Energetics and dynamics of Coulomb explosion of highly charged clusters
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Ultrafast femtosecond Coulomb explosion of charged homogeneous) (@& heterogeneous
doped (HIAyR) small and medium sized clustera<{60) is studied resting on the picture of a
vertical high-order multiphoton ionization from the ground state nuclear configuration. The final
average atomic velocitisimulated at constant chaggacreases with increasing the cluster size, and

at constant cluster size increases linearly with the ion charge, in accord with the predictions of an
analytical model. The linear dependence of the reciprocal explosion time on the charge is also in
accord with the analytical prediction. From the energetics of the Coulomb expl@sibecting a
probable initial atomic distribution of the cluster size for small clugtexshonvertical multiphoton
ionization during the Coulomb explosion cannot be inferred. 1997 American Institute of
Physics[S0021-960807)01641-3

. INTRODUCTION effects on the Coulomb explosion of A7 clusters reflect the
“transition” from dissociative dynamics of small clusters to

Energy acquisition, storage, and disposal in finite Sysygndissociative vibrational energy relaxation in larger clus-
tems, e.g., elemental rare-gas clustersis of considerable ters.

current interest. The ionizati6ff or excitatiorf® of a R,
cluster distorts its nuclear equilibrium configuration, result-
ing in energy disposal. The relgased excess energy in sm nization of a single atorf®24%°In the same way, the triply
clusters is trgnsformed mostly mtq the klnet'lc energy of theCharged clusters are form&iThe double ionization poten-
clusttert. consftlttrlljen';s, tWhKI:htrTay mducf:e uplrr;olerc]:ular (‘;rag'tials of the A, and Xg (n=6-43) clusters have been
mentation o + € cluster. In the case of a SIngly charged rargy, ., 1o exceed the first ionization potentials of two atoms
gas cIust_ear ' t.he excess energy 1s pr.""'de_d ma|.nly by theby not more than 3 eV! The differences are larger for the
yalence interaction of t_he open sh&lf ion W'th nelghbqr— __triple ionization potential$! Multicharged ions can be pro-
ing neutralR atoms, which leads to the formation of an ionic duced in clusters by x-ray excitation of an inner electron

: + + 1-3,9-13 "
core, eitherR, or R . An additional, but much with a subsequent Auger decay. The charge of the multi-

smallgr, energy .release is contributed by th_e many-body poéharged ions is subsequently distributed between surround-
larization attraction of neutral atoms to the ionic c&t@he

. ing atoms, leading to the Coulomb explosion and the frag-
total excess energy release of a singly charged rare gas clus-

ter is of the order of 1 eV. In small and intermediate Sizementatlon into singly charged clustéfsMulticharged ionic

clusters this energy release leads to the evaporation of gpecies were not .detected in this experiniént. :
number of neutral atom& 8 or to the detachment of the Multicharged ions are known to be produced by multi-

ionic coret® photon ionization, exposing atoms or molecules to a strong
:  1433-39 ; ;
When the energy of the impact electron or photon islaser field®*3=3°In the case of diatomic molecules, both atoms

sufficiently large, double or multiple charged clusters can bd?€come charged, being followed by the Coulomb gxplosmn
formed. The doubly charged clusters are unstable and exhib@"d by the production of multicharged atomic iofs? The
Coulomb explosion, which results in the cluster fission intokinetic energy of these ions was found to increase with the
two singly charged clustef8-25 The Coulomb explosion is ion charge making, for example;20 eV for N°* formed
accompanied by the formation of ionic molecules and byfrom multicharged N.%® The multicharged atomic ions were
neutral atoms evaporatidd, like in the case of singly detected also in the case of a polyatomic molecule. BF
charged clusters. The molecular dynamics study of doubljRecently Purnel, Snyder, Wei, and Castleffieiound that
charged Xg* and A" clusters shows that the character of the multicharged atomic ions can be produced by exposing
the Coulomb explosion depends on the cluster $iza.the  clusters to a strong laser field. These ions are formed as the
case of small clusters, the Coulomb explosion cannot be déesult of Coulomb explosion, like in the case of molecules,
scribed as a real fission, but rather as the almost completeut with much higher kinetic energies.

