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Charge localization and fragmentation dynamics of ionized helium clusters
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The dynamics of He, n=3-13, clusters formed by electron impact ionization of the neutral is
studied theoretically using mixed quantum/classical dynamics by both mean-field and surface
hopping methods. Potential energy surfaces and nonadiabatic couplings among them are determined
from a semiempirical, minimal basis DIM Hamiltonian. The dynamics of hole hopping, hole
localization, and cluster fragmentation are described through trajectory dafacltgters, with

initial conditions given by the zero-energy quantum distribution of nuclear coordinates, dissociate
through two-channels, HeHe+He" and Het-He, with relative yields of 20% and 80%. The motif

of hole localization on a pair of atoms, and subsequent dissociation of the initial pair with hole hop
to a new pair is observed in trimers, and repeats in larger clusters. In the larger clusters, hole
hopping among Hepairs provides an additional, less important mechanism of charge migration.
The coupled electronic-nuclear dynamics of triatomic units describes the mechanism of energy loss,
by transfer of vibrational to translational energy. This leads to ejection of energetic neutral atoms as
well as the ejection of Heprior to evaporative cooling of the cluster. Hes the exclusive charged

unit produced in the fragmentation of ﬂe:lusters. In bulk He the same dynamics should lead to
fast vibrational relaxatiort<10 ps and formation of He as the positive ion core. €998
American Institute of Physic§S0021-960608)02122-9

I. INTRODUCTION simulations of nonadiabatic dynamics that follows the sud-
den ionization of H§ (n=3-13) clusters. The description

Spectroscopy and dynamics in neat and doped heliurgf the coupled motion of hole and nuclear coordinates may

clusters is an active field of research at preseftis activity  help elucidate the validity of assumptions made in estimating

is propelled by a variety of motivations, the understanding ofjme scales of hole hopping and localization and therefore

superfluidity at the molecular level being oh&For a rather implied ranges of charge migration, and subsequent frag-

complete review of the field we refer to the recent revieWmeniation in the case of clusters. We relate the results to

article by Whalley Mass specirometry Is one of the more experimental data on small clusters, and comment on impli-
common tools for the characterization of clusters, and haéations regarding dynamics in the bulk

beel?l u?ed lnmsw;:ly ml%'g]e c(jals:|e+015l;|elclusters, fr;l)mdthe Due to the light mass of He atoms and the very weak van
smallest units such as an g, " 0 large supertiul der Waals interaction between He atoms, He clusters are

5-14 PR
He droplets. G|ven the very yveek binding energy O.f H_e strictly quantum in naturé.While the He—He potential is
clusters, extensive fragmentation ensues upon ionization. 1 18-21 o
The observed fragmentation patterns have been used to r ound by_1°22'_y258 cms the He 'on 1S bound by
construct the dynamics of charge transfer and Iocalization,oi)00 cm " Accordmgly, the Hamlltoma_n of a smal
and the likely paths of energy dissipation that lead to theHen cluster is dorr_nnatgd b_y t,he He—.FI@otenUaI. AS such,
formation of various ionic and neutral fragmefits? The (© @ good approximation, it is possible to describe the dy-
fundamental issues raised in these studies, namely, the phy&mics of the ionized cluster by mixed quantum-classical
ics of hole hopping, self-trapping, and the nature of Sehc_Slmglatlons, 'where the mouoq gf the hole.|s folloyved by
trapped holes, also arise in the case of bulk liquid heffldm. solving the time dependent Schiioger equation, while the
Based on drift velocity measuremenfst is known that the nuclei move classically under the Ehrenfest force exerted by
self-trapped hole has a very large effective mass in superfluithe hole. Thus, the methodology we use is very similar to
He, and it is recognized that the central positive charge mughat used in the description of dynamics in the more classical
create a large local densitysnowball” ) around it' Yet the  cluster ions>"*®such as Af ions?® We also use the semi-
exact nature of the central ion and the mechanism of itempirical diatomics-in-molecule¢DIM) formalism to de-
formation and relaxation are not well understood. The interscribe the interactions within the ionized clust®r® The
rogation of these processes in real time are now accessible guantum nature of the precursor neutral cluster only arises in
experiments, where it has been shown that using ultrafastonsiderations of the initial distribution of nuclear coordi-
lasers the ions can be gently, and suddenly generated in tmates, and for that, guidance is provided by the quantum
bulk.!” In this paper, we provide mixed quantum classicalMonte Carlo calculations of structures of neutral He
clusters’*=33 The description of the initial electronic wave

