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ion-molecule collisions

J. Caillat’ A. Dubois?! I. Sundvor? and J.-P. Hansén
!|_aboratoire de Chimie Physique-Matiére et Rayonnement, Université Pierre et Marie Curie, F-75231 Paris Cedex 05, France
nstitute of Physics, University of Bergen, N-5007 Bergen, Norway
(Received 18 February 2004; published 27 September)2004

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 irftar2*—H," collisions at keV G impact energies.

The classical calculations are in agreement with recent experimentalHiaBrauninget al,, J. Phys. B34,

L321 (200D] 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 underestimatederestimateyifor He** (Ar2*) when considering ki 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 For higher collision energies the problem can be very
awkward. First, an increasing number of electronic channels,
Scattering experiments between charged particles anigcluding ionization, has to be included. Second, the relative
molecules have displayed a range of interesting few-bodynomentum of the electron with respect to both reactants
phenomena involving coherent interplay between electronshould be taken into account, as in ion-atom collisions
and nuclei. That is true over the entire range of impact enerf23,24. However, in this intermediate-energy regime eluci-
gies, from slow(eV) to very fast(MeV) collision regimes. dating simplifications can be used. By decoupling com-
Restricting the discussion to nonreactive scattering, experiletely the electronic and nuclear degrees of freedom of the
mental studies of dissociative electron transfer, vibronic exmolecule, the quantal problem reduces to the description of
citation, correlation, isomer effects, and post-collisional in-the dynamics of the electronic cloud in the field of fixed
teraction effects are some of the most representativE'olecular nuclei, in the presence of one traveling charged
examples; see, e.gi1-12 and references therein. For di- particle. At low collision energies corresponding to velocities
atomic molecules electronic emission spectra have recenth?Wer or equal to the classical electron velociy<ve),
shown interference phenomena resulting in oscillatory relal€0ry has advanced based on the static molecular multi-
tive double-differential cross sectiorfid3-15. Note that Ccenter problem, followed by an expansion of the wave func-
scattering events with selected molecular orientation can al |r0nri]t Itrr:eatrg]r?sl?ecru::?ro_ia;ickt)igi[f?]fv% t:getgeevr;ﬁgtz Tjetrk?r{)ugh
Sgir?crilgleynzfg rlr?gzlarselfrtleyrhg;tgoéig“zlrllélggii CZB}%OEZL%TSP fra linear combinations of probability amplitudes or matrix ele-

$nents stemming from pure ion-atom calculations associated
ment anisotropy distribution§5,9], Fundamental collision g P

with each atom of the moleculd5,27-29. At intermediate

studies are also of direct relevance for applications—pegies this approach cannot be validated since the electron

for example, in astrophysical- or atmospheric-relatedjynamics is strongly coupled to all nuclei involved in the
phenomena—since, e.g., transport phenomena depend nghilision process.
linearly on electronic cross sectiofis7]. Alternatively, in the intermediate to high-energy regime,
On the theoretical side, the developmengbfinitio theo-  classical approaches have been developed quite successfully
ries has not followed the same rapid progress as experimeto collisions between simple molecules and protons or mul-
tal studies, partly because dynamical charged many-bodyply charged ions; cf., for examplg0-33, and references
problems become exponentially more complex with increastherein. These treatments are similar to their counterparts in
ing number of nuclei. Except from pure quantal approacheson-atom collisions, but require further approximations to
designed for cold and thermal collisions—e[§8—-20,— deal with the extra repulsive terms related to the nucleus-
various semiclassical approaches have been applied; afucleus and electron-electron interactions within the molecu-
among others the review of Gislasen al. [21] and recent lar target. To get rid of these intrinsic difficulties, an alterna-
coupled wave packet treatmerj22]. These methods utilize tive classical method has been develof®|34 and applied
partial decoupling of the electronic and nuclear motions, andecently to antiproton and muon collisions with hydrogen
can thus efficiently describe vibronic phenomena and dissomolecules[35].
ciative electron transfer. These methods are, however, limited In this paper we present results for collisions between
to impact energies of about 100 eV*and below. He?* and AP* projectiles and H™ molecular ions in the en-
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y A was due to a symmetric placement of the eledspim the
s _, _moleculgs; for example, in the_case of Hthe electr_on is_ put
— in the middle of the two nuclei. A method to avoid this was
y introduced by Cohen through additional potential energy
g R, terms in the Hamiltonian so that the molecule gets the cor-
o e R NS rect ground-state energy for any internuclear distance. The
7 model developed by Cohen is well documented in his paper
[38]; we are going to outline only the main features of the
FIG. 1. Collision geometry in the laboratory fixed reference model as it is implemented in our context.
fr?me: the projectile velocityv) and the impact parameter vector In the KWC model, the target Hamiltonian corresponding
(b) define a collision plane. The anglésand ¢ define the orienta- to the hydrogen molecular ion does not include Pauli con-
tion of the target molecular axRag with respect to the axis and ~ Straint terms and is written as
the collision plane.