dissociation of the cluster. The final products of thejAr In this paper we analyze the energetics and dynamics of
Coulomb explosion on the time scale of 2 ps correspond téoulomb explosion of clusters containing multicharged ions.
two Ar, dimers with high kinetic and vibrational energy, one We shall treat the Coulomb explosion of small HjAslus-

or two small A, (n=2-5) clusters, and a few monoméfs. ters, which was studied experimentally by Castleretal,*°

On the other hand, the Coulomb explosion of an intermediatand elemental clusters, such as the homonuclegr X&ose
size cluster, e.g., l§§ leads to a slightly asymmetrical fis- constituents are characterized by a relatively low ionization
sion on a time scale of about 20 s These dynamic size potential (IP). The dynamics of Coulomb explosion is of

The double ionization of a cluster proceeds via subse-
uent single ionizations of two atoms, but not by a double

J. Chem. Phys. 107 (17), 1 November 1997 0021-9606/97/107(17)/6685/8/$10.00 © 1997 American Institute of Physics 6685

Downloaded 12 Feb 2009 to 132.66.152.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



6686 Last, Schek, and Jortner: Coulomb explosion of highly charged clusters

central importance in the area of ultrafast femtosecond phewith the Coulomb interactions only, which can be treated in
nomena. The separation of ions on a repulsive Coulomb pahe point charges approximation. As was mentioned above,
tential surface occurs on the fs time scHlepnstituting one  the total charge of the ionized cluster is assumed to be dis-
of the fastest processes in molecular dynamics. tributed in some way among all cluster atoms, being charac-
terized by the atomic chargeg (in e-charge numbers
which provide minimal cluster energy. The electronic energy
IIl. VERTICAL IONIZATION AND CHARGE TRANSFER is the sum of the inner energy of all iofigking the neutral

In the study performed by Castlemanal,*° the small atoms as the reference statnd the Coulomb energy.,
(Hl),, and HIAr, clusters were irradiated by a strong i-€.
(~10"® Wem™?) and short(350 fg laser pulse at the wave-

length of 625 nm. As a result of the cluster ionization and the E= E Ei+Ue, (1)

subsequent Coulomb explosion, the multicharged atomic !

ions are formed up to'{* in the case of (HI) and f* and gi-1

Ar’* in the case of HIAf. Since the photon energy is 1.98 Ei(qgi)= Eo lig (2
=

eV, the production of such highly ionized ions involves hun-
dreds of photons. The kinetic energy of the multicharged
ions increases strongly with the chamgeAn intriguing find- Uc=14.4> > 0iq/R;j, 3
ing of the study is the absence of the multicharged Ar ions PIeD
when only pure Ar clusters are present in the be&t. whereij stand for atomic indexes; .q Is the ionization po-
Castlemaret al. reported that in the HIArcluster the iodine tential of theAqu ion (atom, R;; are the interatomic dis-
atom is the particle which is losing electrons in the strongtances in A, and the energy values are given in eV. The
laser field, whereas the Ar atoms become ionized by subsexperimental multi-ionization potentials, unfortunately, are
quent charge transfé?,or by subsequent multiphoton ioniza- not available for all ions we neéd.The muilti- ionization
tion of the Ar cluster atoms in the electric field of the HI potentialsl; , can be taken from thab initio data?
cation#%:32

