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Dynamics of the Coulomb explosion of large clusters in a strong laser field
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The multielectron ionization and Coulomb explosion ofsXeXe,q Xess;, and Xegg; clusters in a strong
laser field is studied using classical dynamics simulations, which describe the motion of unbound electrons and
ions. The generation of the unbound electrons is described as the removal of bound electrons from their host
atoms (ions) by the electrostatic barrier suppression or collisional ionization. According to the results of
simulations performed for the laser power@W/cn? and frequency 0.386 ¢, almost all unbound electrons
are removed from the clusters. In larges)eand Xggg; Clusters, electrons are removed mainly when the size
of the clusters is enlarged due to Coulomb explosion. The quasiresonance energy enhancement is shown to be
mainly responsible for the removal of electrons from the clusters. The energy enhancement process is ham-
pered by electron-electron and electron-ion collisions.

PACS numbd(s): 36.40.Gk

[. INTRODUCTION the potential wells inside the molecule. The inner barrier
increases with the interatomic distarRg@reventing at some
Clusters are often considered as bridge systems betweelistanceR,, the classical electron motion between the two
isolated molecules and the condensed phase. Such a pointatbms(ions) so that aR> Ry, the electron can jump between
view is supported by the multitude of observations that mosthe two atoms(ions) due to tunneling only. In a strongly
of the properties of clusters, apart from specific cluster sizgharged molecule, the tunneling may provide conditions for
effects, are changing more or less monotonously with theifhe quasiresonance enhancement of the electron energy and
size, being close to those of isolated molecules and corgonsequently for the electron removal from the molecule
densed phase systems in the Iimiting' cases of small and Iarqgg,zq_ As has recently been shown by us, more effective
clusters, respectivelyl—3]. An exception to such a regular- jgnization is provided by the dynamic mechanism of the qua-
Siresonance energy enhancem¢h8]. According to this
mechanism, which is of classical origin, the electron energy
ay increase simultaneously with the rise of the inner bar-

[4—6]. When a molecule is subjected to a strong laser field. ; . .
(S>10"W/cnd) all atoms of this molecule become ionized rier. This mechanism was also shown to take place in small
! clusters[18].

leading to Coulomb explosion and the production of atomic

ions. The kinetic energy of the product atomic ions of the In a large mult@charged clustgr, the inner potential barriers
MEDI process is expected to increase with the size of £annot play any important role in the process of energy en-

system[14], being of the order of several or tens of eV in N@ncement because the energy of the unbound electrons is
diatomic moleculeg4—6] and hundreds of eV in smalh hlgh,_ being well above the inner barridtsl]. We will show

<13 clusters[7,8]. In large clusters composed af thatinsuch a cluster the quasiresonance enhancement of the
~10°~10F atoms, the kinetic energy of the product ions be-Unbound electron energy is realized while these electrons
comes extreme]y h|gh, most|y of the order of tens or hun_OSCi"a.te inside the cluster or in the Space around it. The
dreds of keV, reaching in clusters composed rof 10° mechanism of the electron removal from a clugtarter ion-
nuclear energy scale values of about 1 M&~13. In large  ization) was studied recently through a classical dynamics
clusters, the product ions are mostly highly ionized, up to ssimulation of electron motion in the approximation of fixed
charge per ion ofg=+40 in the case of xenon clusters cluster geometry and a fixed number of unbound electrons
[9-13. The Coulomb explosion of large clusters may be[22]. In the present work we perform the full-scale classical
also accompanied by x-ray generatidrb]. The increase of dynamics simulation, considering both the liglelectron$

the MEDI efficiency with the cluster size cannot be extrapo-and the heavyions) particle motion and taking into account
lated smoothly to very largén>10°, probably clusters the generation of unbound electrons by inner ionization pro-
since in the limit case of the condensed phase the MEDtesses. A similar dynamics simulation was performed re-
process does not take place at all. The highly efficient MEDIcently by Ditmire but only for small, up ta=55, Ar, clus-

of large ("~10°-1C) clusters is a unique phenomenon, ters[23].

multielectron dissociative ionizatiofMEDI) [4—13).
The MEDI phenomenon was first detected in molecule

which differs in a significant way from the MEDI of mol- It is also of considerable interest to study theoretically the
ecules and small clusters, and it has no analogy in solids afdEDI process in large clusters, which exhibit features dif-
liquids. ferent from those of small clustef9]. In the present work

The MEDI of a diatomic molecule may be described bywe will treat relatively large Xgclusters, up tmm=1061. We
the charge resonance enhancement ioniz&@dEl) mecha- chose Xe clusters because in a strong laser field Xe atoms
nism[16—-18. This mechanism connects the electron energycan be deprived not only of their outer shell electrons, like in
enhancement with an inner potential barrier, which separatebe case of Ar atoms, but also of their inmkshell electrons,
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1601~ " ] . ously applicable for the simulation of heavy particles. The
120}~ - - interaction of electrons with the very strong laser field is also
-z gol 1 ; of a classical character due to the large number of photons
é it involved [24]. It follows that the simulation of the MEDI
Z 40 A process of large clusters in the framework of classical me-
B0 chanics is quite substantiated.
8 4 In our classical dynamics simulation, we have to take into
RO AN /\/“-v account three ki.nds of .intgrac.tions, _namely, electron-
electron, electron-ion, and ion-ion interactions. The Coulomb

