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Charge exchange and fragmentation in the collision systems He**+H,0 and He*+H,O are theoretically
investigated at projectile energies of a few keV. The calculations are based on the electron nuclear dynamics
(END) method which solves the time-dependent Schrodinger equation. Total and differential cross sections for
charge exchange are evaluated by averaging over 10 orientations of the H,O molecule. Summed total electron
capture cross sections are found to be in good agreement with available experimental data. Projectile scattering
was studied in the full angular range with respect to the incident beam direction. The theory provides a
description of the fragmentation mechanisms such as Coulomb explosion and binary collision processes. For
impact parameters below 3.5 a.u., we find that single and double electron capture occurs, resulting always in
full fragmentation of H,O independent of the target orientation for SHe?* jons. Hydrogen and oxygen frag-
ments and its respective ions, are studied as a function of emission angle and energy. In the binary collisions
regime the theoretical results are found to be in excellent agreement with previous experimental data. In the
Coulomb explosion regime the theoretical data are found to peak at specific angles including 90°, which is
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consistent with the experiment.
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I. INTRODUCTION

The interaction between multicharged ions and molecular
targets is of great importance in several areas of research
such as astrophysics, biophysics, and plasma physics. In as-
trophysics, collisions between bare ions in the solar wind and
neutral gas molecules take place in the interstellar medium
[1-4]. For «a particles, which comprise one of the most abun-
dant components of the solar wind, and with speeds in the
few hundred km/s range, electron capture is the dominant
process. Consequently, collisions between He?* ions and
molecules play an important role in most of the scenarios
where solar wind interacts with cometary atmospheres. This
is due to the fact that during the approach of a comet to the
sun, near-surface ice starts to sublime, forming large clouds
consisting mainly of water vapor.

Information about the interaction of « particles with H,O
molecules is also important for radiation damage in biologi-
cal systems [5]. Since most of the energy deposited in human
tissues by ion impact is absorbed by water molecules, spectra
showing dissociation products of biological molecules can be
interpreted by taking into account the initial interaction of
the ion beam with the surrounding H,O molecules. This
leads to an increasing interest in fragmentation studies of the
H,0O molecules. Fragments such as OH- radicals play a
dominant role in the production of single- and double-strand
breaks of DNA. To understand this process, absolute frag-
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mentation cross sections are needed for collision systems in-
volving water molecules.

Experimental studies of fragmentation of molecules other
than H,O have been focused on, e.g., H, [6-12], HD* [13],
CO, [14], NO, [15], and CH, [16]. Some studies [11,12]
have revealed postcollision effects by the scattered projectile,
which result in an enhanced emission of fragments in the
backward direction, as predicted theoretically [17,18]. More-
over, anisotropic angular distributions of the protons from
fragmented H, have been attributed to quantum interference
effects due to the identical H centers in H, [8] and to electron
capture probabilities dependent of the molecular orientation
[17].

In recent years, several experimental studies have been
devoted to fragmentation of H,O in collisions with singly
[19-22] and multicharged ions [23-30]. Multiple electron
capture can be identified to good approximation from the
energies of the detected fragment ions. Fragments originating
from the Coulomb explosion (CE) of the ionized target, as
well as from quasibinary collisions, have been observed. The
slow fragments, whose energy does not exceed 50 eV, origi-
nate from CE of the ionized target following electron re-
moval at intermediate impact parameters. On the other hand,
violent binary collisions involving small impact parameters
produce fast fragments whose energies are well determined
by two-body kinematics.

From the theoretical point of view, fragmentation of H,
by multicharged ions has been investigated by means of clas-
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sical Monte Carlo methods [17,18,31]. Molecular fragmen-
tation studies using quantum mechanical theories face the
difficulty of simultaneously treating the full coupling of the
electronic and nuclear degrees of freedom. For multielectron
systems, the available theoretical treatments for studying
molecular fragmentation are still limited. Of those, the Car-
Parinello method [32], which is based on following the dy-
namics on a single potential energy surface, has been applied
to molecular fragmentation of water in ice [33]. The cleavage
of HDO on OD and OH induced by double ionization by fast
F7* ions has been studied [30] in a wave-packet propagation
on a numerical grid for a single potential energy surface
(PES) of H,0%*. Also, studies of fragmentation of DNA pro-
duced by low-energy electrons, based on the electronic struc-
ture of the molecular system, have been carried out [34,35].

In the present work, processes of electron capture and
fragmentation in slow collisions of *He®* and *He" ions with
H,O molecules are investigated. The purpose of this study is
to compare quantum-mechanical calculations that involve
the coupling of electronic and nuclear degrees of freedom
with available experimental results. This is done in order to
gain an insight into the complex mechanisms involved in the
interaction of these ions with water molecules. The article is
structured as follows: In Sec. II A, we provide a resumé of
our theoretical approach, and in Sec. III we compare theoret-
ical results with available experimental data in the following
order: (i) electron capture probabilities, (ii) total cross sec-
tions, (iii) differential cross sections, and (iv) fragmentation.
In this work all the projectile kinetic energies are given in
keV, except where noted.

II. THEORETICAL APPROACH
A. Electron nuclear dynamics theory

A physically correct description of molecular reactions
requires a dynamical description of both nuclei and elec-
trons. Many meaningful approximations can be and have
been defined, and some have been implemented with consid-
erable success. The most widely used approximation consists
of treating the problem of the electrons first with the nuclei
fixed in a given geometry at each instant in time. This leads
to the electronic structure problem in the Born-Oppenheimer
approximation. This approximation, as suggested by the des-
ignation electronic “structure,” describes the electronic dy-
namics as a succession in time of static, or more precisely,
stationary structures. The forces guiding the nuclear dynam-
ics are those of average electron dynamics. However, for
systems where the coupling of the electronic and nuclear
degrees of freedom might be of importance, a nonadiabatic
description is required.