In the case of molecules, two different mechanisms of; ~ouLOMB EXPLOSION ENERGY OF HIAT
the Coulomb explosion have been proposed. The verticat| ySTERS
mechanism considers multiphoton ionization which occurs at
the equilibrium geometry of the neutral molecd?élhe non- The total kinetic energyl’ of all ions in the Coulomb
vertical mechanism, on the other hand, assumes that the clugxplosion of a multiply charged Hircluster is equal to the
ter atoms are losing their electrons during the Coulomb exinitial potential energy, Eq(3), so that
plosion when the interatomic distances are larger than in the
neutral moleculé® According to a recent theoretical study, T=2 Ti=U, (4)
such nonvertical ionization takes place in some restricted in- !
terval of interatomic distances which do not depend on theso far as H is a light particléas compared to | and Athe
pulse duration, e.g., arodrt A in thecase of CITCl9™ .43 |t H* kinetic energy is close to the Coulomb interaction be-
is important to note that the nonvertical ionization providestween H and the rest of the cluster. Accordingly, it is pos-
lower kinetic energies of the fragment ions than the verticakible to ignore the H ion effect on the heavy ions motion
one for the same final ionic charges. and to consider the total energy of these ions as equal to the

Regarding cluster multiphoton ionization, we have Coulomb potential energy of the (I¢* cluster. In order to
also to take into account the problem of charge transfer frontalculate this energy, one needs to know the, lg§e€ometry
ions with a higher charge to those with a lower one. Thisin the neutral HIAy, cluster.
charge transfer, like in the case of ionization, can be of either  The initial potential energyJ. was calculated by us for
vertical or nonvertical character. The effect of the chargean IAr dimer and for the clusters |Aand IAr;, in the case
transfer dynamics on the kinetic energy of ions is not obvi-when all Ar atoms bear the same charge. We included in our
ously clear. In our model of the multicharged cluster Cou-consideration the 1Ag, cluster because of its simple structure
lomb explosion, we shall accept the vertical mechanism foksee beloy, although in the experiments in Ref. 40 the maxi-
both the charge transfer and ionization. In addition, we asmal cluster size was HIAg. The exact geometry of the
sume that at the onset of the heavy particle motion all atomsllAr,, clusters is unknown to us, but taking into account the
are ionized and that the ions are in their ground electroniaveak dependence of the Coulomb potentialon the inter-
state. Due to these assumptions it is possible to neglect tregomic distances, it is possible to conclude thhatis not
polarization energy, which is small compared to the Cou-~ery sensitive to the cluster geometry. As the van der Waals
lomb repulsion energy. For example, the maximal expecteattraction of Ar atoms to the hydrogen atom is much weaker
polarization energy, which is provided by the pdifAr* at  than to the iodine atom, the I1Ageometry is expected not to
the equilibrium distance of 4.06 A, is smaller than 2.7 eV,be affected considerably by the H atom.
while the Coulomb energy is 28.3 eV. The van der Waals  The most stable 1A geometry has been found with the
interactions, which are smaller in ionic systems than in neut atom occupying a vertex of the icosahedron so thatJAr
tral systems, are also neglected. Consequently, we are lefesembles the slightly deformed Arcluster’® The inter-
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TABLE I. The initial Coulomb potential energy. of the multicharged  TABLE Il. The energyE [Eq. (1)], the initial Coulomb potential energy
IAr, clusters and the experimeritabtal kinetic energyT, of ions forming U., and the experimentakotal kinetic energyT, (in eV) of the multi-
these clusteréin eV). g, andq,, are the charges of iodine and argon atoms, charged IA, cluster for different charge distributions, is the total charge,
respectively. All Ar atoms of IA[ clusters bear the same charge. andq,, qo, andg; are the charges of |, the central Ar atom, and 11 periph-
eral Ar atoms, respectively.

Oar 2 4 6
q, U¢ T Uc T Uc T of! q, Qo+ Qi E Uc T
1Ar 2 14.1 180 28.2 362 42.4 548 26° 4 1+1+2X%10 1518 895 1430
4 28.2 426 56.5 608 84.7 794 26 4 1+ 1X442X2+3%X4 1597 908 1490
6 42.4 556 84.7 738 127 924 52 7 1+4x11 5692 3560 3707
8 56.5 802 113 984 169 1170 52 6 4+2+3X4+4X2+5X4 5872 3733 3468
1Arg 2 215 596 722 861 1520 2444 78 8 3+6x10+7 12 652 8186 5982
4 285 850 861 1760 1729 2690 78 8 6+4+5X4+6X2+7X4 12 946 8407 5636
6 354 980 1000 1890 1938 2820
8 424 1226 1139 2136 2146 3066 “Reference 40.
IAr 3, 2 938 1240 3491 3242 7650 5288 PEquilibrium charge distribution obtained by the minimization of endfgy
4 1069 1486 3752 3488 8050 5534 CAr* experimental energyabsent in Ref. 40was estimated by extrapola-
6 1199 1616 4014 3618 8440 5664  tion.
8 1330 1862 4274 3864 8830 5910