0 5 10 1520 25 30 3540 45 50 55 60

TIME (fs)

potential of the electron-electron interaction is modified by a

smoothing term in order to avoid a steep increase in forces at

FIG. 1. Three electron trajectories in the gfecluster. Trajec-  very small distances and the violation of energy conservation
tories(b) and(c) are presented not from the beginning but only for [22]:

the time intervals that precede the ionization event. Irradiation pa-
rameters: maximal power,S,,=10%W/cn?;, frequency, v
=0.386fs1: —, electron motion along the laser field polarization;
--, electron distance from the cluster center; ---, cluster radius;

the laser fieldin arbitrary units.

B

whereB=14.385 eV A and the smoothing parameter is taken
asro=0.2 A. This value was chosen as the minimal smooth-
ing parameter, which does not violate the energy conserva-
tion. We note in passing that in RdR2] there was a mis-
print in thery value, but the calculations were performed
The process of cluster ionization and Coulomb explosiofVith the correct parameter given above.
involves three different kinds of particles: the electrons The potential of the electron-ion interaction is expressed
bound to host ions, the unbound electrons, and the hea#s the sum of the Coulomb attractive potential and a short-
particles(ions. The most complicated problem is presented'@nge repulsive terf2]. The short-range term simulates the
by the bound electrons because their motion is of quanturfEPulSive component of the electron-ion interaction and also
origin. In the present dynamic simulations of cluster ioniza-Prévents the penetration of electrons into the inner core re-
tion we shall follow the work of Ref[23] with the bound ~ 9ion of very high Coulomb forces, which may result in the
electrons not being explicitly treated, and the inner ionizatiorViolation of energy conservation. It is generally accepted to
being described as the generation of unbound electrons djfesent the repulsive term as an exponential fun¢@aih In-~
ions (atomg when the conditions for inner ionization are SUCh @ presentation, however, the penetration of energetic
fulfilled. electrons into the inner core region of ions is not prevented.
The unbound electrons can be treated classically whef© this end the power function™” serves much bett¢22].
their de Broglie wavelength is considerably smaller than The potential of the electron interaction with a neutral atom
the internuclear spacing. According to Fig. 1, which pre- IS provided in Ref.[265]. This potential is well fitted by the
sents three electron trajectories, electrons oscillate inside tHOWer fU”C“O’;Cq/r , where g is the Jon charge, with
cluster. The kinetic energy of these oscillatidffég. 2 ex-  Cq-0=70eVA® [22]. We use theCq/r® function to de-
ceeds mostly 33 eV, with the energy corresponding\to Scribe the repulsive potential for an arbitragy presenting
=d/2=2.2A. It follows that quantum effects of the electron the electron-ion interaction potential as
motion are not of much importance, so that the classical

approach can be accepted. The classical approach is obvi- U, - Bq+
e—q~ T

Uee= (1)

providing the opportunity to study the formation of strongly
chargedg>8, ions.

Il. METHODOLOGY OF THE DYNAMICS SIMULATIONS

Cq
6

2

1600 Unfortunately, theC, parameters fog>0 cannot be deter-

mined directly since there are no data for the electron-ion
interactions. It is reasonable to suggest only that@hepa-
rameter decreases with However, the need to prevent the
violation of energy conservation compels us to limit g
coefficient from below. It was found that this limit i§,
~0.5eV A8, In order to produce th€, coefficient for any
ionic chargeq, we expressCy by a simple and to some
extent arbitrary relation, which provides a correct number for
g=0 (70eV A®) and meets the conditioB,>0.5eV A°®:
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FIG. 2. Kinetic energy of the trajectories presented in Fig. 1 as

3
(a) and(b).
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where |, is the ionization potentialin eV) of the g-fold ized ion (=i), andl ;<K<l;,,. We suggest that one take

charged ion. into account only the first term in E€G), whose contribution
The ion-ion interactions are described by a Coulomb po+io ¢; dominates. In this approximation, we takeq and the

tential. All other interactions between ions or neutral atomsgonization impact parameter is

are ignored in our simulation. Such an approach is feasible

since in a strong laser field atoms quickly lose one or more 1 Ja K
electrons so that the Coulomb potential becomes the domi- bq:; W'” [NE (@)
nant interactionf22], in contrast to the case of the weakly d a
charged clusterg26]. The ionization takes place when the impact paramietef
The laser field force acting on an electron is the incident electron is smaller than the ionization impact
eF=eFycog2mvt+ ¢q), (4) parameter:

whereF, v, andgg are the laser field amplitude, frequency, b<bg. ®

and initial phase, respectively. We also take into account th‘?h impact parameters and b.. are obviously related t
forces generated by the magnetic component of the laser € Impact parameters a q are obviously reiated to

field. We found the magnetic-field effect on the ionization:cgfr'r':]'itr? 'rc'j't'glameilgcgi%nd;ggoS'SSti"ri]m;ea;}‘;\g’e:e;{evn\f‘heonnéoec;n
process to be of minor importance. g dy Y '

