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Charge localization and fragmentation dynamics of ionized helium clusters
M. Ovchinnikov, B. L. Grigorenko,a) K. C. Janda, and V. A. Apkarian
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The dynamics of Hen
1 , n53 – 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 data. He3

1 clusters, with
initial conditions given by the zero-energy quantum distribution of nuclear coordinates, dissociate
through two-channels, He1He1He1 and He1He2

1 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 He2 pairs 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 He2

1 prior to evaporative cooling of the cluster. He2
1 is the exclusive charged

unit produced in the fragmentation of He13
1 clusters. In bulk He the same dynamics should lead to

fast vibrational relaxationt,10 ps and formation of He3
1 as the positive ion core. ©1998

American Institute of Physics.@S0021-9606~98!02122-9#
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I. INTRODUCTION

Spectroscopy and dynamics in neat and doped hel
clusters is an active field of research at present.1 This activity
is propelled by a variety of motivations, the understanding
superfluidity at the molecular level being one.1,2 For a rather
complete review of the field we refer to the recent revi
article by Whalley.1 Mass spectrometry is one of the mo
common tools for the characterization of clusters, and
been used incisively in the case of He clusters, from
smallest units such as He2

1,3 and He3
1,4,5 to large superfluid

He droplets.2,5–14Given the very week binding energy of H
clusters, extensive fragmentation ensues upon ioniza
The observed fragmentation patterns have been used t
construct the dynamics of charge transfer and localizat
and the likely paths of energy dissipation that lead to
formation of various ionic and neutral fragments.9–14 The
fundamental issues raised in these studies, namely, the p
ics of hole hopping, self-trapping, and the nature of se
trapped holes, also arise in the case of bulk liquid helium15

Based on drift velocity measurements,16 it is known that the
self-trapped hole has a very large effective mass in super
He, and it is recognized that the central positive charge m
create a large local density~‘‘snowball’’ ! around it.15 Yet the
exact nature of the central ion and the mechanism of
formation and relaxation are not well understood. The int
rogation of these processes in real time are now accessib
experiments, where it has been shown that using ultra
lasers the ions can be gently, and suddenly generated in
bulk.17 In this paper, we provide mixed quantum classic

a!Permanent address: Department of Chemistry, Moscow State Unive
Moscow, 119899, Russian Federation.
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simulations of nonadiabatic dynamics that follows the su
den ionization of Hen

1 (n53 – 13) clusters. The descriptio
of the coupled motion of hole and nuclear coordinates m
help elucidate the validity of assumptions made in estimat
time scales of hole hopping and localization and theref
implied ranges of charge migration, and subsequent fr
mentation in the case of clusters. We relate the results
experimental data on small clusters, and comment on im
cations regarding dynamics in the bulk.

Due to the light mass of He atoms and the very weak v
der Waals interaction between He atoms, He clusters
strictly quantum in nature.1 While the He–He potential is
bound by only 8 cm21,18–21 the He2

1 ion is bound by
20 000 cm21.22–25 Accordingly, the Hamiltonian of a smal
Hen

1 cluster is dominated by the He–He1 potential. As such,
to a good approximation, it is possible to describe the
namics of the ionized cluster by mixed quantum-classi
simulations, where the motion of the hole is followed b
solving the time dependent Schro¨dinger equation, while the
nuclei move classically under the Ehrenfest force exerted
the hole. Thus, the methodology we use is very similar
that used in the description of dynamics in the more class
cluster ions,26–28 such as Arn

1 ions.28 We also use the semi
empirical diatomics-in-molecules~DIM ! formalism to de-
scribe the interactions within the ionized cluster.26–30 The
quantum nature of the precursor neutral cluster only arise
considerations of the initial distribution of nuclear coord
nates, and for that, guidance is provided by the quan
Monte Carlo calculations of structures of neutral H
clusters.31–33 The description of the initial electronic wav
function, i.e., the description of the hole created by elect
impact ionization, can be expected to vary as a function

ty,
1 © 1998 American Institute of Physics
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cluster size. In the simulations, we assume that electron
pact ionization puts the charge on a single atom. The a
native choice would be the creation of a hole in one of
vertically accessible adiabatic states of the conduction ba
where the hole function would be delocalized over the cl
ter. In the small clusters considered here, this initial cho
does nor effect the subsequent dynamics to any signifi
extent. Due to the large and uniform distribution of inte
atomic distances in the neutral cluster, the atomic hole d
calizes before any significant nuclear motion occurs. Nuc
motion, which breaks the cluster symmetry, leads to loc
ization and self-trapping of the hole, as we describe in so
detail.