dpermanent address: Department of Chemistry, Moscow State Universit)_f,uncuon_' "?" t_he description of the hole created by elF_,'Ctl’Ol’l
Moscow, 119899, Russian Federation. impact ionization, can be expected to vary as a function of
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cluster size. In the simulations, we assume that electron imehannels® The results of these simulations are presented
pact ionization puts the charge on a single atom. The alterand discussed in Sec. IV, and general conclusions are drawn
native choice would be the creation of a hole in one of thein Sec. V.
vertically accessible adiabatic states of the conduction band,
where the hole function would be delocalized over the clus-
ter. In the small clusters considered here, this initial choicq|. POTENTIAL ENERGY SURFACES
does nor effect the subsequent dynamics to any significant
extent. Due to the |arge and uniform distribution of inter- The electroniC Hamiltonian iS Constructed based on the
atomic distances in the neutral cluster, the atomic hole deloP!M approach, where the polyatomic Hamiltonian is ex-
calizes before any significant nuclear motion occurs. NucleaPressed in terms of atomic and diatomic functidirs?
motion, which breaks the cluster symmetry, leads to local- . .
ization and self-trapping of the hole, as we describe in some H= 2>, Hap—(n—2)> H,. (1)
detail. ash 2

In what follows, in Sec. Il we describe the construct of Here, the polyatomic basis set consistsdunctions ¢; , i
the DIM Hamiltonian used in the simulations; in Sec. Ill we =1,...n corresponding to the charge localized on aiorwe
describe the algorithms used for the computation of theset the atomic Hamiltonians to zero, which is equivalent to
nonadiabatic dynamics, a recent general review of which hasetting the origin of potential energy to the dissociation limit
been given by Coke¥ We use mean-field simulations to consisting ofn—1 neutral He atoms and one Héon at
establish time scales of the initial dynamics, and use thénfinite internuclear separation. The components of the di-
surface hopping method of Tully to ascertain final atomic Hamiltonians are restricted to

(1 o . . .
E(Vzg(He;)(rab)+V2u(He;)(|’ab)) if i=a=j or i=b=j
ab)lj <¢|Hab|¢> < E(Vzg(He;>(rab)_VEU(HG;)(rab)) if IZaij, IIbij, J:a¢| or J:b¢| (2)

VE(H%)(rab) if |:J7Ea,b
\ 0 otherwise

which implies restricting the atomic bases to sintfBy states on both Heand He. For the Hg cluster, the 1-2 fragment
Hamiltonian is given explicitly as

1 1
5 (Vsnen) (M2 + Vs e (112) - 5 (Vs nep) (112 = Vs rep) (M12) 0
Ho=| 1 1 3
27 3 (Vayme (10~ Va e (112) 5 (Va e (10 + Vs g (T1) O ®
0 0 Vs (He,)(F12)

and the addition of the three fragmenits,,,H,3,H3, yields  function switches sign along the internuclear axis. The opti-
the total Hamiltonian in Eq(l). mal configuration for the triatomic ion arises by maximizing
This DIM construct with atomic bases limited S, this interaction. If atoms 1-2 and 2—3 are boundhy then
states has already been reported in the literature, and the 1-3 interaction must necessarily R, which is
known to fail to reproduce the potential energy surface ofstrongly repulsive. This repulsion is minimized in the linear
He; .22 We also verify that the treatment fails when using geometry. The DIM Hamiltonian yields a saddle point at
accurate Hg potentials, such as thab initio results of r;,=r,3=1.26 A, and the wave function at this point is
Gadeaet al.?® and accurate Hepotentials, such as that given by the eigenvectdr0.47, 0.72,—0.47), i.e., charge
given by Aziz?! Instead of the linear symmetric triatomic densities of 52% on the central atom and 22% on the termi-
ion predicted by high levedb initio calculations, a linear ion nal atoms. In the same region, thb initio surface shows a
with the charge localized on two atoms and a weakly boundninimum?? and the difference between the twe0.2 eV,
third atom, He—Hg is obtained. It is useful to understand which is nearly 10% of the Hebinding energy. This failure
the reasons for this failure. can arise from two source§l) The common assumption of
The linear equilibrium structure of He as opposed to total neglect of atomic overlap in the DIM Hamiltonidh(2)
an equilateral triangle, can be understood based on symmetextensive correlation energy at this configuration, which in
considerations. The deeply bound ground state potential d)IM can be included by expanding the atomic bases to in-
He, is the S, state of odd symmetry, in which the wave clude excited state contributions. In order to pinpoint the
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source of error we have performed the DIM treatment withwhereV;(t) is the adiabatic potential energy of statat a
the inclusion of overlap amoni§ basis functions. The over- given nuclear configuration at tinte The Schrdinger equa-
lap was estimated by assuming the Hartree—Fock electronimon for these coefficients is written as

wave functions for each He atom and a single electronic d

orbital for He".*® The overlap is significant(¢;| ¢;)~0.3 _a‘ZE da, 6)

whenrij=1A). Inclusion of this overlap lowers the DIM dt T

potential energy near the saddle point, however only by, hared : is the nonadiabaticity matrix given as

