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We apply a many-body classical model and a semiclassical coupled-channel approach to study the electronic
processes occurring in the course of fast collisions between atomic and molecular species. The methods are
applied in a comparative study of electron transfer in He2+/Ar2+−H2

+ collisions at keV u−1 impact energies.
The classical calculations are in agreement with recent experimental data[H. Bräuninget al., J. Phys. B34,
L321 (2001)] for projectile velocities larger than the initial electron velocity. The semiclassical model is based
on the sudden approximation where the electronic wave function is expressed by linear combinations of
traveling atomic capture states and target molecular states obtained at fixed nuclei. The related charge transfer
cross sections are slightly underestimated(overestimated) for He2+ sAr2+d when considering H2

+ in its initial
vibrational ground state. These cross sections do, however, depend strongly on the internuclear distance of the
hydrogen molecular ion: when involving an initial vibrational excitation of the target, the averaged cross
sections obtained from the semiclassical approach become in fair agreement with experiments.
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I. INTRODUCTION

Scattering experiments between charged particles and
molecules have displayed a range of interesting few-body
phenomena involving coherent interplay between electrons
and nuclei. That is true over the entire range of impact ener-
gies, from slowseVd to very fastsMeVd collision regimes.
Restricting the discussion to nonreactive scattering, experi-
mental studies of dissociative electron transfer, vibronic ex-
citation, correlation, isomer effects, and post-collisional in-
teraction effects are some of the most representative
examples; see, e.g.,[1–12] and references therein. For di-
atomic molecules electronic emission spectra have recently
shown interference phenomena resulting in oscillatory rela-
tive double-differential cross sections[13–15]. Note that
scattering events with selected molecular orientation can also
be analyzed indirectly, or potentially directly[16], through
coincidence measurements and analysis of molecular frag-
ment anisotropy distributions[5,9], Fundamental collision
studies are also of direct relevance for applications—
for example, in astrophysical- or atmospheric-related
phenomena—since, e.g., transport phenomena depend non-
linearly on electronic cross sections[17].

On the theoretical side, the development ofab initio theo-
ries has not followed the same rapid progress as experimen-
tal studies, partly because dynamical charged many-body
problems become exponentially more complex with increas-
ing number of nuclei. Except from pure quantal approaches
designed for cold and thermal collisions—e.g.[18–20],—
various semiclassical approaches have been applied; cf.
among others the review of Gislasonet al. [21] and recent
coupled wave packet treatments[22]. These methods utilize
partial decoupling of the electronic and nuclear motions, and
can thus efficiently describe vibronic phenomena and disso-
ciative electron transfer. These methods are, however, limited
to impact energies of about 100 eV u−1 and below.

For higher collision energies the problem can be very
awkward. First, an increasing number of electronic channels,
including ionization, has to be included. Second, the relative
momentum of the electron with respect to both reactants
should be taken into account, as in ion-atom collisions
[23,24]. However, in this intermediate-energy regime eluci-
dating simplifications can be used. By decoupling com-
pletely the electronic and nuclear degrees of freedom of the
molecule, the quantal problem reduces to the description of
the dynamics of the electronic cloud in the field of fixed
molecular nuclei, in the presence of one traveling charged
particle. At low collision energies corresponding to velocities
lower or equal to the classical electron velocitysvøved,
theory has advanced based on the static molecular multi-
center problem, followed by an expansion of the wave func-
tion in a molecular-state basis[25,26]. In the high-energy
limit the transfer cross sections have been evaluated through
linear combinations of probability amplitudes or matrix ele-
ments stemming from pure ion-atom calculations associated
with each atom of the molecule[15,27–29]. At intermediate
energies this approach cannot be validated since the electron
dynamics is strongly coupled to all nuclei involved in the
collision process.

Alternatively, in the intermediate to high-energy regime,
classical approaches have been developed quite successfully
to collisions between simple molecules and protons or mul-
tiply charged ions; cf., for example[30–32], and references
therein. These treatments are similar to their counterparts in
ion-atom collisions, but require further approximations to
deal with the extra repulsive terms related to the nucleus-
nucleus and electron-electron interactions within the molecu-
lar target. To get rid of these intrinsic difficulties, an alterna-
tive classical method has been developed[33,34] and applied
recently to antiproton and muon collisions with hydrogen
molecules[35].