Hr = Ho + W+ W + WY, (1)
ergy range around maximum electron transfer cross sections.
We first present results from the classical model developed i
[33,39, hereafter referred to as the Kirschbaum-Wilets-
Cohen (KWC) model. Then we introduce a semiclassical
scheme for ion-molecule scattering based on asymptotic co
rect molecular and atomiclstates, in principle valid from
a_bout 100 eV I to MeV u* collision energies. We_ espe- are of the formr™2f(rp) wherer andp are the relative dis-
cially address effects related to the initial,'Hvibrational . :
excitation and compare the results of the two models witfance and momentum between the two particland). The

experimental results of Braunireg al. [36]. Atomic units are  term W, is similar, withr replaced by the internuclear dis-

Where Ho 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 nugleB and the
midpoint O betweenA and B. The effective potentialy\lf.g)

used unless otherwise stated. tanceR,g in front of the functionf(rp). The functionf(rp) is
given as

Il. THEORETICAL MODELS f B (ﬁf)z . P 4 )

The heavy-particle coordinates and the collision geometry (rp) = 4o exp| e -7 hé ' @

are displayed in Fig. 1. The projectil®) trajectory is de-
scribed by the impact parameterand velocitys, parallel to
the quantizatiorz axis. The orientation of the diatomic mol-

ecule(represented by the centeksandB) is defined by the  4ting numerical instabilities in the dynamical calculations.

angle 6 with respect to the beamadirectic(ﬁ) and the azi- Tpe parameterg and & were obtained by Cohen through a
muthal anglep which refers to théb,v) collision plane. The minimization scheme in order to have a correct electronic
electronic coordinates not shown in the figure, are defined ground-state energy of f at equilibrium distanceRag e

with respect to the midpoint of the Hinternuclear distance. We have chosen the values of these parameters as well as the
configuration in position and momentum spaces as they are
listed in Table | of [38]. Note that any random rotation
around the internuclear axis and inversion with respect to the

A classical many-body model for use in atomic collisions midpointO may be applied to give a set of initial conditions
was introduced by Kirschbaum and Wilef83] in 1980. for the molecular target in the collision simulations.

Their model provides a framework for atomic collisions To describe the collision, the projectile kinetic term plus
where, in addition to the usual kinetic energy and Coulomtall Coulombic attractive and repulsive terms betwé&eand
potential terms, two kinds of momentum-dependent potenA,B and the electron are added to the target Hamiltoilan
tials are added to the Hamiltonian of the target. One of thesklamilton’s equations of motion corresponding to the four-
two-body potentialgso-calledPauli constraint acts between body system are then solved numerically, exactly as in the
electrons with identical spin. The purpose is to mimic tousual classical trajectory Monte Caf@TMC) method de-
some degree a shell structure for many-electron systems. Thveloped for ion-atom collision$39]. This model describes
other type of potential is motivated by the fact that the elecsimultaneously all possible electronic processes as well as
trons should not be allowed to collapse onto the nucféwess  the molecular target rotation, vibration, and dissociation dur-
so-calledHeisenbergconstraint. These two extra repulsive ing the collision stage. Note also that when bound particles
potentials allow the classical stability of atomic ground-statedissociate due to the perturbation, the extra terms included in
configuration§33,37. the Hamiltonian vanistas f(rp) —0 whenr —oo; cf. Eq.

For molecules this model gives also a stable ground-stat€?)] and the particles propagate in the only Coulomb field
configuration. A problem is, however, that it does not givefrom the other charged particles. Finally, the integral cross
the correct binding energy of the elect(sy even for simple  sections for inelastic processes are evaluated from a statisti-
molecules as Kand H," [33]. Cohen[38] found that this cally relevant set of initial conditionf24,4Q.

where the stiffness constantis set equal to 4, as if38]:
large enough to make th&/ terms small inH; without cre-

A. Classical KWC model
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B. Semiclassical(2+1)-center theory Application of the time-dependent variational principle

In the energy regime under consideration h@ypically ~ [2444 to the expansion given in Eq5) leads to a set of
0.1-100 keV G!) which corresponds to subfemtosecond coquIed Pdlfferent|al equations for the amplitudes,
collision times, all inelastic channels are open and COUp|ed.:{Ck(t);Ck'(t)}!