Considering for a moment the concepts of the most
widely used theoretical description of electrons, density
functional theory (DFT), we expect that in addition to track-
ing the changing electron density, there is an important role
to be played by the momentum of the electrons. There exist
extensions of DFT that try to address this to some extent,
called current-density functional theory (CDFT), which re-
cently has gained considerable attention (see [36-38], and
references therein). However, CDFT focuses primarily on
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stationary currents associated with magnetic field effects,
rather than currents associated with acceleration of electrons
and electronic density. In the case of macroscopic fluids, it
turns out there is a clear and clean way to derive the Navier-
Stokes equations from the continuity equation and Newton’s
equation on a small fluid element. There is, at this time, no
clear way to express the concept of acceleration of the elec-
tronic de Broglie wave in a current density equation. How-
ever, we can always rely on the Schrodinger equation to
obtain many-electron wave functions.

In the 1970’s, researchers tried to formulate a consistent
theory of electronic states that takes into account the effect of
acceleration of the electrons induced by nuclear motion.
They started from the Schrédinger equation and tried to write
down the correct forces and coupling terms. It took about
10 years until the authoritative review by Delos [39] settled
the issue.

About 15 years ago, we introduced a systematic approach
to derive the dynamical equations for moving and accelerat-
ing electrons in a straightforward and error-free way by us-
ing the time-dependent variational principle (TDVP)
[40-44]. The simplest possible physical model that is rel-
evant and applicable to molecular processes is the following
model, called minimal electron nuclear dynamics (END)
[45].

For molecular processes, it is an often an accurate ap-
proximation to treat the nuclei with Newtonian mechanics,
using the nuclear repulsion and the Coulomb attraction with
the electronic wave function to compute the forces. The elec-
trons must obviously be treated quantum mechanically. How-
ever, for the processes considered in this paper, He-ions on
water at keV energies, the electrons cannot be described by
electronic stationary states, or densities. It is necessary to
describe the electronic momentum as a dynamic degree of
freedom. From the basic principles of quantum mechanics,
for example the de Broglie wave picture, it follows that one
must use complex wave functions. The simplest complex
wave function is the single determinant of complex orbitals
[46]. Let R; and P, be the positions and momenta of the
nucleus k. The N-electron wave function is the determinant
det{x/(x;,R;,Py)} with complex dynamical spin orbitals
X;j»j=1,...,K that are linear combinations of atomic spin
orbitals uj,j =1,...,K. The complex expansion coefficients
of the spin orbitals y; in terms of the basis spin orbitals u; are
then the dynamical variables of the theory, i.e., x,=u,
+2,1,7,;- The real parts of these complex coefficients corre-
spond to generalized position coordinates and the imaginary
parts to generalized canonical momenta. These atomic orbit-
als include electron translation factors to insure Galilean in-
variance and a proper account of charge transfer [45]. Appli-
cation of the time-dependent variational principle to the
action produced by the quantum mechanical Lagrangian L
=(ylifhal dt—H|p) /(| ), with H the system Hamiltonian
combined with the Euler-Lagrange equations produces the
equation of motion of the dynamic variables of the system.
These equations are described in detail in the review paper
[45] and are solved by numerical integration in time by the
program ENDYNE [47].

The END equations are a coupled set of ordinary differ-
ential equations (ODE) for the complex expansion coeffi-
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cients z,;, and the nuclear positions R; and momenta Py.
These ODE are nonlinear and complex. Numerical algo-
rithms exist to compute the trajectory {Ry(r),Py(1),z,,(1)} in
the phase space of the generalized coordinates {Ry,Py.z,,}
starting from an initial point {Rg,Pg,zgh}. The initial state
{RO,PQ,Zgh} is the electronic stationary state at the nuclear
geometry RY, i.e., the coefficients z°, are the Hartree-Fock
single determinantal wave function determined by a self-
consistent field (SCF) calculation.

To analyze the electronic state of the molecular system
after the reaction, we perform a projection of the single de-
terminantal wave function on various subspaces of electronic
wave functions with given electronic characteristics. After
the collision, the system can be divided into fragments or
clusters that no longer interact. We use the lack of interaction
between fragments to decide when to stop the propagation.
The properties we can specify are electronic charge, or,
equivalently, number of electrons, in each fragment, and the
total electronic spin of each fragment. In this paper, we
specify the total charge. The norm of the projected wave
function then gives the probability of finding the specified
combination of charges on the fragments in the final wave
function. That is, one obtains the probability P;, for that
charge state where i and f are the initial and final charge
states, respectively. Because the fragments are no longer in-
teracting, this probability is constant in time, as no more
charge flows between the fragments, even though there still
may be time evolution inside some fragments, e.g., due to
nuclear vibrations and rotations of the fragment. In order to
compute the projected wave function, we transform to a ba-
sis of energy optimized orbitals for the fragments and com-
pute the overlap of the evolving END state with all configu-
rations that can be built in that basis and that are compatible
with the specified charge distribution. Due to the choice of
basis, the expansion converges quickly, although the projec-
tion is computationally expensive.

B. Calculation details

The target water molecule is initially placed with the oxy-
gen atom at the origin of a Cartesian laboratory coordinate
system with orientation specified by the Euler angles «, S,
and 7y as shown in Fig. 1.