In this paper we present results for collisions between
He2+ and Ar2+ projectiles and H2

+ molecular ions in the en-
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ergy range around maximum electron transfer cross sections.
We first present results from the classical model developed in
[33,35], hereafter referred to as the Kirschbaum-Wilets-
Cohen (KWC) model. Then we introduce a semiclassical
scheme for ion-molecule scattering based on asymptotic cor-
rect molecular and atomic states, in principle valid from
about 100 eV u−1 to MeV u−1 collision energies. We espe-
cially address effects related to the initial H2

+ vibrational
excitation and compare the results of the two models with
experimental results of Bräuninget al. [36]. Atomic units are
used unless otherwise stated.

II. THEORETICAL MODELS

The heavy-particle coordinates and the collision geometry
are displayed in Fig. 1. The projectile(P) trajectory is de-

scribed by the impact parameterbW and velocityvW, parallel to
the quantizationz axis. The orientation of the diatomic mol-
ecule(represented by the centersA andB) is defined by the
angleu with respect to the beam directionsvWd and the azi-

muthal anglew which refers to thesbW ,vWd collision plane. The
electronic coordinatesrW, not shown in the figure, are defined
with respect to the midpoint of the H2

+ internuclear distance.

A. Classical KWC model

A classical many-body model for use in atomic collisions
was introduced by Kirschbaum and Wilets[33] in 1980.
Their model provides a framework for atomic collisions
where, in addition to the usual kinetic energy and Coulomb
potential terms, two kinds of momentum-dependent poten-
tials are added to the Hamiltonian of the target. One of these
two-body potentials(so-calledPauli constraint) acts between
electrons with identical spin. The purpose is to mimic to
some degree a shell structure for many-electron systems. The
other type of potential is motivated by the fact that the elec-
trons should not be allowed to collapse onto the nucleus(the
so-calledHeisenbergconstraint). These two extra repulsive
potentials allow the classical stability of atomic ground-state
configurations[33,37].

For molecules this model gives also a stable ground-state
configuration. A problem is, however, that it does not give
the correct binding energy of the electron(s), even for simple
molecules as H2 and H2

+ [33]. Cohen[38] found that this

was due to a symmetric placement of the electron(s) in the
molecules; for example, in the case of H2

+, the electron is put
in the middle of the two nuclei. A method to avoid this was
introduced by Cohen through additional potential energy
terms in the Hamiltonian so that the molecule gets the cor-
rect ground-state energy for any internuclear distance. The
model developed by Cohen is well documented in his paper
[38]; we are going to outline only the main features of the
model as it is implemented in our context.

In the KWC model, the target Hamiltonian corresponding
to the hydrogen molecular ion does not include Pauli con-
straint terms and is written as

HT = H0 + WAe
sjd + WBe

sjd + WOe
sj8d, s1d

whereH0 is the physical Hamiltonian with kinetic energies
and Coulomb potentials and the three other terms are the
extra repulsive Heisenberg constraint potentials acting be-
tween the electron and, respectively, the nucleiA, B and the
midpoint O betweenA and B. The effective potentialsWij

sjd

are of the formr−2fsrpd wherer and p are the relative dis-
tance and momentum between the two particlesi and j . The

termWOe
sj8d is similar, with r replaced by the internuclear dis-

tanceRAB in front of the functionfsrpd. The functionfsrpd is
given as

fsrpd ;
s"jd2

4a
expHaF1 −S rp

"j
D4GJ , s2d

where the stiffness constanta is set equal to 4, as in[38]:
large enough to make theW terms small inHT without cre-
ating numerical instabilities in the dynamical calculations.
The parametersj andj8 were obtained by Cohen through a
minimization scheme in order to have a correct electronic
ground-state energy of H2

+ at equilibrium distanceRAB,eq.
We have chosen the values of these parameters as well as the
configuration in position and momentum spaces as they are
listed in Table I of [38]. Note that any random rotation
around the internuclear axis and inversion with respect to the
midpointO may be applied to give a set of initial conditions
for the molecular target in the collision simulations.

To describe the collision, the projectile kinetic term plus
all Coulombic attractive and repulsive terms betweenP and
A,B and the electron are added to the target HamiltonianHT.
Hamilton’s equations of motion corresponding to the four-
body system are then solved numerically, exactly as in the
usual classical trajectory Monte Carlo(CTMC) method de-
veloped for ion-atom collisions[39]. This model describes
simultaneously all possible electronic processes as well as
the molecular target rotation, vibration, and dissociation dur-
ing the collision stage. Note also that when bound particles
dissociate due to the perturbation, the extra terms included in
the Hamiltonian vanish[as fsrpd→0 when r →`; cf. Eq.
(2)] and the particles propagate in the only Coulomb field
from the other charged particles. Finally, the integral cross
sections for inelastic processes are evaluated from a statisti-
cally relevant set of initial conditions[24,40].