“Reference 40. netic energyT,; of individual ions is expected to increase

with the size of the cluster. For example, tifé bnd Af*
ions generated by the Coulomb explosion of IAr are ex-

atomic |-Ar distance in Ref. 46 is equal to 4.06 A and thepected to have kinetic energies of 30.4 and 96.7 eV, respec-
Ar—Ar distance is equal to that of the Adimer (3.76 A).  tively, while the kinetic energies of the same ions which
We accepted this structure decreasing only the Ar—Ar disoriginate from the I1Ag and IAr, clusters are expected to be
tance to 3.72 A, which is the interatomic distance in thgsAr ~320 and~700 eV, respectively. Our simple calculations
cluster'? The IArs cluster is assumed to have tfly sym-  predict a broad distribution of the kinetic energies. However,
metry with the | atom and one of the Ar atoms is located onthe experimental data of Castlemanal®° give a relatively
the symmetry axis, and four other Ar atoms are located imarrow distribution of the kinetic energy, namely 408—492
between. The interatomic distances are taken to be the sare® for 1™ and 444—504 eV for A . It looks like the dimers
as in the 1A, cluster. The I-Ar distance was estimated to beand very small clustersn5) do not contribute to the gen-
equal to 4.08 A. eration of multicharged ions. If this is the case, it may also at

The results of the initial potential enerdy, calculation |east partly explain the results of Table I, as for larger clus-
are presented in Table | and are compared with the experters (n>5, probably, the discrepancy between the theoreti-
mental kinetic energied, of Castlemanet al*® From the cal U, and the experimentalT() values is not largdi.e.,
data of Table | we infer that for the IAr dimer the experi- does not exceed 20%—30%Ve may suggest that diatomics
mental kinetic energy of different pairs of ions is of the orderand small clusters are not effectively ionized in the laser
of magnitude higher than the potential energy. In the case dield, due to the presence of a barrier for electron tunneling at
the 1Ars cluster the experimental kinetic energy of all six the equilibrium configuratiof®4’
ions still exceeds the potential energy, with the differences
being 40%—-60% forg,=6 but 200%—300% fomga =2.
Only in the case of the 1A cluster the agreement between
the calculated) . and the experimentdl,*’is reasonable, i.e.
for qa,=2, T; exceeddJ,; by 20%—30%, while fog,,=4 the In the case of monatomic clusters it is possible to calcu-
potential energy exceeds the experimental kinetic energy blate not only the total energy, as done in the previous chap-
about this amount. Taking into account that the potentigls ter, but also the kinetic energy of individual ions and the
provide the upper limits for the kinetic energy of atomic time evolution of the Coulomb explosion. We studied the
ions, the Coulomb explosion model advanced by us leads tbomonuclear Xg clusters withn=2,3,6,13. In view of the
a large discrepancy between the theoretical and experimentadlatively low ionization potential of Xe and the similarity in
T, values for small 1Af_; (n=2-5) clusters. the electronic structure of Xe and ofih HI), it is possible to

The relation between the calculated potential energy anéxpect that Xe and HI are ionized in the strong laser field
the experimental kinetic energy is not changed much whemith roughly the same efficiency, which was recently dem-
the Ar atoms bear different charges. Some examples are prenstrated experimentalf{.