The initial projectile velocity is set parallel to the z axis,
in the xz plane, and directed towards the target with an im-
pact parameter, b. The ion projectile starts 20 a.u. from the
target, and the trajectory is evolved until the projectile is
120 a.u. past the target, which is the approximated time for
the fragmentation to occur for a projectile energy of 5 keV.
For lower energies, the propagation time was extended as
required by the dynamics. For « particles or projectiles in an
electronic S state, as in our ‘He* case, the projectile orienta-
tions are not required. Thus, we need to consider only the
target orientations. The *He® ion projectile has two spin
states, both of which need to be considered.

In order to obtain orientationally averaged properties, we
must perform a target rotation over the Euler angles with
respect to the incoming beam. A coarse set of points is ob-
tained for increments of 90° in all the three Euler angles for
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FIG. 1. (Color online) Schematic representation of the space
fixed molecular coordinate frame that represents the projectile and
target orientations.

a minimum of ten independent target orientations for a mol-
ecule of C,, symmetry. The ten basic target orientations
place the molecular bond along the xy, yz, and xz plane. In
Table I, we label these ten orientations.

The orientational average of a property g that depends on
the Euler angles is given by

1
§=Qfg(a,,8,y)sin BdadBdy. (1)
We carry out this integral by means of the trapezoidal rule

[48]. The result, for the case of a molecule with C,, symme-
try and with steps of 77/2 for all the Euler angles, is

TABLE 1. Water-molecule orientation in the space fixed axis
system. (See Fig. 1.)

11 (a=0, B=0, v=0)
12 (a=0, B=0, y=1/2)
Ilal (a=0, B=m/2, v=0)
ITa2 (a=m/2, B=m/2, v=0)
1Ta3 (a=37/2, B=m/2, v=0)
IIbl (a=0, B=m/2, y=1/2)
b2 (a=m/2, B=m/2, y=1/2)
1Ib3 (a=37/2, B=m/2, y=1/2)
111 (a=0, =, v=0)
1112 (a=0, B=m, y=1/2)
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1
&= ZT{(’TT— 2)(gn +&n+&un +&un) + L

+ 28100+ it + &v1 + 282 + v} - (2)

At the start of the calculation, the molecular target is ini-

tially in its electronic ground state (X'A,) and equilibrium
geometry, as computed in the given basis at the SCF level.
The basis functions used for the atomic orbital expansion are
derived from those optimized by Dunning [49,50] from the
series aug-cc-pVDZ. For the hydrogen atoms, the basis set
consists of [5s2p/3s2p] with the addition of a diffuse s and
p orbital for a better description of the long-range interac-
tion. The exponents of these orbitals follow an even-
tempered sequence to avoid linear dependencies. For the
oxygen atom, we use a [10s5p/3s2p] basis, and for the de-
scription of the electron capture by *He*" and *He* we use a
basis set consisting of [5s2p/3s2p]. After a study with dif-
ferent basis set, these basis provided a balance between a
correct description of the electronic structure and the time
required for the calculation. Furthermore, we have verified
that no change larger than 5% ocurred in the charge transfer
or ion energy when increasing the size of the basis set, thus
insuring convergence of our calculations.

For *He?* projectiles, a range of impact parameter values,
b, from 0.0 to 15.0 a.u. is used, which we separate in three
regions. For close collisions, from 0.0 to 4.0 a.u., we use
steps of 0.1 au. For the intermediate region, from
4.0 to 6.0 a.u., we use steps of 0.2 a.u., and for »>6.0, we
use steps of 1.0. This gives us 60 fully dynamic trajectories
for each target orientation and projectile energy. For the *He*
projectiles, the impact parameter grid from 0.0 to 3.0 a.u.
has steps of 0.1, from 3.0 to 5.0 a.u. the step is 0.2 a.u., and
from 5.0 to 8.0 a.u. the step is 0.5. In addition trajectories for
b=10.0, 12.0, and 15.0 are run. For the case of orientations
where the scattering angle varies quickly as a function of the
impact parameter, e.g., head-on collisions, the grid was in-
creased to take this behavior into account by making Ab
smaller in the region of interest.

III. RESULTS

A. Electron capture probability for SHe?

After evolution of the system wave function, we calculate
the mean number of electrons, n(b,E,,), on the projectile as a
function of the impact parameter, b, and the projectile en-
ergy, E,, by means of the Mulliken population analysis [51].
In this analysis the electron density of a multinuclear system
is partitioned for negligible overlap between atomic orbitals
on different product fragments as discussed in Ref. [52].

As mentioned above, END allows for the determination
of the probability of a specific reaction mechanism by pro-
jecting the system wave function onto the corresponding fi-
nal state wave function. Thus, we determined the probabili-
ties for zero, P,,, single, P,;, and double, P, electron
capture by the projectile. From this, the mean number of
electrons can be recovered as n(b, E,) =P +2P,. In Fig. 2,
we show the impact parameter weighted probabilities for
3He?* colliding with water molecules at 5 keV for the orien-
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FIG. 2. Comparison of single (P,;) and double (P,;) electron
capture probabilities, P;s, weighted by the impact parameter b as
obtained by projections on the electronic wave function and the
binomial distribution approximation [BP,; and BP,, from Eq. (3)]
for the orientation 11 and *He** projectile energy of 5 keV.

tation I1. The probability P,, is not shown since P,y+ P5;
+P 2= 1

It should be noted that channels involving ionization
mechanisms are not properly described by the END ap-
proach, as the method does not yet describe free electron
propagation properly. We expect that ionization of a single
electron is a negligible process at the low impact energies
considered here. However, ionization processes affecting
two-electrons, such as transfer ionization and double capture
into autoionizing states, may play a certain role. Transfer
ionization involves the capture into the helium s orbital,
which liberates potential energy which is used to simulta-
neously ionize another target electron during the collision.
Double capture into autoionizing states involves the transfer
of two electrons into higher-lying projectile states followed
by autoionization after the collision. These channels modify
the single electron capture in the projectile and thus affecting
the zero and double electron capture channels. Experimental
studies [26,27] have shown that transfer ionization is a sig-
nificant reaction channel, whereas double capture into au-
toionizing states is less important for the present collision
systems.

