1) is a coefficient depending oh On the other g 2 (b) ‘..‘“A‘.A"
; 1 e
hand, we can model the relation between __“_‘_Q‘--A
0 legumt
_ 0 2 4 6 8 10 12 14
E(I)E% Y(1,Q)E(I,Q) (16) Charge state Q
FIG. 7. Charge dependence of ion energyafArgs, Ari4; and
and (b) Xess, Xey47 irradiated by the laser pulse with a peak intensity of
1.3x10% Wicn? with an account of the spatial intensity profile.
Q=2 Y(1,QQ, (17 _ -
Q greater tharQ(l ,.). We can divide the whole range
with into two parts:Q<Q(l may indQ>Q(|max).
In the case wher&)<Q(l .., the main contribution
E(D=aQ(1)% (18  comes from such an intensity range that satis@t)~Q,

sinceY(I,Q) peiks at the value d arounda(l). Hence

as we have seen in Fig. 3. It follows from E@$5) and(18) we may replac@(l) in Eq. (20) by Q and obtain

along with Eqgs.(16) and(17) that
(ENQ)~aQ?>Q? if Q<Qlma).  (21)

On the other hand, for all the values Qfwhich satisfyQ
>Q(I may, the most important contribution comes from the

B(1)=aQ(l). (19

We can write the averadd)(Q) of E(1,Q) over the spatial
intensity profile, which corresponds to the charge-energy re

lation observed in experiments, as same spatial region of such high intensity thax(l)
~Q(Imay, since a significant portion of atoms are ionized to
an w()Y(1,0)Q(1)dI high chgge states only there. Then, repladidd) in Eq.
<E>(Q): ’ (20) (20 by Q(l max)l we obtain
[ warvo Qi (E)Q~BlnadQ*Q i Q>Qima). (22

where we have used Eq$l5) and (19), andw(l) is @ |n short, the behavior foQ<Q(l,), Which reflects Eq.
weighting function, determined by the laser profile. The(18), contains the contribution from the entire intensity
mean charge stat®(l) is a function of intensity and, in  range, while that folQ>Q(l ,,5) contains the contribution
general, it takes a maximum &t 1,4, Where Imax is the  only from the intensity range close tgq,.,.

maximum peak intensity. It should be noted tlztl 4 iS Figure 7 illustrates the ion energy-charge relation we ob-
the maximum value of the mean charge statethe highest tained by taking average over the simulation results fgg Ar
charge state obtained. In fact, some ions have a charge muéir,,;, Xess, and Xg,; with different values of intensity as
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in Fig. 3. The average was taken with an equal weight, since (a) 12 v P
our discussion in the previous paragraph does not depend . . . .

much on the form ofv(l). As expected, for each of the four P~ : . . O e,
cases the dependence of ion enef§y on Q is approxi- & 5 A . : o .. .-l
mately quadratic for lower charge stal®@s=Q. (Q.=6 for & .o ‘. o o ° .
Ar, 8 for Xe) and is linear for higher charge stat®@s=Q. . ? 6 :’ﬁ f!&m > “ '8‘
These values d@. agree well with those d®(l,2,, i-€., the § ;‘ S 'b'g % ¥y e o ..o.ﬁ 2 3
highest value of the mean charge state that we can obtain % 4 o L B AR L od
from Fig. 3. It should be emphasized again that the charge- § v "'"“".'" €5 08 a2 oA

energy relation in Fig. 7 is a consequence of Coulomb ex- 2 q ,o..‘ 2, .: . ® '..'. :‘ L\ o

plosion. _

In Ref.[2] the relation was reported to be quadratic in the 91‘0 0.8 -06 -04 -02 00 02 04 06 08 1.0
entire range of £Q=8 in the case of Ar. This may be cos 8
explained as follows. The laser intensity needed to obtain (b) 8
Ar®* and AP* via tunnel ionization is 2.8 10" W/cn? 7190 o3 - .. .

‘ .. [

and 1.6<10'® W/cn?, respectively. The large difference be- o ”Qg e ' i-""
tween these two values is due to the fact that the ionization gﬁ .
potential of AB* (422 eV[33]) is much higher than that of S50 &S P2 od e Ay otden?l
Ar’* (143 eV[33]). The peak intensity (%10 W/cnv) §4 ‘e e g oht, b P °
used in Ref[2] was sufficient to obtain a significant number S o T (WY
of Ar®* | but too low to ionize Ar nine times even with the g 3| T e B R Co go Al
aid of the ionization ignition mechanism. Since this corre- E 2 .
sponds td(l na =8, a quadratic charge-energy relation was 119%% o0 abet o9 o8 W ¢
observed for £Q=8. On the other hand, the yield of &f 0
(Q=9), for which a linear dependence should be expected, -1.0 -0.8 -0.6 -04 -0.2 0.0 02 04 06 08 1.0
was very low. cos 6

FIG. 8. (a) Dependence of the kinetic energy on the cosine of
the angled between the laser polarization vector and the emitted
direction of the ions for the case of Xg irradiated by the laser