FIG. 1. Collision geometry in the laboratory fixed reference
frame: the projectile velocitysvWd and the impact parameter vector

sbWd define a collision plane. The anglesu andw define the orienta-

tion of the target molecular axisRW AB with respect to thez axis and
the collision plane.
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B. Semiclassical„2+1…-center theory

In the energy regime under consideration here(typically
0.1–100 keV u−1) which corresponds to subfemtosecond
collision times, all inelastic channels are open and coupled.
Therefore a nonperturbative description of the dynamics of
the electronic charge cloud delocalized on the three centers is
required. However, in this impact velocity range, the relative
motion of the different heavy particles may be decoupled
from the electronic degrees of freedom. The treatment may
then be considerably simplified by assuming(i) the rovibra-
tional suddenapproximation—i.e., frozen molecular internu-

clear vectorRW AB [21]—and (ii ) a classical straight-line de-

scription of the projectile-target relative motion,RW =bW +vWt.
For one-electron systems, the Hamiltonian can then be writ-
ten as

H = −
1

2
DrW + VTsrW;RW ABd + VP

„rPstd…, s3d

where rWPstd=rW−RW std, VP is the potential related to the
electron-projectile subsystem and,VT is the two-center po-
tential experienced by the electron with respect to the mo-
lecular target, e.g., for H2

+:

VTsrW;RW ABd = −
1

UrW −
1

2
RW ABU −

1

UrW +
1

2
RW ABU . s4d

Within this approach, we have developed a new coupled-
channel code to solve the time-dependent Schrödinger equa-
tion for the electronic scattering states expressed as

CsrW,td = o
k

ck
Tstdfk

TsrW;RW ABde−iEk
TsRABdt

+ o
k8

ck8
P stdxk8

P
„rWPstd…e−i«

k8
P

tFsrW,td. s5d

Note that this ansatz defines as2+1d-center theory for colli-
sions between diatomic molecules and atomic ions:

(i) The molecular two-center nature of the target is ex-
actly described by static diatomic molecular orbitals(MO’s),
fk

T (of energyEk
T) depending parametrically onRW AB and ex-

pressed as linear combinations of atomic orbitals centered on
A andB:

fk
TsrW;RW ABd = o

i

NA

ak,i
A xi

AsrW;RW ABd + o
j

NB

ak,j
B x j

BsrW;RW ABd. s6d

(ii ) Charge transfer processes are described by traveling
asymptotic atomic orbitals(AO’s) centered on the projectile,
xk8

P (of energy«k8
P ). Thus in this asymptotic representation of

the total scattering wave function, the electronic translational
factors(ETF), FsrW ,td remain unambiguously[42] described
by plane waves expsivW ·rW− iv2t /2d, as in the semiclassical AO
close-coupling approach developed for ion-atom collisions
[24,41,43].

This procedure allows for the description of all kinds of
inelastic scattering events, including ionizing collisions, and
it opens for studying electronic time development in detail.

Application of the time-dependent variational principle
[24,44] to the expansion given in Eq.(5) leads to a set of
coupled differential equations for the amplitudes,c
=hck

Tstd ;ck8
P stdj,

iSstd
d

dt
cstd = M stdcstd. s7d

The matricesSstd andM std are overlap and coupling matri-
ces in which the computationally demanding two-center ele-
ments take the form

Sji
TPstd = kf j

Tuxi
PeivW·rWle−is«i

P+v2/2−Ej
Tdt, s8d

Mji
PTstd = kx j

PeivW·rWuH − Ei
Tufi

Tle−isEi
T−« j

P−v2/2dt. s9d

The set of coupled equations(7) is solved in three steps:(i)
determination of the projectile and target states by diagonal-
ization of the projectile and target Hamiltonians,(ii ) calcula-
tion of the overlap and coupling matrix elements on a fixed
time grid, and(iii ) numerical solution of the equations for
given initial conditionscst→−`d, impact parameter, and ve-
locity.