In what follows, in Sec. II we describe the construct
the DIM Hamiltonian used in the simulations; in Sec. III w
describe the algorithms used for the computation of
nonadiabatic dynamics, a recent general review of which
been given by Coker.34 We use mean-field simulations t
establish time scales of the initial dynamics, and use
surface hopping method of Tully to ascertain fin
d
o
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n
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channels.35 The results of these simulations are presen
and discussed in Sec. IV, and general conclusions are dr
in Sec. V.

II. POTENTIAL ENERGY SURFACES

The electronic Hamiltonian is constructed based on
DIM approach, where the polyatomic Hamiltonian is e
pressed in terms of atomic and diatomic functions,36–38

Ĥ5 (
a,b

Ĥab2~n22!(
a

Ĥa . ~1!

Here, the polyatomic basis set consists ofn functionsf i , i
51,...,n corresponding to the charge localized on atomi . We
set the atomic Hamiltonians to zero, which is equivalent
setting the origin of potential energy to the dissociation lim
consisting ofn21 neutral He atoms and one He1 ion at
infinite internuclear separation. The components of the
atomic Hamiltonians are restricted to
t

~Hab! i j 5^f i uHabuf j&55
1

2
~VSg~He

2
1!~r ab!1VSu~He

2
1!~r ab!! if i 5a5 j or i 5b5 j

1

2
~VSg~He

2
1!~r ab!2VSu~He

2
1!~r ab!! if i 5aÞ j , i 5bÞ j , j 5aÞ i or j 5bÞ i

VS~He2!~r ab! if i 5 j Þa,b

0 otherwise

~2!

which implies restricting the atomic bases to single1S0 states on both He1 and He. For the He3
1 cluster, the 1–2 fragmen

Hamiltonian is given explicitly as

H125S 1

2
~VSg~He

2
1!~r 12!1VSu~He

2
1!~r 12!!

1

2
~VSg~He

2
1!~r 12!2VSu~He

2
1!~r 12!! 0

1

2
~VSg~He

2
!~r 12!2VSu~He

2
1!~r 12!!

1

2
~VSg~He

2
1!~r 12!1VSu~He

2
1!~r 12!! 0

0 0 VS~He2!~r 12!

D ~3!
pti-
g

ar
at
is

mi-

f

in
in-
he
and the addition of the three fragments,H12,H23,H13, yields
the total Hamiltonian in Eq.~1!.

This DIM construct with atomic bases limited to1S0

states has already been reported in the literature, an
known to fail to reproduce the potential energy surface
He3

1.22,25 We also verify that the treatment fails when usi
accurate He2

1 potentials, such as theab initio results of
Gadeaet al.,22 and accurate He2 potentials, such as tha
given by Aziz.21 Instead of the linear symmetric triatom
ion predicted by high levelab initio calculations, a linear ion
with the charge localized on two atoms and a weakly bou
third atom, He–He2

1 is obtained. It is useful to understan
the reasons for this failure.

The linear equilibrium structure of He3
1, as opposed to

an equilateral triangle, can be understood based on symm
considerations. The deeply bound ground state potentia
He2

1 is the Su state of odd symmetry, in which the wav
is
f

d

try
of

function switches sign along the internuclear axis. The o
mal configuration for the triatomic ion arises by maximizin
this interaction. If atoms 1–2 and 2–3 are bound bySu , then
the 1–3 interaction must necessarily beSg , which is
strongly repulsive. This repulsion is minimized in the line
geometry. The DIM Hamiltonian yields a saddle point
r 125r 2351.26 Å, and the wave function at this point
given by the eigenvector@20.47, 0.72,20.47#, i.e., charge
densities of 52% on the central atom and 22% on the ter
nal atoms. In the same region, theab initio surface shows a
minimum,22 and the difference between the two;0.2 eV,
which is nearly 10% of the He2

1 binding energy. This failure
can arise from two sources;~1! The common assumption o
total neglect of atomic overlap in the DIM Hamiltonian;37 ~2!
extensive correlation energy at this configuration, which
DIM can be included by expanding the atomic bases to
clude excited state contributions. In order to pinpoint t
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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source of error we have performed the DIM treatment w
the inclusion of overlap among1S basis functions. The over
lap was estimated by assuming the Hartree–Fock electr
wave functions for each He atom and a single electro
orbital for He1.39 The overlap is significant~^f i uf j&'0.3
when r i j 51 Å!. Inclusion of this overlap lowers the DIM
potential energy near the saddle point, however only
;200 cm21, far less than the sought discrepancy. Thus,
conclude that the failure is due to the absence of excited s
configurations in the DIM matrix, to account for the exte
sive correlation energy observed in theab initio analysis.22

Despite the fact that these excited states lie some 20
above, at the relevant internuclear distances of;1 Å, they
must contribute to the binding of the ion. While such a tre
ment is feasible, it unnecessarily complicates the electro
Hamiltonian. Instead, in the semiempirical spirit of utility o
DIM, we simply adjust the input pair parameters to rep
duce the PES of the triatomic ion near its equilibrium geo
etry.