~200 cni'?, far less than the sought discrepancy. Thus, we N
conclude that the failure is due to the absence of excited state d. :<¢'|i| )
configurations in the DIM matrix, to account for the exten- g Mot 717
sive correlation energy observed in thb initio analysis®

Despite the fact that these excited states lie some 20 e o . ; . S g
P Hamiltonian matrix and its analytical derivatives with re-

above, at the relevant internuclear distances-dfA, they i ; .

must contribute to the binding of the ion. While such atreat-s'pect -to coordinates. The details of the algorithm can be
ment is feasible, it unnecessarily complicates the eIectroniI:Ound in Ref. 34. L .
Hamiltonian. Instead, in the semiempirical spirit of utility of _. The nuc_lear dynamics is F:alculated by cIassmaI_equa-
DIM, we simply adjust the input pair parameters to repro_t|ons of motion. In the mean-field method, the force is ob-

duce the PES of the triatomic ion near its equilibrium geom-talned from the average potential,

)

the actual algorithm matrix;; is expressed through the

etry. dH

The required correction to the input potentials can be ~ F()=— (¥ (O] —=[¥(1)). ®
estimated directly. The DIM energy for the symmetric con- ) ) )
figuration,r ,=r,3=r, is given as This method gives consistent results that satisfy energy and

momentum conservation, and a sensible approach to the cal-
V(f):<¢|H|¢>:0-024/29<He2+)(r)+0-732\/zu<He2+)(r) culation of the quantum subsystem when the electronic

density of states is largéb) the adiabatic potential energy

+0.245/5 (e, (1) (4)  surfaces remain nearly parallét) when changes in coordi-
nates of the classical subsystem is not significant. However,
the method does not predict correct long-time dynamics of
€he classical subsystem which becomes averaged over the
different quantum channels. For example, the product of im-
pact ionization of Hg clusters can only be HeHe;, since
the initial energy of the bound cluster necessarily lies below
zero, and since the method maintains strict conservation of
energy. Also the final state dynamics is unphysical since the
He, fragment remains on a mixture of ground and excited
states. Nevertheless, we use this method to simulate the ini-
Nial electronic dynamics in the quantum clusters, namely the
V}Srocess of the hole hopping, to establish the relevant time
scales for electronic and nuclear motions. The method is
clearly appropriate at early times, before charge localization,
when the dynamics occurs on several nearly parallel elec-
tronic surfaces.
lIl. DYNAMICS In the surface-hopping dynamics, at any given time, the
nuclear motion evolves on a single adiabatic surface. The

Mixed quantum/classical calculations are used to simupropability of hopping from surfaceto j at each time step is
late the dynamics of the coupled electronic and nuclear cogiven by the rate of the density redistribution

ordinates. In the mean-field approach, the force is calculated

from the average potential given by the expectation value of ()= 2At Re(a;afdj)

the electronic wavefunction, while in the surface hopping =] aiaj*

approach, where we use Tully’s method of minimum hdps, . o ) . . .

the dynamics evolves on a single adiabatic PES. The calcyVhered is the Heaviside function andit is the time step in

lation of the electronic wave function is the same in bothWhich hops are allowed. After each hop the velocities of the

methods. It is given by the time dependent Schrodingepe“ums are adjusted to conserve total energy. The excess

equation in the adiabatic representation. The numerical algd/€!ocity is rescaled parallel to the vector,

rithm solves for the coefficients; which are the expansion d

coefficients of the electronic wave function in the adiabatic ~ hij=(#il i [4), (10

basis sety; multiplied by the phase factor that cancels fast

oscillations as described by Hermdfl.The hop is not allowed if it re-
o quires kinetic energy greater than available in the degree of

a;; (1) =(i(D)| W (t)ye~ MIVi(ndr, (5)  freedom parallel tdv; .

which shows that the well at the equilibrium geometry of the
ion arises from a cancellation between the large positive r
pulsive wall of He, atr~1.2 A, and the attractive part of
the Hg 3, potential. Thus the experimental binding energy
of —0.017 eV for the H§ ion,* can be reproduced by artifi-
cially softening the well known repulsive wall of the e
potential’®~2'A surface in good agreement with thb initio
result€? is obtained when the repulsive wall of His low-
ered by 30% near=1 A. This correction, and the pair pa-
rameters used as input to the DIM Hamiltonian, are given i
the Appendix. Note, an exact representation of the shallo
bound region of the Hepotential is not necessary for the
dynamics at issue.

6(—Re(a;a dji)), 9)
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time (fs) separations of 4 A(a) Nuclear trajectories(b) hole density on each atom.