Initially, prior to the switching on of the laser field, the determine the incident electron parameters on a finite dis-

cluster is composed of neutral atoms. After the laser field igarince il‘:]?/rr}van filr?ginorllr): ) Cc;}nnseciiu ingyiwthen %Obllem that
switched on, the process of inner ionization starts, resulting. SES INVOVes g the connection between the |G

in the bound electron removal from their host atoms and th d”;'rt]f gllztcatl?;r? pﬁ:rzﬁterzs?'lﬂ;??ﬁg ?gclgrmlgggettgfsmactl-an
transformation of neutral atoms into charged ions. The un- ) 99 P

bound electrons generated by the inner ionization may b Iec.tron-ion d'ista.nce|, which is significantly smaller tha.n'
removed from the cluster to infinity, presenting the proces e interatomic distance, be determined so that the collision
of outer ionization. In order to describe the outer ionization®®" be trea_ted n thg same way as for an |solateq el_eptron-|on
we simulate the motion of the unbound electrons. HoweverP2!" The distance, is assumed, however, to be significantly

in order to know the number of unbound electrons, one als(l_f)arge to ignore the short-range repulsive term of @y. This

needs to simulate the inner ionization process. The inner iorgPndition can be easily fulfilled fog>1 since in this case

ization can be realized by two mechanisms: the suppressiotttu]e rg_pulswe term, ac_cordmg to Eq8) and(3), contrlbutgs
of the electrostatic barriers of the host iofEuppression significantly only at distances much smaller than the inter-

mechanismand the electron collisional ionization. atomic distance. Suggesting thratis the distance where the

Let us consider first the suppression mechanism. The coff€PUISIVe term is ten times smaller than the Coulomb poten-

dition for the inner ionization is the suppression of a poten-ial: one obtains fog=2 and 3r,=1.5 and 1.0 A, respec-
vely, whereas the interatomic distance is larger than 4.3 A.

tial barrier, which keeps a bound electron inside its host atonf] he situation i fon— d ina th i
(ion) subjected to an external electrostatic field. Initially, in The situation is worse fag=0 and 1. Using the same crite-

the neutral cluster, only the outer laser field can be resporfion for =1 we obtainr;=1.9 A, which is somewhat, but
sible for the inner ionization of atoms. However, after theNot much, smaller than the interatomic distance. We also use
neutral atoms are ionized by the outer field and some of thi1€ Same distance for a neutral atorg=0, in spite of the
unbound electrons are removed from the cluster, the clustéﬁqt that at this distance the repulsive _mteractlon is not small,
becomes charged, providing an electrostatic field that ma§€ing about 1.5 eV. Fortunately, as will be shown in Sec. 1,
enhance the inner ionization of the cluster ite so-called '€ neutral atoms are not of much importance since all atoms
ignition mechanisni27]). Considering the electron-host ion &€ ionized in the very beginning of the ionization process.
interaction in the Coulomb approximation, one obtains thd9nering the repulsive term at>r,, we are left with a pure
following condition for the electrostatic barrier suppression: Coulomb potential that makes the connection between the
kinetic energy at infinityK) and atr, (K;) quite trivial:
leF|>15/4B(q+1), (5)
Bq
whereF is the field generated by the laser and the charged K=K— r_| ©)
particles of the cluster.

The probability of the collisional ionization of a single |t is much more difficult to find the connection between the

atom (ion) can be estimated by Lotz's expression for thejmpact parameter at infinity and the local impact parameter
ionization cross sectiof28]. When applied to the ionization p, determined at the finite distance:

of thei-fold ionized ion withi=q, this expression is

J
a'i=a2
=1

b|:lj|'l?|/l)|, (10)