1. Target and projectile orbitals

To describe the projectile and the target in a(pseudo-)one-
electron picture, we have chosen to implement forVT andVP

[see Eq.(3)] pure Coulombic potentials or model potentials
of the form

VXsrd = o
i

air
nie−bir , s10d

where theni are integer(typically −1 and 0) and the varia-
tional parametersbi are set to get correct atomic or molecu-
lar characteristics, ionization and/or binding energies, e.g.,
[45,46]. Such monocentric potentials are convenient for the
description of the atomic projectile and the molecular target,
when, in the latter case, terms centered onA and B (nuclei
+core electrons) are used. The target and projectile states are
then obtained by diagonalizing their individual Hamiltonian
by using sets of Slater-type orbitals(STO’s) centered, respec-
tively, on one and two centers. The sets of states created by
this variational procedure contain well-described ground and
first excited states as well as loosely bound and ionization
pseudostates. This representation is well suited for pure Cou-
lombic systems and optimal in terms of the size of the basis
sets for pseudo-one-electron systems. However, concerning
the evaluation of multicenter integrals, such a kind of expan-
sion is not efficient and we have therefore adopted a mixed
representation of the projectile and target states. Each atomic
and molecular STO-built statefS jsrdg is fitted in terms of a
sum fG jsrdg of Gaussian-type orbitals(GTO’s); this proce-
dure involves a systematic optimization of the exponents of
each GTO [47–49] by minimization of the integral,D j
=e0

+`r2drfS jsrd−G jsrdg2.

2. Matrix elements

We shall now focus on the methods for the computation
of the matrix elements, the stage which demands most of the
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CPU time in the simulations. This requires the evaluation of
one-, two-, and three-center integrals, with or without ETF’s.
In the present version of the code, all integrals involving one
and two centers without ETF’s are computed with the STO
representation of the states, since their evaluations do not
present any significant problem and are rather fast[50].

However, the evaluation of the two-center and three-
center matrix elements with ETF’s[cf. Eqs.(8) and (9)] re-
quires extensive computational efforts when the states are
expressed as STO expansions[51]. In this case, we use the
GTO representation of the states and any of these integrals
can be computed from the following general form:

Ig =E
−`

+`

dxE
−`

+`

dyE
−`

+`

dz rm1r8m2r9m3xu1yv1zw1x8u2y8v2z8w2

3
exps− a1r

2 − a2r8
2 − a3r9

2 + imvW · rWd
sr9dl s11d

sl = 0, 1m = 0, ± 1d.

In the present notations,sx,y,zd are the Cartesian coordi-
nates of the electron positionrW relative to a given nucleus

and r8W =rW−rW and r9W =rW−r8W whererW andr8W can be any inter-
nuclear relative positions. The integersu1,v1, ... ,w2 and the
even integersm1,m2,m3 must be positive or zero. The very

general form(11) stands for two-sr8W =rWd and three-center
integrals, including a potential operatorsl=1d or not sm3

−l=0,a3=0d, with or without ETF’s (respectively,m= ±1
or 0). The integralsIg can be written as

Ig = lim
aW→mvW

lim
dW→0W

S− i
]

] ax
Du1S− i

]

] ay
Dv1S− i

]

] az
Dw1

3S− i
]

] dx
Du2S− i

]

] dy
Dv2S− i

]

] dz
Dw2

3S−
]

] a1
Dm1/2S−

]

] a2
Dm2/2S−

]

] a3
Dm3/2

Jl
g, s12d

with kernel integrals as

Jl
g =E

−`

+`

dxE
−`

+`

dyE
−`

+`

dz
e−a1r2−a2r82−a3r92+iaW·rW+idW·r8W

sr9dl

sl = 0,1d. s13d

The integralJl
g can be expressed analytically as

J1
g =

2p3/2

BÎa
e−a2r2−a3r82−idW·rWeA2/4a ErfS B

2Îa
D , s14d

J0
g = Sp

a
D3/2

e−a2r2−idW·rWeA2/4a s15d

where a=a1+a2+a3, AW = isaW +dWd+2a2rW +2a3r8W , BW =AW

−2ar8W , and Erfszd is the complex error function. In practice,
the successive derivations ofJl

g are performed symbolically
directly in the collision code, leading to a large number of
terms, simple to evaluate numerically since including only

powers ofA, B, a1, a2, a3, a, r, rx, ry, rz, r8, rx8, ry8, rz8, v,
vx, vy, vz, exponentiations, the error function, and its deriva-
tives. No numerical integration has to be performed so that
the computations are very fast; this compensates the increase
of the number of orbitals when going from STO’s to GTO’s.
Note that this algorithm is not new(cf., for example,
[52,53]), but the present implementation has the advantages
of being general to any angular momentum and to control
numerical instabilities.