By assuming that the electron capture is governed by sta-
tistical laws resulting in a binomial distribution [53], the
probabilities for zero, single, and double electron capture can
be obtained as functions of the total mean number of elec-
trons and are given by

po— (1 ~ n(b,E2)>2
22 7 ’

Py =”(b,Ep)<1 - H(L;EL)),

Py=n(b,E,)*/4. (3)
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FIG. 3. (Color online) (a) Mean number of electrons, (b) zero,
(c) single, and (d) double electron capture probabilities for 0.5 keV
3He?* ions colliding with H,O as a function of the impact param-
eter b and target orientation. (See text for discussion)

In Fig. 2, we compare the END results with the corre-
sponding probabilities obtained using the binomial distribu-
tion assumption. We note that the two ways of determining
the probabilities are in good agreement. The largest discrep-
ancy occurs at small impact parameter where nonadiabatic
effects start to be important and the binomial approximation
breaks down. The contribution of this region to the cross
section is small. Because the projection method to obtain the
probability P;, is quite computationally intensive and seems
not to give results significantly different from the simple as-
sumption of a binomial distribution, we continue our analysis
of electron capture probabilities based on the binomial as-
sumption as a function of the END mean number of elec-
trons.

In Fig. 3, we show a density plot of the mean number of
electrons, n(b,E,); the zero, P,,; the single, P,;; and double,
P, electron capture probabilities in Figs. 3(a)-3(d), respec-
tively. The capture probabilities are obtained using the bino-
mial distribution assumption [Egs. (3)] at 0.5 keV. The or-
dering and labeling follows that in Table I.

The most striking feature in Figs. 3(a), 3(c), and 3(d) is
that electron capture occurs only for b=<3.5 a.u. for all the
orientations and all the energies analyzed in this study. Ac-
cordingly, for b=3.5 a.u. the zero electron capture probabil-
ity is negligible, as seen in Fig. 3(b). For single electron
capture, given in Fig. 3(c), we find in the b<3.5 a.u. region
a nearly uniform capture probability for all target orienta-
tions. From Fig. 3(d), we note a preferential capture of two
electrons for the target orientations I1, and IIb2 around b
~2.2 a.u., which correspond to binary collisions with an H
atom of the water molecule. That is, collisions where the
projectile collides head on with an atomic center of the mol-
ecule, with large momentum transfer. This process is attrib-
uted to a binary collision as will be discussed in a later sec-
tion. Similarly, there is significant double electron capture for
most of the orientations for »<<0.8 a.u. that arises from the
head-on collisions with an oxygen atom.

A result obtained from our study, but not shown in this
work, is that for 5.0 keV projectiles we find that double elec-
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FIG. 4. (Color online) Probability for single electron capture,
P, by 1 keV He* colliding with H,O as a function of the impact
parameter b and target orientation.

tron capture is lower than in the 0.5 keV case. Furthermore,
not much difference is observed for the one-electron capture,
except that there is an appreciable probability of single elec-
tron capture for b>3.5 a.u. by the 5.0 keV projectiles. This
is a consequence of the higher projectile energy and plays an
important role in the total electron capture cross section
which we discuss in a later section.

B. Electron capture probability of SHe*

In Fig. 4, we present the single electron capture probabil-
ity, Py, for the case of *He* colliding with water for all the
target orientations as a function of the impact parameter at
1 keV projectile energy. We see that the largest capture cross
section occurs for orientation IIb2 where a head-on collision
with a hydrogen atom occurs at b~ 1.5 a.u. Meanwhile, at
5 keV, the orientations I1, IIb2, and III1 have the largest
electron capture probability as a result of the head-on colli-
sion.

For all the energies analyzed, we find that the region for
which the electron capture occurs is different for each target
orientation, contrary to the SHe?* case. Depending on the
target orientation, P, extends over the range 0<b
<I1.0 au. or 0<b<3.0 a.u., contrary to the Het case
which is nearly uniform over the range 0 <b<<3.5 a.u.

C. Total cross section for charge exchange

For a given projectile energy, the total cross section for
charge exchange is obtained from the appropriate probabili-
ties as

O-if(Ep) 227TJ P,'f(b,Ep)bdb, (4)

for each target orientation. The orientational average is con-
structed according to Eq. (2).

In Fig. 5, we compare our orientationally averaged total
cross section for electron capture (for one and two electrons),
as a function of the projectile energy, with the recommended
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FIG. 5. Cross section for single (SEC) and double (DEC) elec-
tron capture by *He?* colliding with H,O (solid lines). Note the
scaling factor 1/5 for DEC. Also shown is the Mulliken cross sec-
tion oyy,x=02;+204 (solid circles). The experimental data (solid
box) are for the SEC and (solid triangles) for the DEC from Green-
wood et al. [54].

experimental values of Greenwood [54]. It is seen that the
experimental results are systematically higher, by some 20—
30 %, than the theoretical Mulliken cross sections o,
=0,,+20,, Whereas larger discrepancies (up to a factor of
~2) are found for the individual cross sections. These devia-
tions are greater than the experimental uncertainties.