The required correction to the input potentials can
estimated directly. The DIM energy for the symmetric co
figuration,r 125r 235r , is given as

V~r !5^cuHuc&50.024VSg~He
2
1!~r !10.732VSu~He

2
1!~r !

10.245VS~He2!~r ! ~4!

which shows that the well at the equilibrium geometry of t
ion arises from a cancellation between the large positive
pulsive wall of He2, at r;1.2 Å, and the attractive part o
the He2

1 1Su potential. Thus the experimental binding ener
of 20.017 eV for the He3

1 ion,4 can be reproduced by artifi
cially softening the well known repulsive wall of the He2

potential.18–21A surface in good agreement with theab initio
results22 is obtained when the repulsive wall of He2 is low-
ered by 30% nearr 51 Å. This correction, and the pair pa
rameters used as input to the DIM Hamiltonian, are given
the Appendix. Note, an exact representation of the shal
bound region of the He2 potential is not necessary for th
dynamics at issue.

III. DYNAMICS

Mixed quantum/classical calculations are used to sim
late the dynamics of the coupled electronic and nuclear
ordinates. In the mean-field approach, the force is calcula
from the average potential given by the expectation value
the electronic wavefunction, while in the surface hoppi
approach, where we use Tully’s method of minimum hops35

the dynamics evolves on a single adiabatic PES. The ca
lation of the electronic wave function is the same in bo
methods. It is given by the time dependent Schrodin
equation in the adiabatic representation. The numerical a
rithm solves for the coefficientsai which are the expansion
coefficients of the electronic wave function in the adiaba
basis setc i multiplied by the phase factor that cancels fa
oscillations

ai j ~ t !5^c i~ t !uC~ t !&e2~ i /\!*0
t Vt~t!dt, ~5!
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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whereVi(t) is the adiabatic potential energy of statei at a
given nuclear configuration at timet. The Schro¨dinger equa-
tion for these coefficients is written as

dai

dt
5(

j
di j aj , ~6!

wheredi j is the nonadiabaticity matrix given as

di j 5^c i u
]

]t
uc j&. ~7!

In the actual algorithm matrixdi j is expressed through th
Hamiltonian matrix and its analytical derivatives with r
spect to coordinates. The details of the algorithm can
found in Ref. 34.

The nuclear dynamics is calculated by classical eq
tions of motion. In the mean-field method, the force is o
tained from the average potential,

F~ t !52^C~ t !u
]H

]r
uC~ t !&. ~8!

This method gives consistent results that satisfy energy
momentum conservation, and a sensible approach to the
culation of the quantum subsystem when~a! the electronic
density of states is large,~b! the adiabatic potential energ
surfaces remain nearly parallel,~c! when changes in coordi
nates of the classical subsystem is not significant. Howe
the method does not predict correct long-time dynamics
the classical subsystem which becomes averaged over
different quantum channels. For example, the product of
pact ionization of He3 clusters can only be He1He2

1, since
the initial energy of the bound cluster necessarily lies bel
zero, and since the method maintains strict conservation
energy. Also the final state dynamics is unphysical since
He2

1 fragment remains on a mixture of ground and excit
states. Nevertheless, we use this method to simulate the
tial electronic dynamics in the quantum clusters, namely
process of the hole hopping, to establish the relevant t
scales for electronic and nuclear motions. The method
clearly appropriate at early times, before charge localizat
when the dynamics occurs on several nearly parallel e
tronic surfaces.

In the surface-hopping dynamics, at any given time,
nuclear motion evolves on a single adiabatic surface. T
probability of hopping from surfacei to j at each time step is
given by the rate of the density redistribution

Pi→ j~ t !5
2Dt Re~ajai* dji !

aiaj*
u~2Re~ajai* dji !!, ~9!

whereu is the Heaviside function andDt is the time step in
which hops are allowed. After each hop the velocities of
heliums are adjusted to conserve total energy. The ex
velocity is rescaled parallel to the vector,

hi j 5^c i u
]

]r
uc j&, ~10!

as described by Herman.40 The hop is not allowed if it re-
quires kinetic energy greater than available in the degre
freedom parallel tohi j .
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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IV. RESULTS AND DISCUSSION

A. Mean field dynamics

We first investigate the dynamics of clusters using
mean-field method. As already mentioned, the method g
unphysical dynamics when the electronic states are w
separated. However, the initial dynamics is determin
mostly by hole delocalization and the nuclear evolution
nearly parallel closely lying set of the PES~in the limit of
large clusters these constitute the conduction band of
hole!. The mean-field approach preserves the coherenc
the quantum subsystem and gives a consistent treatmen
the hole dynamics.