3. Propagation stage and the cross sections

The coupled differential equations(7) are solved using a
predictor-corrector algorithm[54] for a given set of fixed
parameters: impact parameter, velocity, target internuclear

distance and orientationsRW ABd, and the initial conditions
given by the initial statei of the electron, bound by conven-
tion to the target,

CsrW,t → − `d = fi
TsrW;RW ABd. s16d

During the propagation, the matrix −iS−1M is evaluated at
any time t by interpolation of the matrix elements values
computed on a fixed time grid. The numerical quality of the
expansion coefficientscstd obtained asymptotically when the
collision is over(t→ +`, practically whenR is large enough
so that the results are converged) can be checked by using
the norm conservation and time-symmetry relations[55].
From the coefficientsckst→ +`d we obtain the probabilities
for any processi → f, Pifsb,RAB,u ,wd= ucfst→ +`du2, where
we mention explicitly the dependence on the initial(and
fixed) molecular alignment(u, w; cf. Fig. 1). The cross sec-
tions are then defined as

si fsRAB,ud =E d2bWPifsb,RAB,u,wd s17d

and alignment averaged cross sections as[56]

si fsRABd =
1

2
E

0

p

sin udusi fsRAB,ud. s18d

A treatment of the vibrational degrees of freedom within the
sudden approximation can be found in[57,58]. When vibra-
tional distributions are not resolved in the final channels, a
sum over all, discrete and dissociative, vibrational states is
performed and leads to the closure relation. The cross sec-
tions are then simply averaged over the distribution
ucnsRABdu2 for a given initial vibrationalcn state:

si f
snd =E

0

`

dRABucnsRABdu2si fsRABd. s19d

Within the Franck-Condon approximation the cross sections
(19) for a molecular target initially in its vibrational ground
state are simply expressed assi f

FCsRAB,eqd—i.e., cross sec-
tions (18) evaluated at the internuclear equilibrium distance.
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III. RESULTS AND DISCUSSION

A. Models of the collision systems

The results which are presented in the following are based
on the two methods described above that we have coded for
use on workstations and parallel machines. They concern the
study of two similar collision systems He2+/Ar2+−H2

+, es-
pecially focusing on total capture[36]

He2+/Ar2+ + H2
+s1ssgd → He+/Ar+ + H+ + H+. s20d

For He2+ projectile all interactions are Coulombic while for
Ar2+ we use the one-parameter model potential

VAr2+
srd = −

2

r
− 16

e−br

r
F1 +

b

2
rG s21d

to describe the interaction between the active electron and
Ar2+.

1. Classical model

The classical cross sections are based on calculations in-
cluding typically from 10 000 to 50 000 trajectories(initial
conditions) to get statistical errors lower than 3% for all ve-
locities. The initial conditions for the target correspond to the
ones listed in[38], before random rotations of both the elec-
tron position and momentum and the molecule internuclear
vector. The initial and final positions of the projectile on its
trajectory are set large enough(typically 100 a.u. far from
the target) such that the interactions between the two colli-
sion partners become negligible. It is also necessary to have
enough simulation time to be able to detect the possible dis-
sociation of H2

+, a process which is at least one order of
magnitude slower than the electron dynamics. As in standard
CTMC calculations, the impact parameterb of each trajec-
tory is chosen by taking randomlyb2 between 0 andbmax

2 ,
where bmax, which depends on the impact velocity, is the
largest impact parameter beyond which only elastic scatter-
ing occurs.

2. Semiclassical model

To describe the H2
+ target, we diagonalize the Born-

Oppenheimer Hamiltonian onto two different basis sets:(i)
the first containing onlys states which are expanded in 16
STO’s and(ii ) the second with boths andp states described,
respectively, by 24 and 14 STO’s. The first set has been

optimized for all internuclear distances needed in our calcu-
lations s0.4–8 a.u.d. The second and much larger basis set
has been optimized only for the equilibrium distanceRAB,eq
=2 a.u. to test the quality of the first, tractable, set. Only
differences of the order of 0.1% or below have been ob-
served for the energies of the ground and excited H2

+ states
of importance. Figure 2 shows schematically the energy dia-
grams corresponding to these two sets.