Therefore a nonperturbative description of the dynamics of d
the electronic charge cloud delocalized on the three centers is iS(t)—c(t) = M (t)c(t). (7)
required. However, in this impact velocity range, the relative dt

motion of the different heavy particles may be decoupledryq matricesS(t) and M (t) are overlap and coupling matri-

from the electronic degrees of freedom. The treatment Mayyg i \yhich the computationally demanding two-center ele-
then be considerably simplified by assumiigthe rovibra-

. 2= X X ments take the form
tional suddenapproximation—i.e., frozen molecular internu-

clear vectorRag [21]—and (ii) a classical straight-line de- SiT(t) = (o |x iyl -ENt ®
scription of the projectile-target relative motioR=b+ot.

. . . P =T P
fec:]r gge-electron systems, the Hamiltonian can then be writ- MjFi’T(t) = <ije'”'r|H —E|¢NeE e -0?Pt (9)

The set of coupled equationi®) is solved in three stepsi)
H=- EAFJFVT(F; §AB) +VP(rp(D), (3) Qetgrmination of _the.projectile and target states by diagonal-
2 ization of the projectile and target Hamiltoniaiii) calcula-

. o= _ _ tion of the overlap and coupling matrix elements on a fixed
where fp(t)=r-R(t), V¥ is the potential related to the time grid, and(iii) numerical solution of the equations for
electron-projectile subsystem and; is the two-center po- given initial conditionsc(t— —), impact parameter, and ve-
tential experienced by the electron with respect to the moqcity.

lecular target, e.g., for §i:
1. Target and projectile orbitals

L= 1
VT(F;Rag) = = 1" 1. (4) To describe the projectile and the target ifpaeudoyone-
r— ERAB I+ ERAB electron picture, we have chosen to implementfbandV?®

[see Eq(3)] pure Coulombic potentials or model potentials

Within this approach, we have developed a new coupled®f the form
channel code to solve the time-dependent Schrédinger equa-

. | X X - N Bir
tion for the electronic scattering states expressed as VAN 2. airie (10
. L= LT
W(F,1) = 2 c(t) y(F; Ragle B Faet where then; are integertypically —1 and  and the varia-
K tional parameterg; are set to get correct atomic or molecu-
> et lar characteristics, ionization and/or binding energies, e.g.,
+ 2, o (DX (Fp(h) ek R (F,1). (5) 9 9 9

[45,46. Such monocentric potentials are convenient for the
description of the atomic projectile and the molecular target,
Note that this ansatz defineg2+1)-center theory for colli- when, in the latter case, terms centeredfoand B (nuclei
sions between diatomic molecules and atomic ions: +core electronsare used. The target and projectile states are
(i) The molecular two-center nature of the target is ex-then obtained by diagonalizing their individual Hamiltonian
actly described by static diatomic molecular orbit@#0’s), by using sets of Slater-type orbitgl8TO’s) centered, respec-

#y (of energyEl) depending parametrically dﬁAB and ex- tively, on one and two centers. The sets of states created by

pressed as linear combinations of atomic orbitals centered diis variational procedure contain well-described ground and
A andB: first excited states as well as loosely bound and ionization

Na Ng Ipsegdostates. ThisdreprgseTt_ation is W?“ ﬁUit?d forf p#rebCo_u-
2 L2 L= ombic systems and optimal in terms of the size of the basis
(T Rag) = E aﬁiﬁ(r’RAB) +Z aEiXJB(r’RAB)- (6) sets for pseudo-one-electron systems. However, concerning
' . the evaluation of multicenter integrals, such a kind of expan-
(i) Charge transfer processes are described by travelingion is not efficient and we have therefore adopted a mixed
asymptotic atomic orbitaleAO’s) centered on the projectile, representation of the projectile and target states. Each atomic
)(kp, (of energyslf,). Thus in this asymptotic representation of and molecular STO-built stafe5;(r)] is fitted in terms of a
the total scattering wave function, the electronic translationasum [G;(r)] of Gaussian-type orbital@GTO’s); this proce-
factors(ETP), F(,t) remain unambiguouslj42] described dure involves a systematic optimization of the exponents of
by plane waves exjy -F-iv?t/2), as in the semiclassical AO each GTO[47-49 by minimization of the integral A,
close-coupling approach developed for ion-atom collisions=Jo r2dr{S;(r) - G;(r) 2.
[24,41,43.
This procedure allows for the description of all kinds of
inelastic scattering events, including ionizing collisions, and We shall now focus on the methods for the computation
it opens for studying electronic time development in detail.of the matrix elements, the stage which demands most of the