Figures 1 and 2 summarize the He3
1 dynamics subject to

two different initial conditions. In each case, the motion
nuclear coordinates is shown in the plane of the system
3D plot, and the time dependent charge density on each a
is given underneath. In Fig. 1, the atoms are initially po
tioned at the vertices of an equilateral triangle with 3 Å sides
and displaced from these positions in random directions

FIG. 1. Mean-field dynamics of a He3
1 cluster, with initial internuclear

separations of 3 Å.~a! Nuclear trajectories,~b! hole density on each atom
Initially, the hole is on atom 1, it delocalizes to all three within 20 fs, th
traps on the 1–2 pair neart;70 fs, and finally, it hops to the 1–3 pair wit
the ejection of atom 2.
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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0.1 Å. This brakes the symmetry of the system, and fac
tates meaningful dynamics~in mean-field, in a perfectly
symmetric cluster, the system will execute symmetric brea
ing vibrations, with no further dynamics!. Figure 1~b! shows
that the charge starts on atom 1, within 10 fs it delocaliz
over all three atoms, and subsequently oscillates betw
pairs with a period determined by the pair internuclear se
ration. After about 70 fs the charge localizes on the 1–2 p
The contraction of this bond is marked by the high frequen
charge oscillations on atoms 1 and 2, neart5100 fs. During
the outbound stretch of the 1–2 bond, the charge hops to
1–3 pair, and atom 2 is ejected as a neutral. The electr
energy of the 1–2 pair, is converted into translational ene
of departing atom 2. The dynamics is complete after ab
120 fs with the formation of He1He2

1. Now, the charge
oscillates between atoms 1 and 3 with a frequency given
the exchange energy of the diatomic ion, 1/t5(V(Sg)
2V(Su))/2\, which in turn is determined by the internu
clear separation. Note, the frequency of the He2

1 vibrations
correspond to motion on the mean potential,V5(V(Sg)
2V(Su))/2, which is orders of magnitude less than the re
frequency on theSu potential. Figure 2 illustrates the dy

FIG. 2. Mean-field dynamics of a He3
1 cluster, with initial internuclear

separations of 4 Å.~a! Nuclear trajectories,~b! hole density on each atom
Initially, the hole is on atom 1, it delocalizes to all three att;100 fs, then
traps on the 1–3 pair for one vibrational period (t5150– 250 fs), the charge
hops to the 1–2 pair with the ejection of atom 3.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 3. Mean-field dynamics of a He6
1 cluster.~a! Snapshots of the cluste

structure att50, and att51 ps; ~b! hole densities on individual atoms. Th
ejection of neutrals, atoms 6, 3, and 2 in sequence, is controlled by
mechanism of hole localization on pairs~1–6, 1–3, 1–2, 1–4!, and subse-
quent simultaneous hole-hop and ejection. The 1–4 pair forms the
He2

1.
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
namics of the triatomic ion starting with an internucle
separation of 4 Å. Qualitatively, the process is the sam
however, the relevant time scales are quite different. T
period of surface hopping is now;100 fs, and the time for
the first collision~localization of the charge to a pair! takes
place after 200 fs. The dynamics is complete after 300
when atom 3 escapes as the charge hops to the 1–2 pa
form the He2

1.
The results of a similar calculation for H6

1 are summa-
rized in Fig. 3. The interatomic separations att50 is taken
as 4 Å. The dynamics involves an initial charge redistrib
tion from atom 1 to the rest within;50 fs. This is followed
by localization of the charge on the 1–6 pair, for the peri
betweent5150– 200 fs. Atom 6 escapes on the outbou
stretch, as the charge delocalizes over the remaining clu
This is followed by consecutive hops of the charge on pa
1–3, 1–2, and 1–4. The 1–4 pair forms the final He2

1. Figure
3~a! shows two snapshots of the system att50 and att
51 ps. Atoms 6, 2, and 3, which were consecutively
volved in the formation of the diatomic ion, have consec
tively escaped the cluster. Quite clearly, the mechanism
ejection of fast neutrals from the larger cluster is a repea
the charge localization and ejection during the outbou
stretch of the diatomic ion that was observed in the case
the triatomic clusters.