1 K
K_ll) In(ﬁ)’ © wherer is the radius vector directed from the incident elec-
tron toward the attacked ion amgl is the electron velocity at
wherea=450 (eVY A2, K is the kinetic energy of the im- ;. In order to find this connection, we performed the simu-
pact electron]; is the ionization potential of thgfold ion-  lation of the incident electron motion in the Coulomb field of
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the attacked ion. The results of the simulation allowed us to 10 Ty
fit the impact parametds's dependence ob, by an analyti- _ A LASER CYCLE
cal expression g8
K
1+¢[ 7 gs
b=——1+—Ib, 11
£ 1+ 7|” (113 5.
where )
=0.159K/q, 11b o 1661
¢ e (110 0 05 1.0 1.5 20 25 30 35 40
by 2 Time (fs)
=04 —] . 119
" A( n) (119 FIG. 3. lonization dynamics in the first 4 fs of irradiation. The

upper lines denote inner ionization, the lower ones outer ionization.
Equation(11g is valid for condition »<1, which can be The numbers indicate the cluster size. Irradiation parameters as in
readily fulfilled. Fig. 1.
When treating the collisional ionization in a charged clus-
ter, we also have to take into account that théJ®f Eq. (7) larger, mostly of the order of 0.1 fs. These time steps have
differs from that of an isolated ion. In a charged cluster, thebeen shown to provide stable simulation results.
inner ionization does not mean electron removal to infinity,

but to some interionic space where the electron becomes un- IIl. SIMULATION RESULTS
bound(delocalizedl. It follows that instead of using the IR
of an isolated ion, we have to use a smaller value of Dynamic simulations have been performed for e
Xey9 Xeszp, and Xgge; clusters(initial radii Ry=8.7, 15.0,
L Bqg 18.9, and 24.9 A, respectively; interatomic distance of 4.33
lq=lq— T (12 A). The clusters are subjected to the irradiation of a

Gaussian-shaped laser pulse with a temporal half full width

wherer’ is of the order of half of the interionic distance. at a half maximum of 100 fs, similar to that in Rg23]. The
The outer ionization event is recorded when the distancénitial phase of the field, Eq4), is taken aspy=90°.

Ro between an electron and the cluster center is large The dynamics of cluster ionization and Coulomb explo-
enough to ignore the interaction of this electron with othersion during the pulse irradiation is presented in Figs. 3 and 4
electrons. This condition was found to be met when the disfor the laser pulse intensity ¥w/cn? and the frequency
tanceRg was at least 15 times larger than the cluster effec=0.386fs 1. The inner ionization is characterized in these
tive radiusRy;: figures as the number of electrons per atpmemoved from

the atoms. The outer ionization is characterized as the num-

Ro>15R. (13)  ber of electrons per atorgy removed from the cluster to

distanceRg Eqg.(13). The Coulomb explosion is described as
the time evolution of the mean-square root of theoordi-
nate of the cluster atoms, which is the coordinate of the laser

n field polarization,
1 2 ’
Rm:\/ﬁ; R?, (13) T

X(t)= EE X2 (15

The effective radiuR, is determined as the mean-square
root of the atom distribution

whereR; are the atomic distances from the center of mass.
After the act of the outer ionization is recorded in accordancel_ . L

with condition (13) the electron is discarded from the simu- he x coordinate orgin X=0) lies "?lt th_e cluster ce_nter of
lation procedure. Consequently, the number of electrons ifass. TheX(t) value is presented in Fig(d) as a dimen-
the systenN(t) is equal to the difference between the num-SlonleSS valuex(t)/X(0).

ber of electrond\;;(t) generated by the inner ionization pro-

The dynamics during the first 4 fs of the ionization pro-
cesses and the number of electrwg(t) removed by the cess is presented in Fig. 3. The atoms begin to lose their
outer ionization process:

electrons in the very beginning of the pulse so that during the
first half circle of the laser radiatiort4 1.3 fs) they are de-
Ne(t) = N;i(t) = Ni(t). (14)  prived, on average, of six to seven electrons; i.e., they are
deprived from all six B electrons and sometimes also from
In our dynamic simulations, the classical equations of theone 5 electron. Att=4 fs, the inner ionization approaches
motion of light particles(unbound electronsare solved us- the g,=8 level, which implies that almost all of the outer
ing the time steps of 810 *fs. These ultrashort time steps shell 5?5p® electrons are already removed from their at-
are necessary for the simulation of the dynamics of the lighbms. The inner ionization level &< 1.5 fs increases with the
particles, and were chosen to ensure the energy conservatiaiuster size, but at>1.5fs it is nearly cluster size indepen-
In the case of heavy particlé®mns), the time steps are much dent. The outer ionization begins with some delay, which is
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TABLE I. The total number of electrons generated by the sup-

e R —— 7 pression and collisional mechanisms of the inner ionization. Irradia-
& g} = 55 tion parameters: maximal powes,,,,=10®W/cn?; frequency,r
S 249 531 - 1
5 =0.386fs %
<6
.§ Xess X€49 Xes31 Xe1061
<
‘§ 4 Suppression 458 2166 4745 9669
5 Collisional 0 5 20 117
2
E
0 20 40 60 80 100 The general picture of the ionization dynamics is dis-
TIME (fs) played in Fig. 4. The inner ionizatidirig. 4(a)] crosses the
10 level q,=8 at ~5 fs for all clusters. Further ionization is

realized by the removal of theddelectrons. Because of the
large IP of these electrons, the process of the inner ionization
is slowed down at>5 fs, reaching saturation at some longer
time. The dependence of the saturation leeglen the clus-

ter size is presented in Fig. 5. The saturation leygein-
creases with the cluster size but not by much; namely, from
0,=8.33in Xg5to q;=9.22 in Xg e AS We see only in the
Xeyps1 Cluster, each atom loses on average more than dne 4
electron. The total number of electrons released by the sup-
pression and collisional mechanisms are presented in Table I.
In contrast to the results of Ref23], we found that the
contribution of the collisional ionization is of minor impor-
tance, making up for only 1.2% of the total ionization yield
in the largest Xgyg; cluster, while in the Xg; cluster we did

not detect any event of collisional ionization.