Initially, the hole is on atom 1, it delocalizes to all threetat100 fs, then
FIG. 1. Mean-field dynamics of a Hecluster, with initial internuclear  traps on the 1-3 pair for one vibrational peride-(150—250 fs), the charge
separations of 3 A(a) Nuclear trajectories(b) hole density on each atom. hops to the 1-2 pair with the ejection of atom 3.
Initially, the hole is on atom 1, it delocalizes to all three within 20 fs, then
traps on the 1-2 pair ne&r 70 fs, and finally, it hops to the 1-3 pair with
the ejection of atom 2.
0.1 A. This brakes the symmetry of the system, and facili-

tates meaningful dynamic§n mean-field, in a perfectly

IV. RESULTS AND DISCUSSION symmetric cluster, the system will execute symmetric breath-
ing vibrations, with no further dynamigsFigure 1b) shows
that the charge starts on atom 1, within 10 fs it delocalizes

We first investigate the dynamics of clusters using theover all three atoms, and subsequently oscillates between
mean-field method. As already mentioned, the method givepairs with a period determined by the pair internuclear sepa-
unphysical dynamics when the electronic states are wellation. After about 70 fs the charge localizes on the 1-2 pair.
separated. However, the initial dynamics is determinedrhe contraction of this bond is marked by the high frequency
mostly by hole delocalization and the nuclear evolution oncharge oscillations on atoms 1 and 2, nead 00 fs. During
nearly parallel closely lying set of the PE® the limit of  the outbound stretch of the 1-2 bond, the charge hops to the
large clusters these constitute the conduction band of th&—3 pair, and atom 2 is ejected as a neutral. The electronic
hole). The mean-field approach preserves the coherence @nergy of the 1-2 pair, is converted into translational energy
the quantum subsystem and gives a consistent treatment fof departing atom 2. The dynamics is complete after about
the hole dynamics. 120 fs with the formation of HeHe;. Now, the charge

Figures 1 and 2 summarize the Hdynamics subject to  oscillates between atoms 1 and 3 with a frequency given by
two different initial conditions. In each case, the motion ofthe exchange energy of the diatomic ion,r2(V(Z)
nuclear coordinates is shown in the plane of the system in a V(%,))/2%, which in turn is determined by the internu-
3D plot, and the time dependent charge density on each atoniear separation. Note, the frequency of the, Hébrations
is given underneath. In Fig. 1, the atoms are initially posi-correspond to motion on the mean potentidk= (V(2 )
tioned at the vertices of an equilateral triangletwgtA sides  —V(2))/2, which is orders of magnitude less than the real
and displaced from these positions in random directions byrequency on thex, potential. Figure 2 illustrates the dy-

A. Mean field dynamics
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FIG. 4. Mean-field dynamics of a Hecluster.(a) Hole density on each
atom;(b) nuclear trajectories, as distance from the central atom. The sequen-
tial ejection of atoms follows the pattern observed in the smaller clusters.

namics of the triatomic ion starting with an internuclear
separation of 4 A. Qualitatively, the process is the same,
however, the relevant time scales are quite different. The
period of surface hopping is now 100 fs, and the time for
the first collision(localization of the charge to a pairakes
place after 200 fs. The dynamics is complete after 300 fs
when atom 3 escapes as the charge hops to the 1-2 pair to
form the Hg .

The results of a similar calculation forgHare summa-
rized in Fig. 3. The interatomic separationst &0 is taken
as 4 A. The dynamics involves an initial charge redistribu-
tion from atom 1 to the rest withir-50 fs. This is followed
by localization of the charge on the 1-6 pair, for the period
betweent=150-200 fs. Atom 6 escapes on the outbound
stretch, as the charge delocalizes over the remaining cluster.
This is followed by consecutive hops of the charge on pairs
1-3, 1-2, and 1-4. The 14 pair forms the finaj HEigure
3(a) shows two snapshots of the systemtat0 and att
=1ps. Atoms 6, 2, and 3, which were consecutively in-
volved in the formation of the diatomic ion, have consecu-
tively escaped the cluster. Quite clearly, the mechanism of
ejection of fast neutrals from the larger cluster is a repeat of
the charge localization and ejection during the outbound
stretch of the diatomic ion that was observed in the case of
the triatomic clusters.

The same pattern is observed in the larger clusters, as

FIG. 3. Mean-field dynamics of a Hecluster.(a) Snapshots of the cluster illustrated for the case of Hgin Fig. 4. The top panel shows
structure at=0, and at=1 ps; (b) hole densities on individual atoms. The the distances of the peripheral atoms from the central atom.
ejection of neutrals, atoms 6, 3, and 2 in sequence, is controlled by the]-he bottom panel shows the charge density on each atom

mechanism of hole localization on paifs-6, 1-3, 1-2, 1-4 and subse-

quent simultaneous hole-hop and ejection. The 1-4 pair forms the finalNitially, the atoms are positioned at the perfect single shell

He; .