The same pattern is observed in the larger clusters
illustrated for the case of He13

1 in Fig. 4. The top panel show
the distances of the peripheral atoms from the central at
The bottom panel shows the charge density on each a
Initially, the atoms are positioned at the perfect single sh
structure with interatomic distances of 4 Å. Then the sy

he

al

FIG. 4. Mean-field dynamics of a He13
1 cluster. ~a! Hole density on each

atom;~b! nuclear trajectories, as distance from the central atom. The seq
tial ejection of atoms follows the pattern observed in the smaller cluste
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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metry is broken by random displacement of the atoms by
Å. The charge is localized on the central atom att50. In the
first 200 fs the delocalization of charge is observed as os
lations of density between the central atom and the she
the cluster. As the cluster contracts by polarization forc
the charge amplitude on the peripheral atoms grows, and
charge oscillation frequency increases. After about 250 fs
symmetry of this breathing motion breaks as one of the s
atoms comes closer to the center. This atom is further ac
erated toward the center by charge localization to form
diatomic ion. As in the smaller clusters, the kinetic energy
the He2

1 is too high and on its outbound stretch the ato
escapes with a simultaneous hop of the charge to a se
member of the shell atoms. This process repeats w
;100 fs intervals, as the cluster breaks up by consecutiv
ejecting fast He neutrals. The final product is again a b
He2

1, and 11 He neutrals.
The above establish the dependence of hole hopp

times on internuclear separations and give a qualitative
scription of the governing dynamics at early times. Amo
these the notable features are

~a! A hole created on a single atom will delocalize ov
the cluster on time scales of 10–200 fs, depending on
initial internuclear separation, this process is usually fas
than any significant nuclear motions. In mean-field, in la
clusters, the hole will migrate to the central atom to optim
polarization forces.

~b! The process of charge localization on a pair occurs
one of the interatomic distances shrinks significantly in co
parison to the others. In a perfectly symmetric cluster
charge will delocalize and breadth as the cluster bread
and in mean-field, no fragmentation can occur.

~c! Charge localization on a pair occurs with positi
feedback between nuclear and electronic coordinates, th
fore, small fluctuations in the symmetry of the cluster det
mines the direction of motion of the charge.

~d! The localized charge hops during the outbou
stretch of the initial diatomic ion, in a process that can
described as that of the triatomic unit,

He2
1~v !1He→He~T!1He2

1~T8,v8,v !

in this process, the vibrational energyv of the reagent He2
1 is

converted to relative translational energy of the product. T
kinetic energy,T, leads to ejection of fast neutral atom
while T8 leads to ejection of the diatomic ion from the clu
ter.

Several important features of the dynamics are incor
due to the averaging intrinsic in mean-field. First, it is cle
that the frequencies of the He2

1 molecules formed during the
dynamics are not physical, since they result from the mixt
of Su andSg states. Since the kinetic energy of the system
conserved, an incorrect internal energy of the ionic fragm
in turn implies that the translational energy of the ejec
fragments is incorrect. Second, mean-field dynamics can
lead to complete dissociation of the cluster, Hen→(n
21)He1He1, a channel observed in experiments.5 This is
simply a consequence of the strict energy conservation of
method and the fact that we start at a total energy be
zero. In practice, the initial energy of the excited electro
Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP
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state can be above zero, which can lead to complete di
ciation after adiabatic propagation on this surface. To
velop the systematics of final channels, we carry out
surface hopping algorithm starting with proper initial cond
tions and using an ensemble of trajectories.

B. Surface hopping dynamics

The validity of classical dynamics in describing th
nuclear coordinates for particles as light as He is alw
questionable. Such an approach would be completely in
propriate for the case of the neutral species. However, s
the introduction of the positive charge in the system chan
the scale of the potential energy by 3 orders of magnitu
classical representations with proper statistics become
ceptable. Nevertheless, since the relevant initial distribut
of atomic positions and momenta are those of the neu
clusters, they reflect diffuse distributions of the quantu
cluster that must be appropriately sampled. We have see
the previous section that for average interatomic separat
of 3–4 Å, charge transfer occurs on the time scale of 10–
fs. In He clusters of the size range considered here, dep
ing on the size of the cluster, the average interatomic se
rations range between 3 Å and 10 Å, with a large dispersio
about these values. Accordingly, the initial charge trans
probabilities range from 10 fs to 1 ps, and when prope
weighted will be dominated by the shorter time hops. T
consideration is the basis for the hopping kinetics devised
Halberstadt and Janda.12

Initial conditions of the He3 cluster are derived from the
variational quantum Monte Carlo wave function, which
given in the form a product of pair functions in Ref. 32,

c~r 1 ,r 2 ,r 3!5c0~r 12!c0~r 23!c0~r 13!. ~11!

We use a Monte Carlo sampling algorithm to select init
positions from theucu2 of this distribution. Random initial
momenta are sampled from a Gaussian distribution wit
spread of\/Dx whereDx;2 Å, which is roughly the spatia
spread of the wave function. Approximations in the mome
tum distribution are permissible since they have little effe
on the dynamics. In fact the initial kinetic energy of th
nuclei is of order of 1 cm21 while the potential energy of the
system upon the introduction of the positive charge is in
range 50– 300 cm21. With initial positions and momenta de
fined, we ionize a single He atom and start the propagat
The initial electronic wave function is expanded in the ad
batic basis and the initial surface for the propagation is
termined randomly. The wave function is reset toak51 for
the propagation surfacek andai50 for iÞk.