K

2. Matrix elements

032715-3



CAILLAT et al. PHYSICAL REVIEW A 70, 032715(2004)

CPU time in the simulations. This requires the evaluation ofpowers ofA, B, a;, @y, ag, @, p, Py Py, Pz P+ Pys Pys P3 Vs
one-, two-, and three-center integrals, with or without ETF's.v,, vy, v, exponentiations, the error function, and its deriva-
In the present version of the code, all integrals involving onetives. No numerical integration has to be performed so that
and two centers without ETF’s are computed with the STOGthe computations are very fast; this compensates the increase
representation of the states, since their evaluations do natf the number of orbitals when going from STO'’s to GTO's.
present any significant problem and are rather [fa8}. Note that this algorithm is not newcf., for example,
However, the evaluation of the two-center and three{52,53), but the present implementation has the advantages
center matrix elements with ETF[ef. Egs.(8) and(9)] re-  of being general to any angular momentum and to control
quires extensive computational efforts when the states ameumerical instabilities.
expressed as STO expansidbgd]. In this case, we use the
GTO representation of the states and any of these integrals 3. Propagation stage and the cross sections

can be computed from the following general form: ] ) ) )
The coupled differential equatiorig) are solved using a

predictor-corrector algorithnj54] for a given set of fixed
parameters: impact parameter, velocity, target internuclear

+oc +0oo +o0
19= J dxf dyJ dz rmlrrm2rnm3xulyulzwlxruzyrUZerz
distance and orientatio(lliAB), and the initial conditions

2 12 "2 i,
o EXPZ anl® ol ™" = agr"™ +ipv - 1) (11)  9iven by the initial staté of the electron, bound by conven-
(r"* tion to the target,
(A=0,1u=0, x1). ‘I’(I?,t—>—90):¢i1—(F;|iAB). (16)

In the present notationgx,y,z) are the Cartesian coordi-
nates of the electron positionrelative to a given nucleus

andr’=f—p andr”=r—-p’ wherep andp’ can be any inter-
p P pandp

During the propagation, the matrixS*M is evaluated at
any timet by interpolation of the matrix elements values
. . f computed on a fixed time grid. The numerical quality of the
”“C'e?‘f relative positions. The INtegarg vy, ... Wa and the expansion coefficients(t) obtained asymptotically when the
even integersn,, m;, ms Must be poﬁsmve or zero. The very collision is over(t— +o, practically wherR is large enough
general form(11) stands for two-(p'=p) and three-center gq that the results are convergeghn be checked by using
integrals, including a potential operatéx=1) or not (M the norm conservation and time-symmetry relatigfs.
—A=0,a3=0), with or without ETF's(respectively,u=+1  From the coefficients,(t— +) we obtain the probabilities

or 0). The integrald? can be written as for any process— f, Pi¢(b,Rag, 8, @) =|cs(t— +%)|?, where
g \u g \u1 PR we mention explicitly the dependence on the init@ahd
19= lim_ Iaim9<— i—) <— —) (— —) fixed) molecular alignmenté, ¢; cf. Fig. 1). The cross sec-
d—pi g0 X day 98 tions are then defined as
uz g \v2 g \W2
X\ =i— | (-i— | |-i— -
J dy ddy ad, 0it(Rag, 0) = | d“DPi;(b,Rag, 6, ¢) (17)
my/2 my/2 mg/2
x<_i> : (L) g <_L)3Jg 12 | ,
day Jday dag » and alignment averaged cross section$5&
with kernel integrals as 1 ("
+o0 +o0 +o0 e—alrz—azr’2—a3r”2+ié.r'+i&.r7 Uif(RAB) = Efo sin adeo-if(RABa 0) (18)
3 :f dxf dyf dz T

A treatment of the vibrational degrees of freedom within the
(A=0,). (13)  sudden approximation can be found[67,58. When vibra-
tional distributions are not resolved in the final channels, a

The integrald? can be expressed analytically as . . . g . .
gralx P y y sum over all, discrete and dissociative, vibrational states is