IV. COULOMB EXPLOSION DYNAMICS OF Xe ,
CLUSTERS

sented in Table Il for the IAg cluster, including the equilib- The dynamics of Coulomb explosion constitutes an ul-
rium charge distributions obtained by the minimization of trafast(femtosecongprocess on the time scale of the nuclear
the multicharged cluster energy, E4,. motion of the ions on the repulsive potential surface. The

The results presented in Tables | and Il show that thdime evolution of the Coulomb explosion of a pair of ions
potential energyJ . for given ionic charges increases sharply was expressed analyticaffy,and will be presented here in a
with the size of IAf,, with the increase ol being super- more detailed way. The time of the atoms’ separation from
linear in the number of atoms+ 1. Consequently, the ki- the initial distanceR, to R can be found as
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R R TABLE lIl. The Coulomb explosion timer. (in fs) and the final kinetic
7(R)= f driv= f (,u,/2T(r))1/2dr, (5) energy per iorT; (in eV) of _Xen clustgrs.rc=t(2Ro) is determined by‘Eqs.
Ro Ro (7), (9), (12, and (14). T, is determined by Eq(13). All Xe atoms in a

h is th loci is th d d . cluster bear the same chamgexcept for Xg;, where the central atom bears
wherev is the velocity,u is the reduced mass, afdr) is  ; smaller chargeqp<(q) to provide stable charge distributicn,=0 for

the total kinetic energy, which is equal to the change in they=2,4 andg,=1.4,8 forq=8,8,10.
Coulomb potential,

q 2 4 6 8 10
1 1
T(r)=e?q,q, =—— —) ) (6) 7 (f9) Xe, 155 77.7 51.8 38.8 31.1
Ro 1 Xe; 127 635 423 317 28.8
. . . . Xes 101 50.6 33.8 25.3 20.4
Performing the integration one obtains Xe,, 108 4.2 355 5.6 19.9
T=1,2(£) ) T, (eV) Xe, 6.7 26.8 60.3 107 167
’ Xe, 13.4 53.6 121 214 335
where Xeg 31.5 126 284 504 788
Xeys 551 220 516 088 1646
/“LRO 1/2
tp=1.905 10 °R,| —— 8
4192
and L _laa s
VI—E 1 (1+VI-¢ Ro TR S 13
2(§)=——+zIn| ——=|; Et=—=<1. (9
3 2 1-VJ1-¢ R There are different ways to define the Coulomb explosion

In Egs. (7)—(9) the values are in the following dimensions: t'r:nedTC'bl_We S%h?]" C!etermme_n 3.5 the tge ;(I):zrrespon(rj]lng 0
(to/s), (RIA), (Ry/A), and (W/AM). We note thatt, in the doubling of the interatomic distanceR=2R;), so that

Ref. 35 was overestimated by a numerical factok/8t 7= 7(2Rg) =1,Z(0.5). (149

_The expression fqr the separat|o_n tim&) can be gen- The results of the calculation of the kinetic energy perign
eralized for symmetrical clusters with equally charged at-

oms. To this end we denof,,, as the distance between the and the Coulomb explosion time are pres_ent_ed n Table_ i
; fcgr Xe,, Xe; Xeg and Xqsz The ion kinetic energy in-
moving atoms and the cluster center of mass, and express |

. . .+ creases superlinearly with increasing the cluster size, like in
and the Coulomb potential energjy. by the interatomic dis the case of IA¢ (Table |, and is proportional taj?. The

tanceR . . L . .
explosion timer, decreases with increasing the cluster size.
R.n=BR (10 It is inversely proportional to the charge The time scale
14.4 for Coulomb explosion is indeed ultrashort, being tens of
Ud(r)= ? s(q). (12) femtoseconds fog>2 and~100-150 fs forg=2.
The coefficientss and S(q) are as follows V. MOLECULAR DYNAMICS SIMULATIONS OF

COULOMB EXPLOSION

Our constant energy molecular dynami4D) simula-
tions study Coulomb explosion of two cases: ,Xén

Ry: A= 1 S—3¢? =2,3,4,6,13,43,55) and HIAr (n=1,5,12), clusters all
J3' ' equilibrated at the temperatufe= 10 K.
(11a
A. Potentials for neutral clusters
Re: B:Ev S=14.129%, The dipole moment of the HI molecule is relatively
small?® being 0.38 Debye. The polarization energy of Ar
Ris: B=1, S=(49.34+12q)q, atoms in the field of such a dipole is less tharlé * eV,

which is negligibly small compared to the van der Waals
interaction, and hence ignored in our simulations.