structure with interatomic distances of 4 A. Then the sym-
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metry is broken by random displacement of the atoms by 0.5tate can be above zero, which can lead to complete disso-
A. The charge is localized on the central atont-aD. In the  ciation after adiabatic propagation on this surface. To de-
first 200 fs the delocalization of charge is observed as oscilvelop the systematics of final channels, we carry out the
lations of density between the central atom and the shell o$urface hopping algorithm starting with proper initial condi-
the cluster. As the cluster contracts by polarization forcestions and using an ensemble of trajectories.

the charge amplitude on the peripheral atoms grows, and tl"‘g
charge oscillation frequency increases. After about 250 fs the”
symmetry of this breathing motion breaks as one of the shell The validity of classical dynamics in describing the
atoms comes closer to the center. This atom is further accehuclear coordinates for particles as light as He is always
erated toward the center by charge localization to form theguestionable. Such an approach would be completely inap-
diatomic ion. As in the smaller clusters, the kinetic energy ofpropriate for the case of the neutral species. However, since
the Heg is too high and on its outbound stretch the atomthe introduction of the positive charge in the system changes
escapes with a simultaneous hop of the charge to a secoitile scale of the potential energy by 3 orders of magnitude,
member of the shell atoms. This process repeats witlglassical representations with proper statistics become ac-
~100 fs intervals, as the cluster breaks up by consecutivelgeptable. Nevertheless, since the relevant initial distribution
ejecting fast He neutrals. The final product is again a bar®f atomic positions and momenta are those of the neutral
He;, and 11 He neutrals. clusters, they reflect diffuse distributions of the quantum

The above establish the dependence of hole hoppingluster that must be appropriately sampled. We have seen in
times on internuclear separations and give a qualitative dghe previous section that for average interatomic separations
scription of the governing dynamics at early times. Amongof 3—4 A, charge transfer occurs on the time scale of 10-100
these the notable features are fs. In He clusters of the size range considered here, depend-

(a) A hole created on a single atom will delocalize overing on the size of the cluster, the average interatomic sepa-
the cluster on time scales of 10-200 fs, depending on theations range betwee3 A and 10 A, with a large dispersion
initial internuclear separation, this process is usually fasteabout these values. Accordingly, the initial charge transfer
than any significant nuclear motions. In mean-field, in largeprobabilities range from 10 fs to 1 ps, and when properly
clusters, the hole will migrate to the central atom to optimizeweighted will be dominated by the shorter time hops. This
polarization forces. consideration is the basis for the hopping kinetics devised by

(b) The process of charge localization on a pair occurs aslalberstadt and Janda.
one of the interatomic distances shrinks significantly in com-  Initial conditions of the Hgcluster are derived from the
parison to the others. In a perfectly symmetric cluster thevariational quantum Monte Carlo wave function, which is
charge will delocalize and breadth as the cluster breadthgjiven in the form a product of pair functions in Ref. 32,
and in mean-field, no fragmentation can occur. _

(c) Charge localization on a pair occurs with positive P(r1.72.73) = ho(r 12) Yio(T 23) (T 1) (1)
feedback between nuclear and electronic coordinates, ther¥Ve use a Monte Carlo sampling algorithm to select initial
fore, small fluctuations in the symmetry of the cluster deter-Positions from thel¢|? of this distribution. Random initial
mines the direction of motion of the charge. momenta are sampled from a Gaussian distribution with a

(d) The localized charge hops during the outboundsPread ofi/Ax whereAx~2 A, which is roughly the spatial
stretch of the initial diatomic ion, in a process that can bespread of the wave function. Approximations in the momen-

Surface hopping dynamics

described as that of the triatomic unit, tum distribution are permissible since they have little effect
. . on the dynamics. In fact the initial kinetic energy of the
He, (v) +He—He(T) +He, (T',v'<v) nuclei is of order of 1 cm* while the potential energy of the

system upon the introduction of the positive charge is in the
range 50—300 cim. With initial positions and momenta de-

ined, we ionize a single He atom and start the propagation.
The initial electronic wave function is expanded in the adia-
batic basis and the initial surface for the propagation is de-

S i tant feat fthe d . _ termined randomly. The wave function is resetaje=1 for
everal important features of the dynamics are incorrech, . . ,a0ation surfadeanda =0 for i %k.

due to the averaging intrinsic in mean-field. First, it is clear
that the frequencies of the Blemolecules formed during the +
dynamics are not physical, since they result from the mixture’ €3

of %, and 4 states. Since the kinetic energy of the systemis A set of 50 trajectories were propagated for 6 ps to simu-
conserved, an incorrect internal energy of the ionic fragmenlate the dynamics of the Hecluster. Representative trajec-
in turn implies that the translational energy of the ejectedories are illustrated in Fig. 5, 6, and 7, along with the adia-
fragments is incorrect. Second, mean-field dynamics canndtatic energies of the system as a function of time. The bold
lead to complete dissociation of the cluster, ,Hegn line indicates the potential energy surface on which the dy-
—1)Het+He", a channel observed in experimentShis is  namics evolves.