It is likely that the deviations between theory and experi-
ment is explained by effects of the transfer ionization and
autoionization channels missing in the END approach. For
instance, autoionization after double capture enhances the
single electron capture (SEC) cross sections on the cost of
the double electron capture (DEC) so that the corresponding
cross sections are reduced accordingly. This may explain the
theoretical underestimation of the SEC and overestimation of
the DEC data, respectively, at energies above ~0.5 keV.
This redistribution effect is expected to cancel in the Mul-
liken cross section, for which the agreement between experi-
ment and theory is indeed found to be quite good.

The calculated total cross section for single electron cap-
ture in *He*+H,O collisions (i.e., neutralization, o) is
shown in Fig. 6 and is compared to the experimental deter-
minations of Rudd et al. [55] and to those of Greenwood et
al. [56]. The linear behavior shown by our results follows the
experimental trend of the data by Rudd et al. in the high-
energy range. However, our results indicate a different trend
when compared with the results of Greenwood et al., show-
ing a difference up to a factor of three in the low-energy
range.

Also, considering our results for single electron capture
for 3HezJ', as shown in Fig. 5, we note that the results for
single electron capture for He* and those of *He’" are very
similar. This conclusion is similar to that reached by Green-
wood [56] from experimental evidence.

D. Projectile differential cross section

From the deflection function, @(b), i.e., the scattering
angle as a function of the impact parameter, we calculate the
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FIG. 6. Charge transfer cross sections, oy, for He* collisions
with H,O. Solid line, our results. Experimental data: (solid circle)
Rudd et al. [55] and (solid square) Greenwood et al. [56]

differential cross sections for various scattering angles rang-
ing from values as small as 0.01° to values as large as 100°.
The lower limit of the angular range corresponds to large
impact parameters and thus soft collisions involving weak
perturbations. In contrast, large scattering angles correspond
to small impact parameters involving close collisions of the
projectile with a single target atom.

In soft collisions, quantum interferences become impor-
tant due to collisions with different impact parameters lead-
ing to the same scattering angle, as well as to rainbow and
glory scattering from the same orientation. Due to this and to
the classical description of the nuclei, semiclassical correc-
tions are used to take into account quantum interference ef-
fects. We have implemented the Schiff approximation
[57,58] for small scattering angles, to account for the quan-
tum effects of forward scattering (long-range interactions,
large impact parameters) per orientation. We note that inter-
ference effects from different orientations are not taken into
account. This is work in progress.

To implement the Schiff approximation, we require the
deflection function for each orientation of the molecular tar-
get. We use the calculated deflection function obtained from
the projectile trajectories together with the Schiff approxima-
tion to obtain the differential cross section per target orien-
tation and then average over the target orientations. The use
of the Schiff approximation over some other semiclassical
approximations, as the Airy, uniform, or eikonal approxima-
tions [59] is due to the fact that the Schiff approximation
considers the contribution of all the terms of the Born series
and we have extended it to include fully dynamical trajecto-
ries instead of straight line trajectories as done in the eikonal
approximation [58,60].

In Fig. 7(a), we show the orientationally averaged differ-
ential scattering cross section for single electron capture,
do,/dQ, for SHe? colliding with water molecules at 0.5, 1,
and 5 keV as a function of the laboratory angle. For scatter-
ing up to 1°, we use the Schiff approximation, and for larger
angles, we use the classical differential cross section. The
results show a variation of several orders of magnitude. In
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FIG. 7. (a) Orientational averaged differential cross sections for single (SEC) and double (DEC) electron capture for 0.5, 1, and 5 keV
3He?* scattered from H,0 molecules as a function of the laboratory scattering angle. In (b) we show the orientational averaged direct and
one electron capture differential cross section, for He" ions at 1, 3, and 5 keV colliding with H,O. The experimental data are from Ref. [26]
for *He?* at 1 and 5 keV, and the data for *He" are from Ref. [25] at 3 and 5 keV.

the region of small scattering angles the data show structure,
which is the results of quantum interference effects.

For scattering angles between 0.05° and 1°, we note that
do,,/dQ) presents a valley that becomes more pronounced
for lower projectile energies. The larger contribution to the
single electron capture occurs for »<<3.5 a.u., which corre-
sponds to scattering angles larger than 1°. Also, we compare
with available experimental data from Ref. [26] for scatter-
ing angles from 6~ 20° to 90° for 1 and 5 keV. For 5 keV,
the theoretical results are within 30% of the experimental
data and for 1 keV within 10%. Again, we may attribute
these discrepancies to the ionization channels missing in the
END approach.

In Fig. 7(a) we also show the results for the double elec-
tron capture differential cross section, da,,/d(}, for the same
range of energies. From these results we also note a more
pronounced valley for scattering angle between 0.03° and 1°.
Also, in both cases (doy;/dQ) and doy/d(}), there is an in-
version of the curves around 6~ 1° for different projectile
energies. That is, comparing the 5 keV differential cross sec-
tion at small angles it is higher than the 1 keV case, while for
the large scattering region the inverse is true. From these
results we see that single and double electron capture are
predominant at large scattering angles or intermediate to
small impact parameters, in agreement with Fig. 3.