H-I interaction is described by Morse potential, fitted to
the empirical values of this molecut®.

whereqq is the central atom charge andare the charges of
all other atoms. The dependence of the tim{&) on the
interatomic distanc® is expressed by the same functi@
as for the pair of atoms, but thg expression is modified to

the form u(r)=De[exp(—2a(R—Re)) —2 exf — a(R—Re))],
BZn!mF\)O 1/2 (15)
to=1.905 10‘15R0(S(—q)> , (120  where the well depttD,=3.2 eV, the equilibrium distance

R.=1.609 A, the exponential parameter=1.75 A~1, and
wheren’ is the number of moving aton{a’ =12 forR,;;but  the frequencyw,=2309 cmt.

n’=n for R; andRg) andm is the atomic masg&ot reducedl Ar—Ar, Ar—H, and Ar-I interactions are described by
of the atomR. The kinetic energy per ion is the Lennard-Jones potentials:
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u(r)=4e€ (olr)*?—(alr)®], (15a C. Details of simulations
where We performed constant-energy MD calculations using a
fifth-order preditor-corrector procedure based on the Nord-
for Ar-Ar:®! €=10.41 meV, ¢=3.40 A, sieck optimization® to simulate the high energetic fragmen-
1 tation of the Xg and HIAr, clusters, initially prepared at
for Ar—H:'' €=4.15 meV, ¢=322 A, 10K. In view of the fastsub femtosecondnechanism of the

5 _ fragmentation, the integration time step is taken-a&5 fs.

for Ar—l: e=16.1 meV, 0=359 A. In each simulation we study three kinds of observables:
The HIAr, clusters are thermally equilibrated at 10 K, Where( )
the HI molecule actually occupies the vertex site of an oth- energies of the neutral as well as the ionic fragments
erwise Ar atom in the ideal structure of anAg cluster, both for Xe, and HIAL, clusters '
which is the most stable geometry. This exchange slightly n '

deforms the geometry of the Ar, cluster, where the hydro- (b)  Time developmgnt o.f the interparticle dista.nces.
gen atom tends to align itself close to the Ar atofinst not (c)  Coulomb explosion timél., (defined as the time when
sticking out the cluster first interatomic distance reaches twice the equilibrium

The Xe—Xe interactions in the symmetrical Xelusters distance.
also are described by the Lennard-Jones potential with the
parameters?

Xe—Xe: €=24.2 meV, o=4.39 A.

Time development of kineti¢KE) and potentialPE)

D. Simulations of Coulomb explosion

B. Potentials for charged clusters . .
g Simulations were performed for (X&), (n=2-55,q

As mentioned above, we suggested all atoms to be. 1-10 and forHFr(Aqur)nclusters. The simulations span

charged so it is possible to neglect the polarization, van d_e(ri cluster size domain which is considerably larger than that
Waals, and valence forces. Consequently, we are left W'ttﬂreated by the analytical model, Eq3)—(9), and also pro-

trﬁzunlzlxehcglélglmn? ftogese‘:]rgzé't'_'gr‘:"g;’ﬁ:é'noﬁrsdirttﬁepég\slgnc}éides information on heteroclusters which cannot be treated
physi utual p ! lons 1 y our analytical model.

collisions, we will keep the Lennard-Jones potential, which

i . ) ; ; Fi 1 port the time d d f th tential
provides a strongly repulsive term. The interatomic potential \gure L portrays ihe time dependence of the potentia
between any two charged ions is as follows: energy and the total kinetic energy of the (%9, (n