The process of outer ionization proceeds much faster and
the saturation level is reached much sooner in smaller clus-
ters than in the larger ond§&ig. 4(b)]. Quantitatively, we
define the saturation poin§, presented in Fig. 5, somewhat
arbitrarily, as the time when the ionization rate becomes
smaller than ten electrons per femtosecond. The saturation
pointty is satisfactorily fitted by 1) 5= 2.951*2. The physi-
cal background for the-n'? size dependence df is not
clear. Figure 5 also presents the outer ionization saturation
level gg’s dependence on the cluster size. In theg@uster

FIG. 4. lonization dynamics during the whole pulse. The num-
bers indicate the cluster size. Irradiation parameters as in Fig) 1.
Inner ionization,(b) outer ionization,c) cluster expansion.

t,=0.93, 1.08, 1.18, and 1.28 fs for g Xe,4q, Xesz;, and
Xejo61, respectively. The obvious reason for such a delay is
the time the electrons need to overcomeRgdistance, Eq.
(13), which increases with the cluster size. Thedepen-
dence on the number of the cluster atoms is fitted satisfac-
torily by a simple equation:

t,=7,+Cn"5, (16)

with 7,=0.366 fs andC=0.286 fs. Taking into account that
Ro is proportional tn*3, we find thatt, depends linearly on
JRo. Such dependence indicates the uniformly accelerated
electron motion in the time intervat,<t<t,. For all the

clusters considered here, this time interval lies around the FiG. 5. Dependence of the inner and outer ionization saturation

I f _levels per atom(the right scalg and the saturation timg, of the
field does not vary much, and it accelerates electrons outsidsuter ionization proceséhe left scalg on the cluster size. Irradia-
tion parameters as in Fig. 1.

first maximum of the laser fieldp = 180°, Eq.(4)] where the

the cluster in an almost uniform way.
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FIG. 6. lonization dynamics inside the ¥g, cluster.N is the Kinetic energy (keV)

total number of unbound electrons inside the clus@eis the cluster

charge in thee-charge unitsthe left scalg andE is the average

kinetic energy of electrons inside the clustdre right scalg Irra-

diation parameters as in Fig. 1.

FIG. 7. Kinetic energy distribution of product ions. Irradiation
parameters as in Fig. 1.

(AW)i=E4(t)

! (dNOi(t))Ax, (19)

of the outer ionization is only a little lower than that of the V(t) dt

inner ionization. This means that almost all electrons re-

moved from their host atoms by the inner ionization are alSQNhereNoi is the number of electrons removed from the clus-

rem(_)ved from the cluster. This cc_mfi_rmg the find?ng of ourter by the outer ionization process alg is the energy of an
previous work{ 22]—that the inner ionization constitutes the electron removal from the cluster surface to infinity:
bottleneck of the cluster ionization process.

Our calculations are based on the assumption that the Q(b)
outer laser field, Eq(4), does not depend on coordinates. Eoi(t)ZBW,
Such an assumption implies the neglect of the light absorp-
tion by the cluster. In order to check the validity of this ) ,
assumption, we will estimate the light absorption in the larg-¥hereQ(t) is the total cluster charge ari(t) is the cluster
est of the clusters treated here, namely,gé¢ The gradient  radius. Using the data of FigsiB, 4(c), and 6 we found that
of the light intensityW inside the cluster is equal, with the (AW)oi reaches4 its maximum at~35fs where it is
opposite sign, to the rate of the energy losses per unit volt& W)= 2.4X 104 w/en? or only about 3% of the total
ume. Suggesting the energy los€ego be small and uni- Il_ght |nte_nS|tyW(t) att=35fs. Att>45fs the I|ght absorp-
formly distributed inside the cluster, one obtains for the lightfion begins to decrease strongly due to the increase in the
intensity decrease along the propagation petithe expres- cluster volumeV(t) [Fig. 4(c)]. The electron gas heating

(20

sion (Fig. 6 also contributes to the light absorption but to a very
small extent, according to our estimates. The analysis we
1 dE performed supports our assumptions, which neglect the light
AW= v an, (17 attenuation inside the cluster.