In the present section we examine the ion acceleratioRulse with a peak intensity of 8:810° W/cn¥. Each filled circle
mechanism in some more detail. Figur@8shows the ion corresponds to an ion obtained from four simulatiofs. Similar
energy as a function of angle with respect to the direction oP!0t only for the ions with a charge state of 8.
laser polarization. This figure indicates that the cluster explo-
sion is not completely isotropic: the energy of ions is higher
when they are emitted along the direction of laser polariza-
tion rather than perpendicular to it. This observation be-
comes more evident if we draw a similar plot only for ions
with a final charge stat® equal to 8 as in Fig.®). Such a
trend was also observed in recent experiments by Springa
et al.[8]. The field acting on each ion is composed of three!
contributions: ionic, electronic, and laser fields. The ionic

V. ANGULAR DEPENDENCE OF ION ENERGY

plotted in 11b). We can clearly see that it is the effect of the
laser field that leads to the anisotropy.

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

e inward direction during the second half, contributing al-

field alone, which plays the most important role of these 8

three in the acceleration of ions, cannot explain the trend 7 NesV g A

found in Fig. 8. This can be seen if we compare Fif)8 Soleodle Ce & ° Yody, o
with Fig. 9, in which we have plotted the angular depen- & ;su.* 'm“%ha >
dence of the energy of the ions wifh=8 obtained by drop- WSre, .

ping the electronic and laser field terms in the equation of §4 .‘. : “2% dhon W o0 "
motion of each ior{i.e., the ions are accelerated exclusively g ool g0 w Qi oo Lo
by their mutual Coulomb repulsigiut taking account of the % 3 'ra.QO,.',’& @ ™ A.8. 49
charge history of each ion for the case of Fig. 8. In orderto .2 2

investigate the impact of the contributions from the laser ™ 119 oo e &
field, we have also performed simulations in which we ne- * ®eet es on o0 O

glect only the electronic field term in the ionic equation of
motion. The resulting angular dependence of the energy of
the ions withQ=8 is shown in Fig. 10. The effect of the
laser field is obtained as the difference of Figs. 10 and 9, and FIG. 9. Similar to Fig. &) for the case of the simulations in
is plotted in Fig. 11a). Similarly, the effect of the electric which only the field from the other ions is taken into account in the
field is obtained as the difference of FiggbBand 10, and is  equation of motion of each ion.

0
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04 06 0.8 1.0
cos 8
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cos 6

FIG. 12. Examples of the charge history of the ions ejected from

FIG. 10. Similar to Fig. &) for the case of the simulations in . ; o
which only the fields from the other ions and the laser are taken intg’UbSheII 5 of Xgy for the case of Fig. 8 in the direction nearly

account in the equation of motion of each ion. parallel (0=11°, dash_ed_lln)eand perpendicular = 90°, solid
line) to the laser polarization.

ternatingly to acceleration and deceleration. Thus, its net efjon herpendicular to the laser polarization, since their charge
fect would be negligible if the ion charge were a constantemaing nearly constant within one optical cycle in most

throughout the optical cycle. The ion charge, however, dex,qes as can be seen in Fig. (s2lid line).

pends on time. In Fig. 12 we show typical charge histories o simple implementation of ion-electron recombination

for the case where an ion is ejected along the direction of,ay 1ot reproduce its rate very accurately. Moreover, a dis-
laser polarization and perpendicular to it. When the ion isgrete integer-valued “charge state” cannot be rigorously de-
emitted along the laser polarizati¢dashed ling its charge  fineq in situations where many electrons may reside near the
state changes significantly even within one optical cycle. If,y and where ionization and recombination may often take
should be noted that the sum of the fields from the other ionﬁlace, since there exists no quantum-mechanical operator
and_the eleqtrons points to the outw_ard direction all the_timecorresponding to this quantity. Nevertheless, we believe that
During the first half cycle the laser field adds to these fieldSihg 4pove explanation is still valid in real situations, translat-
and a higher charge state is reached via tunnel ionization by,q intg the following one: the electron cloud, including free
the.total field. This leads to an efficient ion accelerauon.ebctrons, is significantly less localized near the nucleus dur-
During the second half cycle, on the other hand, the lasef,q the first half optical cycle than in the second half, and

field is antiparallel to the field from the other particles. Thenis jeads to a net laser-field-induced acceleration of the ions
total field is not sufficient to maintain a high charge state,qitted along the direction of laser polarization.

and the recombination with electrons leads to a lower charge g.om, Fig. 11b) we can see that the ions are accelerated to
state. Thus the ion deceleration during the second half cyclgjignhiiy higher energy in the simulation including the elec-
is not so efficient as the acceleration during the first, whichyqnic field term in the ionic equation of motion than in the
results in a net acceleration within one entire optical cyclegjmjation neglecting it. A similar trend can be found if we
Such an effect is less prominent for ions ejected in the d'rec(':ompare Figs. 5 and 6. This is, paradoxally, due to the

screening of the ion charge by free electrons. At an early
2.0¥ stage of the cluster explosion, where a portion of free elec-