The END results for the direct differential cross section,
doy,1dQ), for *He" projectiles are displayed in Fig. 7(b) and
are compared with experimental results [25]. The agreement
between theory and experiment is satisfactory. Again, the
Schiff approximation is employed for scattering angles be-

low 1°, while the classical cross sections are displayed for
larger angles. In the same figure, we display the theoretical
results for the one electron capture differential cross section,
doo/dQ). In this case there are no experimental results avail-
able for comparison. The inversion effect of the curves for
several projectile energies, as seen in the case of *He®", is
also observed around 6~ 1°. Also, the peaks produced by the
rainbow scattering in the classical differential cross section,
are more pronounced for #> 1° than in the *He?* case which
are softened by the two electron capture. All foregoing dis-
cussion has been concerned with projectile processes, we
now turn to a discussion of what happens to the molecular
target.

E. Mechanisms for fragmentation

From the final wave function and final momentum, P, for
each nucleus, we calculate the number of particles ejected as
a function of angle and corresponding ion energy. These re-
sults are presented in Figs. 8—10.

Figures 8—10 contain a large amount of computed data in
very compact form. In order to help in understanding the
graphic display in the two right-hand panels of Fig. 8 (simi-
lar considerations apply to Figs. 9 and 10), one might con-
sider a fixed fragment energy, say 100 eV. What the graphics
show is that oxygen fragments with that kinetic energy are
scattered exclusively at angles between 60° and 70°, while
the hydrogen fragments are scattered predominantly in a nar-
row range around 70°, but with some being ejected in some
narrow ranges at smaller and larger angles. This type of
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FIG. 8. (Color online) Spectra of fragments ejected in 1 keV *He?*+H,0 collisions as a function of the ion energy and ejection and/or
scattering angle. The END results for proton and oxygen fragments are given in the left-hand panels. The dashed lines are results based on
two-body kinematics (see text). The solid circles represent the locations of binary-collision peaks from the experimental spectra [26], which
are given at the right-hand side for the observation angles of 25°, 45°, and 60°. The horizontal lines at 25°, 45°, and 60° on the left panels

are to guide the eye.

analysis allow us to divide the ions fragmentation energy in
two regions.

1. Binary collisions

In the left-hand side of Fig. 8, we present our theoretical
results for 1 keV He** projectiles in a two-dimensional den-
sity plot of the fragment emission kinetic energy and ejection
angle with respect to the incoming beam. The right-hand
graphs of Fig. 8 shows experimental results [26] for emission
angles of 25°, 45°, and 60°. The experimental spectra, ob-
tained at relatively high energies, show distinct peaks that
can be attributed to binary collisions.

A binary collision involves impact parameters near an
atomic center, so that the interaction between the projectile
and a single atom of the molecular target dominates. In the
two-dimensional plots of Fig. 8 the binary collisions occur in
a region with relative large fragment energies of >100 eV.
In this binary-collision regime we observe several branches,
each one involves a one-to-one correspondence between the
emission energy and angle of the fragments.

A closer inspection of the theoretical data shows that
these branches originate from different target orientations.
Most branches are due to successive binary collisions, where
the projectile hits an atom in a violent collision followed by
second violent collision of the recoil atom or projectile with
another target atom. However, some of the branches are the
result of three- or four-body collisions induced by the pro-

jectile when hitting a water molecule atom which conse-
quently hits other atom(s) in the molecule, modifying, thus,
its kinetic energy and scattering angle. We expect that in a
finer orientation grid these branches will be smoothed out.

However, we expect that the most pronounced branch as-
sociated with a single binary collision will not be smoothed
out and, hence, remain dominant. This branch can be identi-
fied by data derived from two-body kinematics based on con-
servation of energy and momentum, i.e., each angle corre-
sponds to a single energy given by a well-known kinematic
formula (e.g, see Refs. [25,26]). In Fig. 8 the results of this
two-body formula are shown as a dashed line on top of the
END results. The two-body approximation agrees with the
END results particularly well at high emission energies of
the fragments where binary collisions dominate.

Moreover, this branch compares well to the spectra ob-
tained from Ref. [26]. The position of the experimental peaks
are plotted as solid circles together with the theoretical data
to show the good agreement between the experiment and
theory. In fact, closer inspection of the data shows that the
agreement between the experimental data and END theory is
better than the corresponding agreement with the two-body
formula. This shows that END theory adequately accounts
for multibody effects inherent in the experimental data. Also,
it becomes evident that the multibody effects depend on the
target orientation. Thus, the experimental peaks labeled on
the right panel appear to have contributions from both the O
and H ions coming from different target orientations.
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FIG. 9. (Color online) Fragmentation spectra for 3 keV *He*+H,0 collisions as a function of the ion energy and ejection and/or
scattering angle. The END results for hydrogen and oxygen fragments (left-hand side) and scattered helium projectiles (right-hand side) are
shown in density plots. In the top panel on the right-hand side an experimental spectrum [25] is depicted for an observation angle of 45°. In
the density plots the dashed lines are results based on two-body kinematics and the solid circles represent the locations of binary-collision
peaks from the experimental spectrum. The horizontal line at 45° is to guide the eye.

In Fig. 9, we show the fragmentation of water by 3 keV
He* projectiles, where we distinguish several branches. For
instance, in the right-hand panel (labeled “Helium”), which
shows the END results for the scattered helium, one finds
different branches between 0° and 25° originating from bi-
nary collisions with the hydrogen atoms of the water mol-
ecule. Moreover, there is a diagonal branch starting at 180°
and ending at 0° in the high collision energy region. The
origin of this branch is due to single binary collisions with
the oxygen atom of water as indicated by the dashed line
representing results based on two-body kinematics. Also, we
see that the END results compare well with the experimental
data [25] given in the top panel on the right-hand side.

The oxygen panel on the left-hand side (labeled “O frag”)
shows one dominant branch originating from binary colli-
sions with *He™. This branch has contributions from all target
orientations. The other branches at lower energies arise from
binary collisions with the hydrogens and only for the I1 and
IIb2 orientation. This occurs also for 5.0 keV, while for
1.0 keV only the IIb2 orientation is involved.