simply a consequence of the strict energy conservation of the The trajectories in Fig. 5 and 6 start with negative initial
method and the fact that we start at a total energy belovenergy, and are therefore destined to form+te,. The
zero. In practice, the initial energy of the excited electronicdynamics of the charge localization and the formation of

in this process, the vibrational energyof the reagent Hgis
converted to relative translational energy of the product. Th
kinetic energy,T, leads to ejection of fast neutral atoms
while T’ leads to ejection of the diatomic ion from the clus-
ter.
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FIG. 5. Surface hopping dynamics of He:He+Hej. (a) Trajectory, (b)

potential energies, with the surface of evolution indicated in bold. The hopFIG. 6. Surface hopping dynamics of fle>He+He§. Despite several

to the lowest energy surface of the triatomic occurs-a80 fs, the triatomic  curve crossing opportunities, the system remains on the excited adiabatic
then dissociates to form HeHe; with ~4000 cm! of vibrational energy  surface for ~3 ps. Once the hop occurs, the cluster dissociates with
converted to translation. ~300 cnt'! converted from vibration to translation.

He, is determined mostly by the adiabatic surface on whichwhich corresponds to going from the entrance valley to the
the system starts. The time scale is determined by the time akit valley, has no barrier, the fragmentation of the triatomic
which the system hops onto the lowest potential surface andill always involve charge hopping. This is also the mecha-
lies in the range of 0—5 ps. After this hop the dynamics isnism for converting vibrational energy of the initial diatomic
very similar in all trajectories and the formation of a stableion to translational energy between the departing final mo-
molecule occurs on the time scale of hundreds of femtosedecular ion and neutral atom.

onds. In the trajectory of Fig. 5, the system starts on the The same general principles are observed in the trajec-
excited ionic surface, the triatomic executes two symmetridories of Fig. 6. Now, the lowest surface is accessed upon the
bond compressions, but the charge remains delocalized. THiest bond compression, at-100 fs, and again the first pair
third bond compression is asymmetric leading to the nonato which the charge hops dissociates, and the final molecular
diabatic transition and localization of the charge on one pairion is the second pair. In this case, the vibrational energy loss
As before, this is followed by the break-up of the pair, with is significantly higher than in the case of the trajectory
a simultaneous adiabatic charge hop to the second pair arsthown in Fig. 5. The product molecular ion is formed at
localizes on the lowest PES, tat 3 ps, permanently forming ~4000 cmi! below its dissociation energy, dt-150 fs.
He+He, . This general process can be visualized by considThis vibrational energy is impulsively transferred to relative
ering the motion over the contour plots shown in Fig. 8.translation of fragments.

Upon the adiabatic hop to the lowest energy surface, the Some of the trajectories start on a PES of positive en-
vibrational energy in the entrance channel corresponding tergy, as in the case illustrated in Fig. 7. In all such realiza-
charge localization on the 1-2 pair, is sufficient to turn thetions, the cluster is observed to break-up into strictly atomic
corner, to exit as the 2—3 pair by the ejection of atom 1 as &ragments, although the process whereby thg festabi-
neutral. Since this adiabatic reaction of charge hoppinglized by transferring the initial excess energy to translation of
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FIG. 7. Surface hopping dynamics of He:He+He+He".

the neutral atom is in principle possiblall trajectories that

start on a PES with negative energy, must lead to formatioffiG. 8. Surface hopping dynamics of Hélustrating the general mecha-

of the diatomic ion. If we assume that all trajectories that nism of fragmentation, which can be understood in terms of the adiabatic
) .\ . collinear triatomic surfaces.

start on a PES of positive energy are destined to form thé

atomic products, the branching ratio for fragmentation into

He+He+He" and HerHe, channels can be obtained from o ) o
initial conditions alone. We determine this branching ratiothat all realizations of this state lead to fragmentation into

based on a sampling of 2000 initial conditions. If we assumétomic products. Yet, at the large internuclear distances char-
that the hole is initially localized on a single atom, then the@Cteristic of the neutral cluster, due to polarization interac-
atomic channel constitutes 2M.5% of the ensemble. If we tions, all three of the PESs of the triatomic ion are bound
assume that the initial hole function is a randomly chosenVith respect to the H.el'—|e+He.* asymptote, and therefore
eigenstate of the cluster, as had been done in simulations J}€ Probability of attaining an initial positive energy is sig-
Ar clusters?® then this channel constitutes 28.5% of the nificantly smaller than 33%. An experimental finding greater
ensemble. These results are very different from the recerffi@n this fraction may be indicative of the participation of
experimental determination of this branching ratio, where ushigher excited electronic states, a consideration that can be
ing a diffraction grating the neutrals are separated and’ermed by testing the voltage dependence of the branching
ionized® The deduced branching ratio in the experiments is 4240