272 a2 P—id 5 A2 B performed and leads to the closure relation. The cross sec-
3= B\a R Erf<2\_,;)’ (14 tions are then simply averaged over the distribution
|,(Rap)|? for a given initial vibrationaly, state:
3/2 -
‘]8 - (7_7-) e—azpz—id-ﬁeAzMa (15) o
“ oif’ = fo dRagl (Rap) it (Rag) - (19

where a=a;+a,+as, E\:i(§+a)+2azﬁ+2a3;;’, B=A
—Za;;’, and Erfz) is the complex error function. In practice, Within the Franck-Condon approximation the cross sections

the successive derivations & are performed symbolically (19) for a molecular target initially in its vibrational ground
directly in the collision code, leading to a large number ofstate are simply expressed aﬁ (Rageq—i-€., Cross sec-
terms, simple to evaluate numerically since including onlytions (18) evaluated at the internuclear equilibrium distance.
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_ FIG. 2. Energy diagrams for the two projec-
tiles and the hydrogen molecular i¢at the equi-
librium internuclear distancBageq=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
L ¢ 4k : . molecular pseudo stateqp and = states are
shown by dashed lines.

|
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1
1
('n-e) AB1sus

energy (a.u.)

L
T
|
T
|
L

ll. RESULTS AND DISCUSSION optimized for all internuclear distances needed in our calcu-
lations (0.4—8 a.u).. The second and much larger basis set

_ _ _ has been optimized only for the equilibrium distariRg ¢
The results which are presented in the following are baseg 2 a.u. to test the quality of the first, tractable, set. Only

on the two methods described above that we have coded f@jifferences of the order of 0.1% or below have been ob-
use on workstations and parallel machines. They concern thgrved for the energies of the ground and excitgtl $tates
study of two similar collision systems AEAr**~H,", es-  of importance. Figure 2 shows schematically the energy dia-
pecially focusing on total captuf@6] grams corresponding to these two sets.
A2+ + At L Lt s Lt The H€ capture states have been obtained by diagonal-
HE?"IAr" + Hy (1s7g) — HEArT +H™+H". - (20) ization onto tr?e exact hydrogenic STO’s: one sv)a/t inc%udes
For He* projectile all interactions are Coulombic while for only the exacn=1,2 and 3, 3p states(i.e., 6 STO's for¢

A. Models of the collision systems

Ar?* we use the one-parameter model potential =0 and 3 STO's fo =1), the other including also the exact
~ 3d plus the pseudostates stemming from the diagonalization
Ar2* 2 e B rocedures; cf. Fig. 2
VAT () === -16—|1+=r (21)  Proct » €. FIg. 2. o o
r r 2 Since the charge of the projectile, more than its internal

lectronic structure, was our interest, we have decided to use
simple, though crude, one-electron model for thé éap-
ture states. The interaction between the frozen
1s?25?2p83s?3p* configuration and the active electron was
1. Classical model described by a model potential; cf. E¢21). With B

The classical cross sections are based on calculations if-3.4816, we have obtained the energy of the ground $tate
cluding typically from 10 000 to 50 000 trajectoriéimitial ~ 3p° °P, named  in the following) equal to the exact value
conditiong to get statistical errors lower than 3% for all ve- of —1.015 a.u.[59]. We have included the second doublet
locities. The initial conditions for the target correspond to thestate, corresponding top34s2P (named 4 in Fig. 2), with
ones listed if38], before random rotations of both the elec- an energy equal to -0.387 a.u., 0.5% off the tabulated value
tron position and momentum and the molecule internucleal59]. An extra pseudostate obtained from the diagonalization
vector. The initial and final positions of the projectile on its of the 3 is also included in the basis BB; cf. Fig. 2.
trajectory are set |arge enougtypica“y 100 a.u. far from In summary, we have constructed two basis sets, called
the target such that the interactions between the two colli-SB and BB in Fig. 2, to perform our coupled-channel calcu-
sion partners become negligible. It is also necessary to haJations. The minimal basis SB including the dominant and
enough simulation time to be able to detect the possible dissome minor channels was used for most of the computations.
sociation of H*, a process which is at least one order of The larger basis set BB including up to 50 atomic and
magnitude slower than the electron dynamics. As in standar@-molecular states was used to check the convergence of the
CTMC calculations, the impact parameteof each trajec- SB representation; cf. next section.
tory is chosen by tak|ng randomly2 between 0 and)rznaxy We flna”y note that since the states included in the basis
where bmax’ which depends on the impact Ve|ocity, is the sets are fitted by GTO’s to Compute some of the matrix ele-
largest impact parameter beyond which only elastic scattefnents we have performed several checks of the numerical
ing occurs. stability of our results by changing the quality of the fits
(numbers of GTO's included, exponents of the GT)Giad
no significative difference has been obtained.