=2-55) clusters. The Coulomb explosion is manifested in

the decay of the Coulomb potential energy towards zero and

the rise of the kinetic energy of the ion fragments towards a
(16) constant value KEe). The final average Xe velocity(«)
=[2myKE()]Y? at constanty increases with increasing
the cluster size due to the increaselyf prior to the Cou-

ry+r,\8

R

14.4 ri+r,) 12
UrdR)= &~ Gzt 4e, R -

The ions radiir, except for H with r,=0, are determined

roughly as lomb explosion.V(«) at a constant cluster size increases
no\?%( Z linearly with increasing the ion charge (Fig. 2), in accord
r=roly, y= N \z) 1 with Egs.(11) and(11a. The linear dependence of the simu-

lated V() vs q (Fig. 2 agrees within 5% with the predic-
wheren is the principal number of the outer electrod@sis  tjon of Egs.(11) and(12). The Xe—Xe distance dependence
the effective atomic chargeaccording to Slater rulgsro,  for the Coulomb explosion of Xg (Fig. 3) reveals specific-
No, Zo stand for neutral =0) atoms, and'o=0 in the v o the location of the Xe atom. We definé8ec. IV) the
Lennard-Jones potential. Using approximate fittings we eXgnaracteristic timer, for the Coulomb explosion in terms of

pressy as follows: Eq. (14). The cluster size dependencemffor the Coulomb

Ari y=1+0.052, 0<q<7; y=4.62+0.117q-8), explosion of X& % increases with increasing the number of
constituents at a fixed chargeg, and reaches saturation for
8=<q=15; ro=1.675A; largen (Fig. 4). The linear dependence of7l/vs q (Fig. 6)

is in agreement with Eqs7), (9), (11a, (12), and(14).
The Coulomb explosion dynamics of the heteronuclear
7<q<16; y=5.87+0.0853q—17), HI% (Al9%1), (n=5,12) clusters bears similar characteristics
) _ to those of the homonuclear (X&), clusters. The
17<q=24; ro=10942 A. asymptotic velocity{Figs. §a) and %b)] and the reciprocal
For pairs of ions we take the sarees for neutral atoms:  time (Fig. 6) show a linear dependence on baty andq, .

l: y=1+0.055, 0<q<6; y=3.38+0.085q—7),

. . + + .. .
HI: 4e=0.0274, ArH: 4=0.0166, Arl: 4=0.0646, This behgv!or of theHI% (Ar%r),, system is in accord vy|th
the predictions of Eqs(7), (12), and (13), together with
ArAr: 4e=0.041 eV. (119, derived for a homonuclear system.
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7000 T T T T 6 T T T T T
(Xe') (n=2-55)
6000 - 5L " 43 il
[ 55
— 9 13
g s000 + | £l -
= 6 (Xe™),5 (4=1,2,3,4,6) Y
= 4000 = .
® 3000 2 4
<2 3
© 2000 k=
. S 2
< 1L -
1000
0 I : 0 1 | 1 1 1
0 100 200 300 400 500 0 2 4 6 8§ 10 12
(a) Time (fs) lon Charge
7000 FIG. 2. The dependence of the final average atomic Xe velocity of several
' ' ‘ ' clusters (Xé9), (2<n=55) on the charge. Notice the linear dependence as
predicted by Eqs(11) and(12).
6000
< 5000 suggestet?*® that the ionization enhancement at the
% stretched internuclear distance originates from nonadiabatic
g 4000 electron localization near the nuclei. The prevailing param-
5 eter of the ionization enhancement model is the critical dis-
g 3000 tanceR,,, which determines the region of the high ionization
£ rate. The ionization is enhanced only whep exceeds the
X 2000 initial (equilibrium) distanceR,. The critical distance of Ar
may be estimated considering that the ionization is enhanced
1000 in ionic systems, lacking any valence properties. Conse-
uentlyR,, of Ar ions has to be comparable Ry, of Cl ions.
0 q YRer p r
0 100 200 300 400 500 The one-dugensmnal quantur_n m(_)del pRisin the mter_val
. of ~4-5 A*» whereas an estimation based on experimental
(b) Time (fs)