The dynamics of the cluster expansion is shown in Fig.
4(c). The cause of the cluster expansion is the Coulomb re-
ulsion between ions in a charged cluster. The charge of the
lusters increases in the process of the outer ionization. Thus
the charge of the Xgg; cluster jumps almost immediately, at
the time scale of~3 fs, to the level of abou@Q= 1000 (in
e-charge units but after this jump it begins to increase rela-
(AW); =1 - ( d N“(t)) (19) tively slowly until it reaches the saturation leV&lig. 6). The
! V()| dt ’ increase of the cluster charge strengthens the Coulomb repul-
sion forces between ions and consequently the acceleration
wherel ) is the IP of the dominant ion at the time moment of the cluster expansion. As a result, the cluster size in-
t, and N; is the number of electrons released by the innercreases a$R(t)/R(0)—1]~t%, whereas in the case of a
ionization procesfsee Eq(14)]. Calculations using the data constant charge it increases/&t)/R(0)— 1]~t?[14]. The
of Fig. 3 show that the light intensity decrease along theexpansion, however, increases the interionic distances and
cluster radius 4x=2R) is (AW);~6X 10"W/cn?, which  contributes to the weakening of the Coulomb repulsion
makes up for about 10% of the total light intensityatt  forces. At some instant this effect compensates for the effect
=0. Such a small light intensity attenuation, which further-of the charge increase so that the acceleration begins to de-
more takes place during a very short time interval of 0.3—0.%rease and finally the expansion becomes uniform. In the
fs, can be neglected. At>1.5fs, the light absorption is small Xe cluster, the expansion is already uniform after the
mainly caused by the outer ionization process. In this caseniddle of the pulse, whereas in the §g cluster it happens
the light intensity decrease becomes only at the pulse’s enfFig. 4(c)]. We suggest describing the

whereV is the cluster volume. At the very beginning of the
pulse, the light absorption is caused almost solely by th
inner ionization(Fig. 3) so that the decrease in the light
intensity becomes
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go—T————— e 6000
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4or Xes 1 [ Xeyy 5000
% 20} 1t : 4000}/
1ol } 11 ] Z. 3000 )
88 . : . : : T 2000 A/, K Xegs,
1000}
40t Xegy 4 Xeig61
o 20| 11 ] 0 20 40 60 8 100
TIME (fs)
10 1t 1 . .
] I FIG. 9. lonization dynamics of the Xg cluster for two laser
0 S 5 % + - - 3. frequencies: v=0.386 and »=1.0fs’? and the power Sy
Tonic charge 1 8 Ior?ic ch;?ge 1 =10'®W/cn?. The inner and outer ionization processes are pre-

sented as the total number of electrons removed from the host at-

FIG. 8. Charge distribution of product ions. Irradiation param-°ms and the cluster, respectively.

eters as in Fig. 1. ) )
In order to study the effect of light frequency on the ion-

larget behavior, using the expression the frequencyr=1.0fs 1. The ionization dynamics at two
frequenciesy=0.386 andv=1.0fs !, are compared in Fig.
R(t) at® 9. In the beginning of irradiation, the ionization efficiency is
W=1+ 15 Bt 2 (2)  much higher atv=1.0 fs ! than atr=0.386fs L. The in-

crease in the ionization efficiency results in the production of

In the Xeyye; Case, the parameters of H&1) were found to ions with higher charge and energy. Thus the maximal val-
be a=10 > fs 3, B=3.11x10 3 fs ! y=1.02x10 % fs 2 ues of ionic charge and energyiat 1.0fs ! areq, =13 and

Figure 4c) presents the expansion along thaxis, the Ex~40keV, respectively, compﬂed with =11 and E
axis of the light polarization. The expansion along the two~27 keV for the lowerr=0.386fs ~ frequency.

other axes is a little smaller than that along shexis. Using The dependence of the ionization efficiency on the light
the cluster radiR, andR, (the radiiR, andR, were found to ~ POwer has been studied for the gcluster. The results of

be equal we define the anisotropy parameter as this study are shown in Table Il. Even at a power as low as
Smax=10"W/cn?, all atoms are deprived of all of their outer

x=(Ry—R))/Ry. (22)  shell electrons. The level of the outer ionization is, however,

low at this power, making up for only 11.2% of the total

The anisotropy parameters at the end of the pulse were fourmbmber of electrons released by the inner ionization. As a
to be equal toy=0.065, 0.080, 0.084, and 0.084 for z¢  result of the relatively high level of inner ionization and the
Xessg Xessy, and Xegggg, respectively. low level of outer ionization, the electrons form a dense and