The situation is less clear for the hydrogen fragments
shown on the left-hand side (labeled “H frag”). There are
numerous superimposed branches, which may be smoothed
out with a finer grid of target orientations. The closely lying
branches at high emission energies are due to single binary
collisions in accordance with experimental data and the re-
sults based on two-body kinematics (dashed line). Finally we
note that a detailed analysis of individual trajectories reveal
that the low-energy hydrogen fragment frequently arise from
binary collisions of *He* with oxygen involving relatively
small impact parameters.

2. Soft collisions

Next, we focus on the soft-collision regime characterized
by fragments of low energies (<100 eV). In the angular dis-
tribution the observed peaks are primarily interpreted within
the framework of a Coulomb explosion of the ionized target.
That is, the Coulomb repulsion felt by the nuclei forming the
H,0%* molecule after the loss of 2 electrons. Figure 10 com-
pares theoretical fragmentation spectra for the system 5 keV
SHe**+H,0 with the experimental data of Sobocinski [29].
For the experimental spectra the detection angles are 45°,
90°, and 135°, as indicated.

Following previous studies [61], the peaks centered at
6 eV and 15 eV are attributed to H* fragments from the dis-
sociation channels H*+OH* and H*+O*+H?, respectively.
However, we note that with the theoretical results we find no
evidence for the H*+OH* fragmentation channel for the
SHe?* projectile case for the set of impact parameters and
target orientations selected in these calculations, probably
due to the small probability for such a channel [30,61]. The
dissociation channel H*+H*+0°, which also gives rise to
H* fragments near 5 eV, has been observed to be weak [61].
The H* fragments resulting from the dissociation channels
H*+0O*+H* and H*+O%*"+H, which arise due to the double
capture plus ionization, have been observed experimentally
at 18 eV [28] and 28 eV [25], respectively. However, due to
the lack of the adequate treatment of the ionization channel
in the END, we do not see these processes. It should be
added that single electron capture accompanied by excitation
may lead to dissociation of H,O*" ions, which results in the
emission of H* ions with energies near 3.5 eV [28]. This
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FIG. 10. (Color online) Spectra of fragments ejected in 5 keV 3He?*+H,0 collisions as a function of the ion energy and ejection and/or
scattering angle. The END results for proton and oxygen fragments are given in the left-hand panels. The solid circles represent the locations
of binary-collision peaks from Ref. [26]. The dashed lines are the result from two-body kinematics. In the right-hand panels experimental
spectra [29] are given for observation angles of 45°, 90°, and 135°. The horizontal lines at 45°, 90°, and 135° on the left panels are to guide

the eye.

does not appear to be a significant fragmentation channel
(see Fig. 10)

Returning to the theoretical data, we note an asymmetry
in the emission of the oxygen fragments with respect to the
angle of 90°. In the low ion energy region, the oxygen frag-
ments are ejected in the angular range of 25° <#<<100°,
wherein two peaks are found at §~40° and 6~ 80°. This 90°
asymmetry also occurs, in a less pronounced way, for the H*
and H fragments which shows three peaks: one at §~40°,
the second at #~75°-90°, and the third at 6~ 140°. The
latter is more pronounced than the one at §~40°. There is
also an apparent gap at 6= 160°.

The broad experimental H* fragment peak around 15 eV
is well reproduced for the 135° scattering, while the peak
observed at 90° is predicted by theory to occur for slightly
greater angles and the broad peak observed at 45° is calcu-
lated to occur at slightly smaller angles.

The pronounced peaks at §~40° and ~140° predicted by
END theory for the H" and H fragments are barely observed
in the experimental results [29]. However, the experiment
[29] shows a maximum near 90° in fair agreement with the
narrow peak predicted by the theory. We assume that the
sharpness of the peaks in the theoretical results is produced
by effects due to the coarse target orientation grid. The
choice of the minimal set of orientations fortuitously places
the OH bond at roughly 45° and 90° with respect to the
beam. A more detailed study with a finer orientational grid is
required in order to make a more definite conclusion on the

mechanism of dissociation (fragmentation) of the OH bond.

Coming back to Fig. 9, we focus our attention on the
fragmentation of water by 3 keV He" impact in soft colli-
sions. Most of the oxygen fragments are ejected at angles
around 75°-85° in the low-energy region, while the hydro-
gen fragments are emitted mostly around 45°, 90°, and 135°.
For the present case of Het ions, we see formation of OH
fragments. The majority of the OH fragments have energies
below 5.0 eV and are ejected at angles around 50°-135°. In
particular, we find the production of the hydroxyl group to
increase with decreasing collision energy. The rest of the
low-energy hydrogen fragments arise from larger impact pa-
rameter collisions leading to electron transfer followed by
dissociation of the water molecule.

F. Model for low-energy peaks

The fragmentation spectra peaks can be understood in the
low ion energy range as due to Frank-Condon excitation into
the H,0>* water-molecule states that then decay into frag-
ments. For the water-molecule ion, H202+, we must distin-
guish between two geometries. One when the excitation is
fast enough that the molecule keeps its C,, geometry, and
one when the time scale is low enough that it relaxes to its
linear configuration, D.,;, before fragmentation. From conser-
vation of energy, we have, for the fragmentation channel
2H*+0, that
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TABLE II. Kinetic energy of the fragments (eV) for the two configuration C,, and D., and for three
different dissociation channels (see text for discussion). The electronic energies obtained at the Hartree-Fock
level, as required by Egs. (5)—(9) are E(O)=-74.8027, E(O%)=-74.3648, and E(OH*)=-74.8499, all in a.u.
(1 a.u.=27.2 eV). The excited states energies for E(H,0?*) are taken from Ref. [61].