1. He3
1

A set of 50 trajectories were propagated for 6 ps to sim
late the dynamics of the He3

1 cluster. Representative trajec
tories are illustrated in Fig. 5, 6, and 7, along with the ad
batic energies of the system as a function of time. The b
line indicates the potential energy surface on which the
namics evolves.

The trajectories in Fig. 5 and 6 start with negative init
energy, and are therefore destined to form He1He2

1. The
dynamics of the charge localization and the formation
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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He2
1 is determined mostly by the adiabatic surface on wh

the system starts. The time scale is determined by the tim
which the system hops onto the lowest potential surface
lies in the range of 0–5 ps. After this hop the dynamics
very similar in all trajectories and the formation of a stab
molecule occurs on the time scale of hundreds of femtos
onds. In the trajectory of Fig. 5, the system starts on
excited ionic surface, the triatomic executes two symme
bond compressions, but the charge remains delocalized.
third bond compression is asymmetric leading to the no
diabatic transition and localization of the charge on one p
As before, this is followed by the break-up of the pair, w
a simultaneous adiabatic charge hop to the second pair
localizes on the lowest PES, att;3 ps, permanently forming
He1He2

1. This general process can be visualized by cons
ering the motion over the contour plots shown in Fig.
Upon the adiabatic hop to the lowest energy surface,
vibrational energy in the entrance channel correspondin
charge localization on the 1–2 pair, is sufficient to turn t
corner, to exit as the 2–3 pair by the ejection of atom 1 a
neutral. Since this adiabatic reaction of charge hopp

FIG. 5. Surface hopping dynamics of He3
1→He1He2

1. ~a! Trajectory,~b!
potential energies, with the surface of evolution indicated in bold. The
to the lowest energy surface of the triatomic occurs att;80 fs, the triatomic
then dissociates to form He1He2

1 with ;4000 cm21 of vibrational energy
converted to translation.
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which corresponds to going from the entrance valley to t
exit valley, has no barrier, the fragmentation of the triatom
will always involve charge hopping. This is also the mech
nism for converting vibrational energy of the initial diatomi
ion to translational energy between the departing final m
lecular ion and neutral atom.

The same general principles are observed in the traj
tories of Fig. 6. Now, the lowest surface is accessed upon
first bond compression, att;100 fs, and again the first pai
to which the charge hops dissociates, and the final molec
ion is the second pair. In this case, the vibrational energy l
is significantly higher than in the case of the trajecto
shown in Fig. 5. The product molecular ion is formed
;4000 cm21 below its dissociation energy, att;150 fs.
This vibrational energy is impulsively transferred to relativ
translation of fragments.

Some of the trajectories start on a PES of positive e
ergy, as in the case illustrated in Fig. 7. In all such realiz
tions, the cluster is observed to break-up into strictly atom
fragments, although the process whereby the He2

1 is stabi-
lized by transferring the initial excess energy to translation

pFIG. 6. Surface hopping dynamics of He3
1→He1He2

1. Despite several
curve crossing opportunities, the system remains on the excited adiab
surface for ;3 ps. Once the hop occurs, the cluster dissociates w
;300 cm21 converted from vibration to translation.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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the neutral atom is in principle possible~all trajectories that
start on a PES with negative energy, must lead to forma
of the diatomic ion!. If we assume that all trajectories th
start on a PES of positive energy are destined to form
atomic products, the branching ratio for fragmentation in
He1He1He1 and He1He2

1 channels can be obtained fro
initial conditions alone. We determine this branching ra
based on a sampling of 2000 initial conditions. If we assu
that the hole is initially localized on a single atom, then t
atomic channel constitutes 2060.5% of the ensemble. If we
assume that the initial hole function is a randomly chos
eigenstate of the cluster, as had been done in simulation
Arn

1 clusters,28 then this channel constitutes 2260.5% of the
ensemble. These results are very different from the rec
experimental determination of this branching ratio, where
ing a diffraction grating the neutrals are separated
ionized.5 The deduced branching ratio in the experiments
function of expansion temperature, and tends to 55% at
lowest temperature.5 The origin of this wide discrepancy
and the observed source temperature dependence in th
periment, is not clear. Independent of any computational
tails this branching ratio cannot exceed 33%. This ra
would be obtained if for all configurations of the neutr
cluster there were one vertically accessible positive PES,

FIG. 7. Surface hopping dynamics of He3
1→He1He1He1.
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that all realizations of this state lead to fragmentation in
atomic products. Yet, at the large internuclear distances c
acteristic of the neutral cluster, due to polarization inter
tions, all three of the PESs of the triatomic ion are bou
with respect to the He1He1He1 asymptote, and therefor
the probability of attaining an initial positive energy is si
nificantly smaller than 33%. An experimental finding grea
than this fraction may be indicative of the participation
higher excited electronic states, a consideration that can
verified by testing the voltage dependence of the branch
ratio.