The final kinetic-energy distributions of ions are shown inalmost neutral plasma inside the cluster. The increase of the
Fig. 7. The distributions demonstrate pronounced oscillapower to Sy,.,=10"W/cn? and even toS,,=10"W/cn?
tions, which are associated with the cluster shells or subdoes not raise by much the inner ionization level but in-
shells. Thus in the case of the %eluster, the small peak is creases significantly the outer ionization efficiency, so that
connected with the 12 atoms of the second atomic shell angractically all electrons generated by the inner ionization are
the large peak is connected with the 42 atoms of the thirdemoved from the cluster. Only the increase of the power to
atomic shell. The maximal kinetic energy of the product ionsSma=10"" W/cn? significantly affects the inner ionization,
increases with the cluster size. Thus it is only 5 keV in the
case of the Xg, cluster but about 40 keV in the case of the  TABLE Il. Multielectron ionization of Xg4e Final numbers of
Xey o1 Cluster. the inner (N;) and outer No) ionizations, the averagegf,) and

The distribution of the final(saturation level ionic ~ Maximal @mad Charges of the product ions, and the kinetic energy
charges is shown in Fig. 8. The minimal charge in all cluster®f these ions for different laser irradiation poweg,,. The laser
is g,=8, which means that all atoms lose theis &nd 5p  frequency isv=0.386 fs ™.
electrons. In the Xg cluster, only two kinds of product ions

appear, namely, X& (~70% and X&* (~30%), the last  omax € Fimax Emax
oﬁg due to the%oss of( onalléb)*lectron. In t(he Xgaz, cluster a Wien?)  (eViA) N, No Gav_ Gmax  (keV)
small number of X&" ions appear and the distribution 104 2.74 1992 227 8.00 8 3
maximum is shifted tay, =9, while in the Xeg3; and Xggg; 10t 8.68 1994 1994 8.01 9 9
clusters the maximum lies a,=9 but the maximal ionic 1016 27.4 2171 2167 8.72 10 16
charge reacheg, =11, reflecting the increased contribution 107 86.8 3364 3364 135 17 40

of the ionization of 4 electrons.
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providing ions as highly charged ag=17. The maximal Q.=440 when the average ionic chargegs=8 and all
kinetic energy of ions is also high, about 40 keV, like in theunbound electrons are outside the cluster. The inner field
Xe; g1 Cluster atSq,a,=10W/cn?. generated by this charge cannot contribute to the removal of
a significant number ofd electrons even in the neutral clus-
ter geometry. Consequently, the inner ionization process
stops quickly, already at~12fs [Fig. 4(@)]. Around the
Three processes—inner ionization, outer ionization, angame time the cluster size begins to increase, but it is already
Coulomb explosion—determine the dynamics of the clustenot of any importance for the inner ionization process. The
ionization. All these processes are usually strongly coupledsituation is different in larger clusters, which can bear larger
which complicates the interpretation of the mechanisms inchargeQ..
volved. We will try, however, to describe the results of our Let us now consider the largest cluster ;g At t
simulation in terms of physical phenomena that affect the=10fs, the charge of this cluster is ab&@t~ 2500(Fig. 6).
cluster ionization and decay. Such a charge generates the inner fields of about 40-50
The first stage of the cluster ionization is the inner ioniza-eV/A, which can contribute noticeably to the removal af 4
tion by the suppression mechanigifiig. 3). Initially, the  electrons. Att>10fs, the cluster charge continues to rise
bound electrons are removed from their host atoms by théeading to a further increase in the inner ionization ld¥d).
direct effect of the laser field, whose amplitude is about 204(a)]. However, at>40fs the cluster size begins to increase
eV/IA at the beginning of the simulation forS,,, quickly, being doubled at~58 fs[Fig. 4(c)]. The increase in
=10 W/cn?. Such a field, according to E¢p), can remove the cluster size significantly weakens the inner fields. Con-
from a Xe atom all six  electrons (IR<71.87 eV) but none sequently, the inner ionization process almost stops around
of the 5 electrons(IP=92.1 and 105.9 e\ The results t~60fs[Fig. 4@]. In the Xe4q9and Xz, clusters the inner
presented in Fig. 3 show that the inner ionization level reallyionization process also stops due to the expansion of these
becomes close tg,=6 att=0.65fs when the laser field clusters; however, this happens sooner than in thggXe
reaches its first amplitude value. The unbound electrons gemluster, since in these clusters the expansion goes faster than
erated by the inner ionization form no equilibrium plasmain the Xe s, cluster[Fig. 4(c)].
with a nonuniform charge distribution, which generates an As mentioned before, the increase of the cluster charge
inner field. This field, according to the ignition mechanism,due to the process of the outer ionization strengthens the
enhances the inner ionization. The Blectrons, as well as electrons bound to the cluster. Consequently, the rate of the
the stronger bound dt electrons (IB=171eV), can be re- outer ionization decreases at the time scale of 1«Eits 3).
moved only by the combined effect of the outkrse) field  The increase of the cluster charge also continugs>a fs
and the inner field. Due to this effect, the average ionicand one would think that this would hamper the subsequent
chargeq, continues to increase, crossing in all clusters thgonization process. However, this is not the case as quite the
level of g,~8 att~5 fs[Fig. 4(@)]. A further increase in the opposite takes place, at least in thejgge cluster, where
average ionic charge develops very slowly since it is coneven the outer ionization rate increases, although slightly, in
nected with the removal of the strongly bound dlectrons. the interval of~30-40 fs[Fig. 4(b)]. The reason for such
In the very beginning of the ionization process the clusterstrange behavior of the outer ionization lies in the quasireso-
is neutral so that some of the unbound electrons may easiljance mechanism of this phenomeri@i,22. The simula-
leave the cluster, which then becomes positively chargedion of the outer ionization process previously performed by
While the cluster charge is still small, the inner fields areus showed that in the Xg; cluster the quasiresonance
determined mainly by the charge fluctuations. These fluctuamechanism leads to a strong increase in the ionization effi-
tions are expected to be stronger in large clusters, contribusiency when the cluster radius increases B
ing to a higher level of the inner ionization in these clusters~(1.4—1.8R, [22]. The interval of the outer ionization rate
(Fig. 3. A further increase in the cluster charge results inincrease found in the present simulatian-@0—40fs) cor-
two effects. First, the electron attraction to the cluster beresponds to a somewhat smaller cluster radi
comes stronger, which slows down the increase of the cluster (1.3—1.6R, [Fig. 4(c)]. In the Xe,9 and Xe&s; clusters
charge(Fig. 6) and the rate of the outer ionizatigkig. 3). the outer ionization rate in the wide interval of 5-45 fs is
Second, the inner fields become stronger, contributing to thalmost constant, probably due to the mutual compensation of
increase of the inner ionization level. In small clusters thedifferent factors. In the case of the ecluster, there is no
process of outer ionization goes fasteig. 3), leading to a indication whatsoever of the quasiresonance process.
faster increase of their charge and, consequently, of the inner The character of the electron motion, which leads to the
fields. As a result, the inner ionization level in small clustersouter ionization, is well demonstrated by three trajectories of
rises quickly to the level of large clusters and in the intervalthe Xey; cluster electrongFig. 1). Trajectory(a) demon-
t~1.5-20fs the inner ionization levels in all clusters be-strates an early electron removal from the clustetr=a fs,
come almost the sani€&ig. 4(a)]. when the cluster charge is very small and electrons are
The increase of the cluster charge not only enhances theeakly bound to the cluster. In this case the outer field can
inner ionization but also accelerates the cluster expansiorasily remove an electron from the cluster, demonstrating the
resulting in the increase of interionic distances and the weakene-way ionization proce$21]. Trajectory(b) demonstrates
ening of the ignition mechanism effect. In the smallest clus-an electron, which is removed from the cluster in the middle
ter Xe5 the total charge is relatively small; for example, of the outer ionization proce$Eig. 4(b)], att~38fs. At this