The He+ capture states have been obtained by diagonal-
ization onto the exact hydrogenic STO’s: one set includes
only the exactn=1,2 and 3s,3p states(i.e., 6 STO’s for,
=0 and 3 STO’s for,=1), the other including also the exact
3d plus the pseudostates stemming from the diagonalization
procedures; cf. Fig. 2.

Since the charge of the projectile, more than its internal
electronic structure, was our interest, we have decided to use
a simple, though crude, one-electron model for the Ar+ cap-
ture states. The interaction between the frozen
1s22s22p63s23p4 configuration and the active electron was
described by a model potential; cf. Eq.(21). With b
=3.4816, we have obtained the energy of the ground state(
3p5 2P, named 3p in the following) equal to the exact value
of −1.015 a.u.[59]. We have included the second doublet
state, corresponding to 3p44s 2P (named 4s in Fig. 2), with
an energy equal to −0.387 a.u., 0.5% off the tabulated value
[59]. An extra pseudostate obtained from the diagonalization
of the 3p is also included in the basis BB; cf. Fig. 2.

In summary, we have constructed two basis sets, called
SB and BB in Fig. 2, to perform our coupled-channel calcu-
lations. The minimal basis SB including the dominant and
some minor channels was used for most of the computations.
The larger basis set BB including up to 50 atomic ands,
p-molecular states was used to check the convergence of the
SB representation; cf. next section.

We finally note that since the states included in the basis
sets are fitted by GTO’s to compute some of the matrix ele-
ments we have performed several checks of the numerical
stability of our results by changing the quality of the fits
(numbers of GTO’s included, exponents of the GTO’s) and
no significative difference has been obtained.

B. Results

In Fig. 3 we present the total capture cross sections based
on the classical method. Good agreement with experiments is
observed in the high-energy side of the scale: slightly lower

FIG. 2. Energy diagrams for the two projec-
tiles and the hydrogen molecular ion(at the equi-
librium internuclear distanceRAB,eq=2 a.u.). The
spectra shown are obtained from the two basis
sets BB and SB used in the semiclassical calcu-
lations. The two sets include some atomic and
molecular pseudo states.p and p states are
shown by dashed lines.
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for the He2+ projectile and higher for the Ar2+ projectile. The
increase of the cross sections for decreasing velocities for the
Ar2+ is reasonable since this trend is the signature of a near-
resonant electron transfer channel, which is the dominant
Ar+s3pd capture channel; cf. Fig. 2. For the He2+ projectile it
is, however, not the case and the cross sections rise also in
the low-energy region where there are unfortunately no mea-
surements. The two-atom model presented in[36] gives there
the expected decrease. A reason for the low-energy increase
for He2+ is the classically allowed resonant capture which
does not correspond to any physical quantum states: classi-
cally, at low energy, a large number of trajectories tend to
transfer the electron without significant energy change, in-
creasing artificially the capture cross sections. We have
tested this assumption by removing the trajectories reaching
this quantum mechanically forbidden region: i.e., trajectories
which end up with the active electron bound to the He2+

nucleus with an energy lying between −2 a.u. and −0.5 a.u.
(predominantly about −1 a.u. in the actual calculations). To
do that we have used the correspondence criterion derived by
Becker and MacKellar[60]:

FSn −
1

2
Dsn − 1dnG1/3

, nc ø FnSn +
1

2
Dsn + 1dG1/3

,

s22d

where nc=ZÎ−2ei is a classical n level obtained from the
classical binding energyei ,0: for Z=2 andn=1, theK shell
corresponds to the rangeeK,−0.96 a.u. Note that the use of
this criterion does exclude the incriminated trajectories but
also the possibility for capture into theK shell of He+, which
is, however, a very weak channel. Following this procedure
the cross sections are indeed depleted at low impact veloci-
ties, as shown as the dotted line in Fig. 3(left). The absence
of resonant channels thus limits the applicability of the clas-
sical method for He+ projectiles.

We now turn to the results from the coupled-channel ap-
proach. As a first step, we present in Fig. 4 the angular de-
pendency of the integrals[61],

Gsu,wd =E
0

+`

bdbPcaptsb,RAB,u,wd, s23d

for total capture in He+-H2
+ andv=1.0 a.u,RAB=RAB,eq. The

results are based on calculations using the large basis set BB.
In this figure, we note the constant value, which appears to
be the lowest limit ofG, for u=0—i.e., when the molecular
axis is aligned parallel to the projectile beam. On the other
hand, the curve foru=90° corresponds to the upper limit of
the G function. This tendency is in qualitative agreement
with the experimental results of Reiser, Cocke, and Bräuning
[62], showing for doubly charged projectiles and somewhat
lower velocities that the capture process is favored when the
molecular axis is perpendicular to the projectile beam.