2H*+0 H*+H+O" OH*+H*
Hartree-Fock energies (a.u.) (& Dey, Co Deyy,

H,0* AE K(0) KHY) KMHY) AE K(0Y K(MHY) KMHY) AE H*
E(1A1)=—74.6120 52 02 2.5 2.6 6.9 0.3 33 3.5 63 63
E(3B])=—74.6873 3.1 0.1 1.5 1.6 4.8 0.2 2.3 24 44 44
E(]B])=—74.5826 6.0 03 29 3.0 7.7 0.4 3.7 3.9 73 73

AE = E(H,0%*) — E(O) = K(O) + 2K(H"), (5) both C,, and D, geometries from the lowest excited states

where K is the kinetic energy of the fragment. For the C,,
symmetry, we assume that the H* departs in the bond direc-
tion, and from conservation of momentum, we find that

AE

K(O) = m (6)

1+———

yMy

and

K(HY) = LM. )

H

(2 + 2)/—)
My

Here, the factor y=2 cos?(6/2)=~(3/4), where #=104.5° is
the bond angle for water in the C,, configuration and M; is
the mass of the ith fragment. For the configuration D, we
assume that the oxygen atom remains at rest and the H*
break in opposite direction. Thus

AE

K(HY) = —.

5 (8)

For the case of the dissociation channel H+H*+O", the
situation is similar as to the previous case with AE set to
AE=E(H,0*)-E(O*)-E(H) in the previous equations for
both geometry dissociation.

Finally, we treat the case for OH*+H* for which AE
=E(H,0?")-E(OH") and since the dissociation is linear, we
obtain

AE

—< M, ) . 9
1+
Mon

The electronic energies for the different excited states of
the molecular ion H,O** were obtained at the Hartree-Fock
level (SCF) by Richardson et al. [61] for three different ex-
cited states ('A,, *B,, and 'B,). Within our approach we cal-
culate the energies for O, O*, and OH* at the same level of
theory. In Table II, we show E for the water molecular ion
and the respective dissociation fragments as required in the
previous equations. Also, we give the resulting kinetic ener-
gies for the peaks of the fragments. We see that the results of
Fig. 10, for the low ion energies, arise from dissociation of

KH") =

of H,O>*. For the case of H*, in the 1-4 eV ion energy
range, they arise from the O+2H* and O*+H*+H channels
in the C,, and D, geometries, as mentioned previously.
Meanwhile the OH*+H* channel explains the peaks in the
ion energy spectra in the 4—7 eV, in agreement with Rich-
ardson er al. [61]. The 12 and 15 eV peaks seems to arise
from higher excitations of the H,O?* ion molecule. Another
point to note is that according to Richardson et al. [61], the
energies calculated within the Hartree-Fock model are
3 to 5 eV higher than the experimental values due to elec-
tronic correlation. This would shift the kinetic energy peaks
to lower energies. One should note that this analysis is based
on a simple ‘“static” excitation analysis using potential en-
ergy surfaces within a Hartree-Fock level of theory, and does
not include the momentum transfer to the nuclei due to the
coupling with other atoms or with the electrons, which are
included in END.

IV. CONCLUSIONS

Using the END approach, we investigate charge transfer
and fragmentation in collisions of *He" and *He?* with H,O
as a function of the projectile energy. The END calculations
are based on a quantum mechanical treatment to solve the
time-dependent Schrédinger equation, which involves the
dynamics of both the electrons and nuclei. The calculations
are performed for a discrete set of molecular orientations
which, in turn, are used to evaluate orientation averaged re-
sults. To obtain information about the projectile charge state,
the electronic wave function was projected on specific final
states.

For *He”* impact, probabilities for single and double elec-
tron capture are found to be consistent with results based on
a binomial distribution. Differential cross sections for scat-
tering of SHe* and *He®* projectiles are calculated in good
agreement with experimental data. Furthermore, total cross
sections for single and double electron capture are evaluated.
From the agreement of the theoretical and experimental cap-
ture cross sections, we conclude that the limited number of
molecular orientations is adequate for the evaluation of the
present capture cross sections. This gives confidence that
END is a suitable method to predict reliable cross sections
for complex ion-molecule collisions, which are relevant to
astrophysical and biological systems.

052702-11



CABRERA-TRUIJILLO et al.

Particular attention is devoted to mechanisms leading to
fragmentation of the water molecules. For emitted oxygen
and hydrogen fragments the relation between the emission
angle and energy is presented in two-dimensional density
plots. In the binary collisions regime, where fragments of
relative high energies (=100 eV) are produced, several dis-
crete branches are observed that involve a one-to-one corre-
spondence between emission angle and energy. The major
branch is found to be in good agreement with results derived
from two-body kinematics characteristic for binary colli-
sions.

In the soft-collision regime, where fragments of lower
energies are produced, the oxygen and proton fragments are
continuously distributed in the two-dimensional density
plots. For *He** impact, the angular distribution of the emit-
ted protons exhibit peaks at distinct angles including 90°.

PHYSICAL REVIEW A 75, 052702 (2007)

Indeed, the angular distribution of the measured protons
shows a maximum near 90° which, however, is significantly
broader than the theoretical peak. This finding suggests that
the theoretical reproduction of detailed experimental features
require a finer grid of molecular orientations. Therefore, fur-
ther studies are needed to investigate the influence of the
finite grid size.
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