IV. DISCUSSION
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time the cluster expansion is noticeably promoted and th@robability of collisions, which facilitates the energy en-
cluster size is roughly 50% larger than the initial difégg.  hancement.

4(c)]. Up to the time oft~36fs the electron moves inside  The trajectories demonstrate a strong effect of collisions
the cluster, going out from the cluster only occasionally ancon the electron energy enhancement process. The collision
to a very small distance from its surface. The electron motioreffect decreases strongly with the increase of kinetic energy
is strongly affected by collisions, which prevent an enhanceg, and at roughlyE,>100eV an electron is expected to
ment of the electron energy. In some intervals the electropnove almost freely inside the clust21]. The kinetic en-
gets enough energy to avoid collisions and demonstrate akrgy of trajectory(b), for example, is mostly lower than 100
most regular oscillations. These oscillations, however, argy (Fig. 2 so that the electron is subjected to numerous
not in a phase with the laser field. Onlytat 33.5fs, prob-  collisions until its energy becomes high &t 35fs. It is
ably due to the larger cluster size, does the electron begin tgossible to conclude that the effect of the cluster expansion
oscillate in a phase with the laser field, contributing to thegn the electron energy enhancement is double. The increase
increase of the electron oscillation amplitufie the three  of the cluster sizédue to the Coulomb explosipulecreases
subsequent oscillations it is 10, 36, and 360 At the same  the frequency of the electron oscillations inside the cluster,
time energy is enhancethe three subsequent energy peakspromoting the conditions of the quasiresonance energy en-
are 320, 350, and 780 eV, Fig). During these oscillations hancemenf21,22. At the same time, because of the cluster
the electron crosses the cluster four times, but due to the higﬂ\ensity decrease, the probability of collisions becomes less,
energy it avoids collisions that could perturb the process ofeducing the hampering effect of the collisions on the energy

the energy enhancement. Such a process of energy enhang@hancement and also promoting the outer ionization pro-
ment, which leads finally to the ionization, is of a clear qua-cess.

siresonance character. The ionization process is different in

trajectory(c), where the electron is removed from the cluster

py one swing at~52fs. At this tlme t.he cluster expansion ACKNOWLEDGMENT
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