2. He13
1

Realistic initial conditions for the quantum He13 cluster
are generated using the average size of the cluster obta
from QMC calculations.31,33 The shell atoms are positione
equidistantly from the center in order to generate a cluste

FIG. 8. Surface hopping dynamics of He3
1 illustrating the general mecha

nism of fragmentation, which can be understood in terms of the adiab
collinear triatomic surfaces.
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16 Å diameter. We then misplace the atoms from their or
nal position with a Gaussian probability of full width at ha
maximum of 3.6 Å.

In Fig. 9 we show the evolution on the adiabatic PES
4 ps. Only three of the thirteen surfaces are shown for cla
and as before the bold line indicates the PES of evolut
The trajectories in this case are plots of the atomic distan
from the ‘‘center-of-mass’’ of the charge. Accordingly, whe
the charge localizes on a pair, two distances will be sh
while the others remain significantly larger. The trajecto
has clear discontinuities when surface hopping occurs, s
at these instances the electronic wavefunction, and henc
charge density, changes suddenly.

We follow the history of this representative cluster, th
draw some generalizations. The trajectory starts on the h
est of the shown surfaces, and the charge is mainly on
1–2 pair of peripheral atoms. In contrast with the mean-fi
treatment, the charge does not move to the center of
cluster, where it would be at a lower energy. The entire cl
ter starts compressing. Att;200 fs, the charge hops to th
1–3 pair which is accelerated to reach the He2

1 repulsive wall
at t5275 fs. During the stretch of the 1–3 bond, the cha
hops back to the 1–2 pair and atom 3 is ejected as a neu
The 1–2 bond follows the same fate, after a full bond co
pression, atom 2 is ejected as a neutral while atom 5 is

FIG. 9. Surface hopping dynamics of He13
1 . ~a! Three of the adiabatic po-

tential energy surfaces involved in the dynamics.~b! Atomic separations
from the center of charge.
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celerated toward the charge to form the 1–5 diatomic i
this pair undergoes two vibrational oscillations on the low
PES. The ejected atoms 2 and 3 collide with the cluster.
colliding neutrals lower the excited state, to create degen
cies ~crossings! with the lowest surface. This allows th
charge to resonantly hop between pairs duringt5700 fs and
800 fs. With a finalv –T transfer, atom 3 escapes the clust
while the 1–5 diatomic ion reforms some 7000 cm21 below
dissociation energy. The adiabatic charge exchange il
trated in Fig. 8 occurs att;900 fs, where the 1–5 ion dis
sociates to form the final product diatomic ion as the 5
pair. Atom 1 is ejected as a fast neutral, and the 5–6 p
recoils as He2

1 from a relatively hot cluster containing 7 a
oms. The neutral cluster of seven-atoms has sufficient en
to eventually dissociate into atoms. However, it is importa
to note that the molecular ion is ejected from the cluster p
to its break-up, as opposed to shedding neutrals by evap
tion. Note that the ejected molecular ion contains on
;3000 cm21 in internal energy, which corresponds to;2
vibrational quanta. During the 1 ps of dynamics, the ion
cluster converts;15 000 cm21 of vibrational energy into
translation of the fragments.

The relevant dynamics of large cluster ions can be se
rated into two histories; propagation on excited surfaces w
hole hopping, and hole localization by trapping on t
ground PES and subsequent adiabatic evolution. These
segments of evolution are separated by the nonadiab
transfer to the lowest PES. Both adiabatic and nonadiab
hole hopping is accompanied by vibrational energy loss
the ionic center, therefore trapping, and ejection of neutr
A crucial consideration in the understanding of this proc
is the recognition that the charge is localized on no m
than 3 atoms at one time. The sequence of processes can
be broken down into individual steps involving triatomic
The exception to this is the process of resonant energy
between different pairs. As illustrated in the trajectory of F
9, this can occur when the charge is localized on a pair an
nearby pair of neutrals undergo a high energy collision. T
latter provides the proper nuclear Franck–Condon factor
the charge to detrap. Such correlated hops are limited
early times and do not lead to extensive migration of char
The hole hopping and self-trapping in the bulk should a
be possible to understand by considering three atoms
time. We may then expect complete vibrational relaxation
form the stable He3

1 as the positive ion core. Once the char
localization starts, only several hole hops accompanied
v –T transfer in head-on collisions between He and He2

1 are
required to accomplish this. Accordingly, we may estima
that the ion will reachv50 in its symmetric well withint
;5 ps. Note, in the case of small clusters, ejection of H2

1

will pre-empt completion of vibrational relaxation. Only i
very large clusters will there be a finite chance of trapp
the fully relaxed triatomic ion, bare or weakly solvated b
neutrals, a finding which is quite consistent wi
experiments.13

V. CONCLUSIONS

We have presented simulations of dynamics in small
cluster ions in an attempt to provide a detailed picture of
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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elementary steps involved in hole migration, self-trappi
and fragmentation of clusters. The operative mechani
dominated by dynamics of triatomic units, emerges a
building block for reconstructing the same events in
larger clusters and in the bulk. Several important conclusi
deserve reiteration.