1.5 | (a) Effect of the laser field trons reside inside the cluster, the ion is less efficiently ac-

E 1.0 ' celerated because of the screening when the field from elec-
< 05K —at trons are included in the simulation. As a consequence, when
g g'g the ion charge has reached its final value and most of free
% :1'0 electrons have escaped the cluster, the ions are still closely

-1.0 -0.8 -0.6 -04 -02 0.0 02 04 06 0.8 1.0 packed together, and more Coulomb energy is accumulated

B 2.0 PSP - o _
& 15| (b) Effect of the clectronic field than when_the eIe_ctronlc fu_eld is negl_ecte_d in Fhe ionic equa
£ 10 tion of motion. This results in higher final ion kinetic energy.
g L
T 05 -0
¥ gg Mm VI. CONCLUSIONS

-1.0 We have studied the explosion of rare-gas clusters con-

1.0 -0.8 0.6 -0.4 -0.2 0.0 0.2 04 06 08 1.0

com 0 taining up to 147 atoms in an intense laser field using Monte

Carlo classical particle-dynamics simulations. The ionization

FIG. 11. The difference of the ion energg) between Figs. 10 ignition mechanisni10] dominates cluster ionization, while
and 9 andb) between Figs. @) and 10 as a function of the value the electron-impact ionization plays only a minor role. This
of cos) obtained for the case of Fig(l8. follows from the fact that the electron mean free path with
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respect to this process is typically larger than the cluster size. Uy —U, —Us Uy
Although the cluster size treated in the present study is

relatively small, our detailed analysis of ion kinetic energy Lu=| U2 U —Us —Us]. (A3)

has provided several interesting findings. The cluster ions are Us Uy U U,

accelerated mainly by the Coulomb repulsion force between

themselves. Free-electrons escape from the cluster witholtt follows from Eq. (A2) that

exchanging significant energy with ions, and hardly contrib-

ute to the cluster explosion except screening of the ion r=|r|=|ul? (A4)

charges at an early stage of the explosion. Even though these

observations may not be surprising for the cluster size in thehe initial transformation front into u is achieved20] by
present study, this Coulomb explosion leads to the qualita-

tively same charge dependence of ion kinetic energy as that (r+r0/2 _ _ _
found in experiment§2,14] with larger clusters. Especially, SN2, Up=Tof2Uy,  Us=raf2y, u4_&5)
we have found a linear dependence at higher charge states,
which was formerly attributed to hydrodynamic expansion. if r,>0, and b
y

We have shown that the entire charge-energy relation can be *
understood as a consequence of Coulomb explosion and the —
effect of the spatial Iasgr intensity variation. OSr finding can Up=V(r=ra)/2,
affect the interpretation of experimental results.

Nevertheless, unlike a pure Coulomb explosion, the clus-
ter explosion is neither uniform nor isotropic. Our results’
show that cluster ions are accelerated in sequence from outE‘?I ation,
shells and that the energy of ions is higher when they are
emitted along the direction of laser polarization than perpen-

U1:r2/2U2, U3:0, U4:r3/2U2,
(A6)

if ry=<0. If we introduce the fictitious time obeying the

dicular to it. The charge state of the ions emitted in the ds a (A7)

direction parallel to laser polarization changes in resonance

with the laser field, and this leads to the net acceleration ofve obtain

ions, which is absent in the direction perpendicular to laser

polarization. dr 2 du du 1 dr
aZFL(U)£ and d_SZELT(U)a’ (A8)
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whereL" denotes the transposed matrixlofWe also obtain

LT(u)—== —. (A9)
APPENDIX: KUSTAANHEIMO-STIEFEL (KS)
REGULARIZATION Then we can rewrite the equation of motion E41) as

In this appendix we briefly summarize the Kustaanheimo-

Stiefel regularization[19-21]. The equations of the per- d?u 1 L1V
turbed relative two-bodyion-electron motion have the form 32 5 hku= —|U| 555 TL(WF[, (ALO)

d?r oV i

—+£r——+F, (apy W

dt2 mr® or

Q 2ldul* Q 1ldr|?
M= m || ===\, (ALD)

wherer=(r,,r,,r3) denotes the relative position vectar, mrr|ds| mr 2|dt

=|r|, and m the reduced mass. The “ion charge) may

depend orr. The right-hand side describes the force from awhich is the binding energy of the Keplerian motion divided
disturbing potentiaV and a nonpotential disturbing forée Py mif Qis constant. This equation involves the equation for
The KS variables are the components of the four-'

dimensional vectoru=(uq,u,,us,u,) of the parametric

space related to the three-dimensional vectof the physi- d?r Q d
cal space by the KS transformation, E"—ZhKr =t tF (A12)
=L(uu, (A2) Since Eq(A10) has the same form as the equation of motion
for a perturbed harmonic oscillator, it is much easier to
with handle numerically than E§A1) whenr is very small.
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