function of expansion temperature, and tends to 55% at the

lowest temperature.The origin of this wide discrepancy, +

and the observed source temperature dependence in the &-Hen

periment, is not clear. Independent of any computational de- Realistic initial conditions for the quantum Ifecluster

tails this branching ratio cannot exceed 33%. This ratioare generated using the average size of the cluster obtained
would be obtained if for all configurations of the neutral from QMC calculations'33 The shell atoms are positioned
cluster there were one vertically accessible positive PES, anelquidistantly from the center in order to generate a cluster of
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celerated toward the charge to form the 1-5 diatomic ion,
this pair undergoes two vibrational oscillations on the lowest
PES. The ejected atoms 2 and 3 collide with the cluster. The
colliding neutrals lower the excited state, to create degenera-
cies (crossing$ with the lowest surface. This allows the
charge to resonantly hop between pairs dutirg 00 fs and
800 fs. With a finab —T transfer, atom 3 escapes the cluster,
while the 1-5 diatomic ion reforms some 7000 cnibelow
dissociation energy. The adiabatic charge exchange illus-
trated in Fig. 8 occurs at~900 fs, where the 1-5 ion dis-
sociates to form the final product diatomic ion as the 5-6
pair. Atom 1 is ejected as a fast neutral, and the 5-6 pair
20000 ' o ' 000 : 7300 recoils as Hg from a relatively hot cluster containing 7 at-
oms. The neutral cluster of seven-atoms has sufficient energy
to eventually dissociate into atoms. However, it is important
to note that the molecular ion is ejected from the cluster prior
to its break-up, as opposed to shedding neutrals by evapora-
tion. Note that the ejected molecular ion contains only
~3000 cm! in internal energy, which corresponds te2
vibrational quanta. During the 1 ps of dynamics, the ionic
cluster converts~15000 cm? of vibrational energy into
translation of the fragments.

The relevant dynamics of large cluster ions can be sepa-
rated into two histories; propagation on excited surfaces with
hole hopping, and hole localization by trapping on the
ground PES and subsequent adiabatic evolution. These two
segments of evolution are separated by the nonadiabatic
transfer to the lowest PES. Both adiabatic and nonadiabatic
hole hopping is accompanied by vibrational energy loss at
the ionic center, therefore trapping, and ejection of neutrals.
FIG. 9. Surface hopping dynamics of He(a) Three of the adiabatic po- A crucial consideration in the understanding of this process
tential energy surfaces involved in the dynami@is. Atomic separations g the recognition that the charge is localized on no more
from the center of charge. .

than 3 atoms at one time. The sequence of processes can then
be broken down into individual steps involving triatomics.

16 A diameter. We then misplace the atoms from their origi—-tl;he exceé)_;ifon to thi; is thgnprocesz pf fson‘?‘“t ener?y .hop

nal position with a Gaussian probability of full width at half etvv_een ifferent pairs. As | ustratg int € trajectoryp Fig.

maximum of 3.6 A. 9, this can occur when the charge is localized on a pair and a
In Fig. 9 we show the evolution on the adiabatic PES fornearby pair of neutrals undergo a high energy collision. The

4 ps. Only three of the thirteen surfaces are shown for clarityIatter provides the proper nuclear Franck—Condon factor for

and as before the bold line indicates the PES of evolutionf.he charge to detrap. Such correlat_ed hqps _are limited to
arly times and do not lead to extensive migration of charge.

The trajectories in this case are plots of the atomic distance%h hole hopbi d self ina in the bulk should al
from the “center-of-mass” of the charge. Accordingly, WhenT e hole hopping and seff-trapping In the buli should also

the charge localizes on a pair, two distances will be shorE’e possible to understand by considgring three atoms at a
while the others remain significantly larger. The trajectoryt'me' Y:/e m‘a’ then exp;]ect co_rr_1p|e_te vibrational reLaxa::on to
has clear discontinuities when surface hopping occurs, sincfé)rmt e stable Hg as the positive ion core. Once the charge

at these instances the electronic wavefunction, and hence t}l%cahzatlon st_arts, only sevqal hole hops accompanied by
charge density, changes suddenly. v—T transfer in head-on collisions between He and Hee

We follow the history of this representative cluster, then"®duired to accomplish this. Accordingly, we may estimate

draw some generalizations. The trajectory starts on the highhat the ion will reachy =0 in its symmetric well withint

est of the shown surfaces, and the charge is mainly on the > PS: Note, in the case of small clusters, ejection of He

1-2 pair of peripheral atoms. In contrast with the mean-field"ill Pre-empt completion of vibrational relaxation. Only in

treatment, the charge does not move to the center of theery large clusters will there be a finite chance of trapping

cluster, where it would be at a lower energy. The entire clustn€ fully relaxed triatomic ion, bare or weakly solvated by

ter starts compressing. At-200 fs, the charge hops to the Neutrals, 33 finding - which is quite consistent with
1-3 pair which is accelerated to reach the Hepulsive wall ~ €XPeriments.