Figure 4 shows indirectly also the complexity of the cal-
culations to obtain the averaged cross sections; cf. Eqs.(17)
and(18). For this figure, we have performed the calculations
for 40 different molecular orientations. This task is only pos-
sible for tests with computer power of today, and certainly

FIG. 4. He2+-H2
+ collision system atv=1 a.u. The orientation

dependencies of theG integrals for total capture(evaluated at equi-
librium internuclear distanceRAB,eq=2 a.u.), as function of the azi-
muthal anglew and for different values ofu: 0°, 15°, 30°, 45°, 60°,
75°, and 90°.

FIG. 3. Capture cross sections vs impact velocity for the two projectiles He2+ (left) and Ar2+ (right). The solid lines are the results from
the classical model, and the dotted line shows the same cross sections excluding the unphysical resonant capture channels for the He2+

projectile; cf. text. The data marked by solid circles and error bars are the experimental results from Bräuninget al. [36].
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not for a large basis set and many velocities and internuclear
distances. We have therefore chosen to compute orientation
averaged cross sections using only three orientations corre-
sponding to the axesx,y,z:

si fsRABd =
2p

3
fGifsp/2,0d + Gifsp/2,p/2d + Gifs0,0dg.

s24d

In the case shown in Fig. 4, this approximation gives a cap-
ture cross section of about 3.47 Å while the integration over
the 40 orientations gives 3.43 Å. In general the difference is
not more than 5%[49], so this approximation may be con-
sidered as safe[57]. All cross sections presented in the fol-
lowing will be based on this procedure.

Cross sections based on the semiclassical method are dis-
played in Fig. 5 for both collision systems[63]. The upper
panels[(a) and (b)] show the cross sections for capture, ex-
citation, and ionization based on calculations with the large
(BB) and medium(SB) basis sets. As expected capture is
very important at low velocities for the near resonant Ar2+

system. On the other hand, for the He2+ projectile capture is
not resonant and never exceeds significantly excitation. In
fact, as a detailed dynamical study has exposed[49], capture
and excitation are intimately coupled processes for this sys-
tem. Moreover, for both collision systems the ionization
mechanism is rather weak. In Fig. 5 we see also that the two
basis sets produce somewhat different results, especially for
ionization, but the capture cross sections are rather insensi-
tive to the basis setss,10%d. The basis set SB which allows
large-scale computations at reasonable cost is expected to be

FIG. 5. Cross sections, calcu-
lated with the semiclassical
model, as function of the impact
velocity for the two collision
systems He2+-H2

+ (left) and
Ar2+-H2

+ (right). The upper pan-
els [(a) and (b)] display the cross
sections for capture(solid lines),
excitation(dashed lines), and ion-
ization (dotted lines). The lines
marked with triangles show the
results obtained with the large ba-
sis set BB while the others stems
from the SB basis set. The lower
panels[(c) and (d)] compare the
total capture cross sections to the
experimental data from Bräuning
et al. [36]. The dotted lines dis-
play the cross sections for the
dominant capture channels—i.e.,
He+sn=2d for He2+-H2

+ and
Ar+s3pd for Ar2+-H2

+.

FIG. 6. Total capture cross
sections as function of the H2

+ in-
ternuclear distanceRAB for the
two projectiles He2+ (left) and
Ar2+ (right) and for four typical
impact velocitiesv=0.3, 0.7, 1.0,
and 1.3 a.u.
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converged enough and to give correct cross sections for the
last part of our discussion. In the lower pannels of the figure
[(c) and (d)] we only consider the capture results in more
details and in comparison with the experimental results of
[36]. First of all we see that the most dominant final channels
are then=2 level and the 3p states for He2+ and Ar2+ colli-
sions, respectively. Furthermore, the general trend of both
measurements are again reproduced. For Ar2+ the theoretical
results overestimate the experimental cross sections and are
in excellent agreement with the classical results of Fig. 3.
For He2+ the calculations, in contrast to the classical calcu-
lations, reproduce now the general experimental trend in the
whole energy range, but the absolute magnitude is lower than
the data in[36]. These systematic differences cannot be ex-
plained by neither statistical experimental uncertainties nor
basis convergence failures.