The sudden removal of an electron from a single
atom leads to a hole that immediately (t510– 100 fs) delo-
calizes over several. The migration of such a hole is dicta
by the contraction of an internuclear distance, and is sub
to positive feedback~as the hole localizes on a pair, they a
accelerated toward each other!. Only in mean-field, which
may be considered as appropriate for very large clust
does the hole feel the polarization bias to migrate to
center of the cluster. In smaller clusters, this bias can
overridden by adiabatic migration on an excited electro
surface. Once a nonadiabatic transfer occurs to the low
electronic surface occurs, self-trapping is initiated, and
though the charge may hop between pairs due to degen
cies created by head-on collisions of fast neutrals, the ex
sivev –T transfer processes ascertain that this process is
reversible. The adiabatic hole hops on both excited
ground electronic surfaces occurs in triatomic units, and
accompanied by extensivev –T transfer. This in turn insures
that in small clusters the diatomic ion will be ejected fro
the cluster, as opposed to cooling by sequential evapora
of neutrals. Given this highly localized dynamics, it shou
be possible to simulate the process in extended system
large clusters and in the bulk.

The mechanism of violent ejection of diatomic ions fro
the cluster is consistent with experiments, where the p
dominance of He2

1 in electron impact ionization of very larg
clusters has been noted to be inconsistent with the pictur
evaporative cooling.13 In the case of electron impact ioniza
tion of He3 clusters, our findings are in conflict wit
experiments.5 We determine a branching fraction for th
He1He1He1 channel of 20%, to be contrasted with the e
perimental determination of;55%. In the absence of in
volvement of electronic states that correlate with the exc
atoms, this branching ratio is determined by the Franc
Condon projection of the neutral wave function on the io
surfaces, and cannot exceed 33%. The experimental res
therefore indicative of the participation of excited electron
states in the ionization process. Finally, in the absence of
possibility of ejection, in the bulk or in very large He drop
lets, the ionic center will fully relax vibrationally to form th
triatomic as the ionic core. This has already been verified
photoabsorption measurements in size selected cluster
which it has been shown that the absorption maxima unde
a relatively small red shift from He3

1 at 5.34 eV to He30
1 at

4.98 eV,7 while the vertical absorption of He is a
;10 eV.22–24 The same diagnosis should be possible in
bulk, where we estimate a formation time scale for t
ground state ion to be;5 ps.
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APPENDIX

The functional form used for fitting the He2 potential,

V~r !5e2br (
n522

4

anr n ~A1!

was originally proposed by Ceperly and Partridge,20 who
used a quantum Monte Carlo calculation to determine
He–He potential at short distances, between 0.5 Å and 1.
This range of the potential is rather well characterized,18,19

and analyzed since.21 Using the best accepted forms, do
not allow the construction of a reliable surface using a mi
mal basis DIM Hamiltonian. This failure has already be
documented in the literature.22,25As discussed in the text, we
adjust the repulsive wall of the He–He interaction to gen
ate a He3

1 surface that agrees with the ab initio results. A
justed potential is obtained by changing the slope of the
pulsive wall and then performing a nonlinear fit to the for
~A1!. These parameters are summarized in Table I.

For the ionic He2
1 potential, we have used an addition

term corresponding to the polarizability~see Fig. 10!,

V~r !5e2br (
n522

4

anr n2a/r 4. ~A2!

The Sg and Su potentials of He2
1 are the fits of the points

given by Gadea and Pidarova.22 The parameters used ar
collected in Table I.

TABLE I. Parameters used to describe pair potentials according to E
~A1!, and~A2!. ~distances in Å, and energies in cm21!.

He–He original He–He adjustedHe–He1, Sg He–He1, Su

b 6.282 4.4965 2.8858 2.9055
n22 0, 2728902 202740 454087
n21 464359 3615195 281909 2805999
n0 972756 21411451 2434348 2434348
n1 2102225 22241850 21662080 21851016
n2 28442915 2665155 777029 269630
n3 2419755 2370440 262492 255753
n4 7606138 0 0 0
a 0 0 12100 12100

FIG. 10. The He2 pair potential ~solid line! and the adjusted potentia
~dashed line!.
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