att=275fs. During the stretch of the 1-3 bond, the charg

hops back to the 1-2 pair and atom 3 is ejected as a neutral. CONCLUSIONS
The 1-2 bond follows the same fate, after a full bond com-  We have presented simulations of dynamics in small He
pression, atom 2 is ejected as a neutral while atom 5 is a@luster ions in an attempt to provide a detailed picture of the

time (fs)

time (fs)
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elementary steps involved in hole migration, self-trapping,TABLE |. Parameters used to describe pair potentials according to Egs.
and fragmentation of clusters. The operative mechanismAD: and(A2). (distances in A, and energies in ci

dominated by dynamics of triatomic units, emerges as a
building block for reconstructing the same events in the

He—He original He—He adjustedHe-He", 3, He-He", 3,

larger clusters and in the bulk. Several important conclusions # 6-582 ‘;-24;’;5052 220-2323 425-282;3
. . n_, , -

deserve reiteration. , n_, 464359 3615195 ~81909  —805999
The sudden removal _of an _electron from a single He 972756 1411451 2434348 2434348

atom leads to a hole that immediately=10—100 fs) delo- n, —102225 — 2241850 —-1662080 —1851016

calizes over several. The migration of such a hole is dictatedn; —8442915 2665155 777029 269630

by the contraction of an internuclear distance, and is subject"s ;gg:zg: *37?)440 *628‘92 *55353

.. . . n,
to positive feedbackas the hole localizes on a pair, they are o 0 0 12100 12100

accelerated toward each othe©Only in mean-field, which
may be considered as appropriate for very large clusters,
does the hole feel the polarization bias to migrate to the
center of the cluster. In smaller clusters, this bias can b&PPENDIX
overridden by adiabatic migration on an excited electronic
surface. Once a nonadiabatic transfer occurs to the lowest .
electronic surface occurs, self-trapping is initiated, and al- _ N
though the charge may hop between pairs due to degenera- Y(F) =€ n:E—Z anf
cies created by head-on collisions of fast neutrals, the exten- . )
sivev—T transfer processes ascertain that this process is n¥f@s originally proposed by Ceperly and Partn&@e/yho
reversible. The adiabatic hole hops on both excited andSed @ quantum Monte Carlo calculation to determine the
ground electronic surfaces occurs in triatomic units, and i¢1e—He potential at short distances, between 0.5 Aand 1.8 A.
accompanied by extensive-T transfer. This in turn insures 1 NiS range of the potential is rather well characterizet,
that in small clusters the diatomic ion will be ejected fromand analyzed sincé. Using the best accepted forms, does
the cluster, as opposed to cooling by sequential evaporatiofPt allow the construction of a re_:llabl_e surface using a mini-
of neutrals. Given this highly localized dynamics, it shouldMal basis DIM Hamiltonian. This failure has already been
be possible to simulate the process in extended systems, fipcumented in the literatufé:®As discussed in the text, we
large clusters and in the bulk. adjust the repulsive wall of the He—He interaction to gener-
The mechanism of violent ejection of diatomic ions from ate a Hg surface that agrees with the ab initio results. Ad-
the cluster is consistent with experiments, where the prel4Sted potential is obtained by changing the slope of the re-
dominance of H& in electron impact ionization of very large Pulsive wall and then performing a nonlinear fit to the form
clusters has been noted to be inconsistent with the picture ¢f\1)- These parameters are summarized in Table I.

The functional form used for fitting the H@otential,

(A1)

evaporative cooling? In the case of electron impact ioniza-  FOr the ionic Hg potential, we have used an additional

tion of He; clusters, our findings are in conflict with term corresponding to the polarizabilifgee Fig. 10

experiments. We determine a branching fraction for the 4

He+He+He" channel of 20%, to be contrasted with the ex-  V(r)=e #" >, a,r"—alr?. (A2)
n=-2

perimental determination of55%. In the absence of in-
volvement of electronic states that correlate with the excitedrhe Eg and X, potentials of H§ are the fits of the points
atoms, this branching ratio is determined by the Franck-given by Gadea and Pidaro%aThe parameters used are
Condon projection of the neutral wave function on the ioniccollected in Table I.

surfaces, and cannot exceed 33%. The experimental result is
therefore indicative of the participation of excited electronic
states in the ionization process. Finally, in the absence of the
possibility of ejection, in the bulk or in very large He drop-

lets, the ionic center will fully relax vibrationally to form the
triatomic as the ionic core. This has already been verified in
photoabsorption measurements in size selected clusters, in
which it has been shown that the absorption maxima undergo .~
a relatively small red shift from Heat 5.34 eV to Hg, at 3
4.98 eV! while the vertical absorption of He is at =
~10 eV 2?~2*The same diagnosis should be possible in the
bulk, where we estimate a formation time scale for the
ground state ion to be-5 ps.
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