data providesR,=2.8 A.** Comparing this last value with
FIG. 1. Time evolution of the potential and kinetic energies of the'(¥g; the Ar_Ar Equmb”um dIStanCER.e: 3.72 A' we conclude
cluster for several charges € 1,2,3,4,6).(a) Potential energiegh) kinetic ~ that in argon systems the conditiéty =R, may not be ful-
energies. filled, which tentatively explains the absence of multicharge
ions when pure Ay clusters are irradiatetf. It is possible to
V1. DISCUSSION speculat_e that in the qlop_ed HlAcluster the I-Ar pair is
responsible for the ionization enhancement. Our calculations
We presented an analysis of the energetics and the timef the energetics of Coulomb explosion indicate that for very
scale of the ultrafastfemtosecond Coulomb explosion of small clusters the vertical ionization provides potential en-
clusters. Our starting point rests on the picture of a verticaergy U(calc), which is considerably smaller than the ex-
high-order multiphoton ionization of the elemental )@ of  perimental energy of product ions, presumably reflecting the
the doped HIAy clusters, where the configurational onset of absence of these clusters in the Coulomb explosion process.
Coulomb explosion corresponds to the ground state nucledn the other hand, for larger clusters<(5=13) with large
configuration of the cluster. This assumption is admittedlyvalues ofq, it is observed that) .(calc) is close td'; or even
oversimplified. Recent experimental work on multiphotona little higher tharT,. The suggestion can be made that just
ionization of diatomic molecules indicates that the kineticthese clusters are responsible for the production of the highly
energies of the atomic fragments resulting from Coulomicharged ions and that the ionization takes place in the vicin-
explosion of a variety of molecules correspond to a constarnity of the equilibrium geometry. If a nonvertical ionization at
fraction of the Coulomb repulsion experienced by the multi-R.,, which is much larger thafR., is responsible for the
charged molecular ion at the equilibrium distaf¢@his ob-  multicharged ion production, then the kinetic enerdy
servation indicates a two-step nonvertical ionizationwould be significantly lower thabl (calc). Since this is not
modef*>°~%" for Coulomb explosion, where the molecule the case, the evidence for nonvertical cluster multielectron
first loses a few electrons at the equilibrium internuclear disionization during Coulomb explosion cannot be inferred. It
tance, then starts separating, and subsequently enhanced i@ppears that the high-order multiphoton atomic ionization in
ization occurs at a stretched nuclear configuration. It wasn elemental cluster does not occur, in view of the observa-
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explosion times of (X&%), for several charges &q=<10).
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FIG. 3. The time evolution of the Xe—Xe distances for the Coulomb explo-
sion of (Xe")ss Distances are shown for typical atoms at the first, second,
and third layers beyond the central atof@. g=1; (b) q=4.

tion of highly multicharged species from a cluster beam and
not from an atomic beaff Castlemaret al*® have proposed
that the ionization ignition mod®l accounts for many fea-
tures of cluster multiphoton ionization. In this motfel’ ini-

tial ionization events, which leave behind heavy ions, result
in a very large and inhomogeneous electric field, lowering
the ionization barrier and allowing subsequent ionization
processes to occur. This mecharftiis in accord with the
low ionization potential of the cluster constituents and pre-
dicts a weak cluster size dependence, in accord with experi-
ment. The ionization ignition model may result in contrac-
tion of the interatomic distances in an initially weakly
ionized elemental cluster, e.g., (Xg.Xe,_m. With the in-
cipient formation of Xg centers prior to subsequent ioniza-
tion. Further explorations of the interatomic distance depen-
dence of Xg ionization efficiency in the context of
nonadiabatic electron localization will be of interest. In the

(b)

FIG. 5. Dependence of the asymptotic average veldaityerms of the root

broad Cont_eXt of th_e l_mique features of energy vaU_iSitiOQ)f the kinetic energyof HIAr, on the iodine and argon charges, respec-
due to multiphoton ionization of clusters, further experimen-tively. Notice the linear dependence on both chargasn=5; (b) n=12.
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