However, in the experiment, the molecular ions are cre-
ated by ECR sources in excited vibrational states. Since no
vibrational cooling scheme(e.g., low-energy electron-
induced deexcitation[64]) has been applied in the experi-
mental procedure of[36], one has to assume an initial distri-
bution over the vibrational states of H2

+ in its electronic
ground state. For comparison, the capture cross sections
should then be averaged as

s̄capt= o
n

Anscapt
snd , s25d

where the vibrational distribution coefficientsAn are un-
known from the experimental point of view andscapt

snd corre-
spond to the cross sections defined in Eq.(19), summed over
all capture channels. The theoretical determination of the
scapt

snd cross sections for large values of the vibrational quan-
tum numbers(typically up to n=10) requires knowledge of
scaptsRABd in a wide range of molecular internuclear dis-
tances.

The dependence of the capture cross sections, computed
with the SB basis set, upon H2

+ internuclear distance is pre-
sented in Fig. 6 for both collision systems and for four dif-
ferent velocities. The figures display clear differences be-
tween the two systems. For the He2+ projectile the cross
sections are minimal around the equilibrium internuclear dis-
tance and increase steadily for increasingRAB. This is related
to the decrease of theQ value for the dominant capture
He+sn=2d channels, the 1ssg ground-state energy rising sig-

nificantly to reach resonance asymptoticallysRAB→`d. If
highly excited vibrational states are involved in the experi-
mental procedure, large values ofRAB become important.
This dependence does explain the underestimation of the
cross sections evaluated at the equilibrum distance. For Ar2+

the cross sections behave very differently with the internu-
clear distance: capture is strongest around equilibrium and
decreases significantly, especially for our lowest velocity. As
mentioned before, capture to the Ar+s3pd states is resonant
aroundRAB,eq and theQ value increases on both sides, result-
ing in “bell-shaped” cross sections. In this case, the possible
initial vibrational excitation of the molecular target is ex-
pected to reduce the capture cross sections by increasing the
weigth of the large internuclear distance region.

As an illustration we have evaluateds̄capt for a few typi-
cal velocities, assuming that theAn of Eq. (25) are the
Franck-Condon factors given in[65]—that is, assuming the
sudden formation of H2

+ from H2. These results are pre-
sented in Fig. 7 with open crosses, together with the experi-
mental data of[36] and the theoretical results assuming vi-
brational ground state(as in Fig. 5). For He2+ the results
show an increase of the cross sections to a very reasonable
agreement with the experimental data. On the other hand, for
Ar2+, the averaging procedure decreases the cross sections as
expected from Fig. 6 but this effect is minimal. All in all the
results taking into account the initial vibrational excitation of
the target in Fig. 7 show indeed an important improvement in
the agreement between theory and experiment, and give a
strong indication on the vibrational distribution of the H2

+

beam. From these results one may even assume a higher
vibrational excitation than the ones given by the Franck-
Condon factors: these latter are peaked aroundn=2 and a
shift to higher vibrational quantum numbers would amplify
the increase of the cross sections for He2+ projectile and their
decrease for the Ar2+. In future generations of collision ex-
periments involving H2

+, the vibrational state(or distribu-
tion) would be important to control.

IV. CONCLUSION

In conclusion, we have developed and implemented a
nonperturbative semiclassical method to describe inelastic
electronic processes in collisions between ions and mol-
ecules. We have presented a first application of the method to

FIG. 7. Total capture cross
sections vs impact velocity for the
two projectiles He2+ (left) and
Ar2+ (right). Solid circles: experi-
mental data from Bräuninget al.
[36]. Solid lines: semiclassical re-
sults assuming an initial H2

+ vi-
brational ground state(as in Fig.
5). Open crosses: semiclassical re-
sults assuming a Franck-Condon
initial vibrational distribution; cf.
text.
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calculations of charge transfer cross sections fora particles
and Ar2+ colliding with H2

+. The coupled-channel results are
compared with experimental data and classical calculations.
The agreement between both theoretical methods is surpris-
ingly good. However, comparison with experiments shows
systematic differences for both collision systems when H2

+ is
considered in its vibrational ground state. We have shown
that the capture cross sections depend strongly on the inter-
nuclear distance and improving agreement was achieved
when assuming a vibrational excitation of the molecular tar-
get, prior to the scattering stage. It was demonstrated that the
initial vibrational distribution could be inferred from capture

cross-section measurements. We have also presented orienta-
tion effects for electron capture. These effects which seem to
be of general trend in ion-molecule scattering are in agree-
ment with recent experimental studies.
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