to describe the interaction between the active electron ang
Ar2t,

2. Semiclassical model

To describe the K target, we diagonalize the Born-
Oppenheimer Hamiltonian onto two different basis sébs:
the first containing onlyr states which are expanded in 16  In Fig. 3 we present the total capture cross sections based
STO’s and(ii) the second with bothr and 7 states described, on the classical method. Good agreement with experiments is
respectively, by 24 and 14 STO’s. The first set has beewbserved in the high-energy side of the scale: slightly lower

B. Results
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HeZ+_H+ — Ar2+_H+ 412
2 2

cross sections (A?)
(;y) suoposs ssoid

0.2 0.6 1 1.4 0.2 0.6 1 1.4
velocity (a.u.) velocity (a.u.)

FIG. 3. Capture cross sections vs impact velocity for the two projectil@$ ¢Heft) and A (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 channefs for the He
projectile; cf. text. The data marked by solid circles and error bars are the experimental results from Befiahifi8p].

increase of the cross sections for decreasing velocities for the bdbP.,{b,Rag, 6, ¢) (23

Ar?* is reasonable since this trend is the signature of a near-

resonant electron transfer channel, which is the dominanyy, total capture in H&H," andv=1.0 a.URap=Rageq The
Ar*(3p) capture channel; cf. Fig. 2. For the ﬁg_)rOJec_uIe It results are based on calculations using the large basis set BB.
is, however, not the case and the cross sections rise also jf this figure, we note the constant value, which appears to
the low-energy region where there are unfortunately no meaye the lowest limit ofG, for #=0—i.e., when the molecular
surements. The two-atom model presentefBB8] gives there  axis is aligned parallel to the projectile beam. On the other
the expected decrease. A reason for the low-energy increaggnd, the curve fos=90° corresponds to the upper limit of
for He?* is the classically allowed resonant capture whichthe G function. This tendency is in qualitative agreement
does not correspond to any physical quantum states: classjith the experimental results of Reiser, Cocke, and Brauning
cally, at low energy, a large number of trajectories tend t962], showing for doubly charged projectiles and somewhat
transfer the electron without significant energy change, intower velocities that the capture process is favored when the
creasing artificially the capture cross sections. We havenplecular axis is perpendicular to the projectile beam.
tested this assumption by removing the trajectories reaching Figure 4 shows indirectly also the complexity of the cal-
this quantum mechanically forbidden region: i.e., trajectoriegyjations to obtain the averaged cross sections; cf. Eqs.
which end up with the active electron bound to the?He and(18). For this figure, we have performed the calculations
nucleus with an energy lying between -2 a.u. and 0.5 a. Ufor 40 different molecular orientations. This task is only pos-

(predominantly about —1 a.u. in the actual calculatjoi®  sijble for tests with computer power of today, and certainly
do that we have used the correspondence criterion derived by

Becker and MacKellaf60]:

for the H&* projectile and higher for the At projectile. The (o) f“‘
0,¢) =

0

1 1/3 1 1/3
n-—-J)(n-1n <n.=|nn+-|(n+1
N I I
(22) 3

where n,=Zy-2¢; is a classical nlevel obtained from the =
classical binding energg <0: for Z=2 andn=1, theK shell <
corresponds to the range<—0.96 a.u. Note that the use of ©
this criterion does exclude the incriminated trajectories but
also the possibility for capture into theshell of H&, which
is, however, a very weak channel. Following this procedure 0.3 ' ' ' ' '
the cross sections are indeed depleted at low impact veloci- 0 60 120 180

d
ties, as shown as the dotted line in Fig(&ft). The absence ¢(deg)

of resonant channels thus limits the applicability of the clas- FG. 4. H&*-H,* collision system av=1 a.u. The orientation

sical method for He projectiles. dependencies of th@ integrals for total capturéevaluated at equi-
We now turn to the results from the coupled-channel apfibrium internuclear distancBageq=2 a.u), as function of the azi-

proach. As a first step, we present in Fig. 4 the angular demuthal anglep and for different values of: 0°, 15°, 30°, 45°, 60°,
pendency of the integral€1], 75°, and 90°.
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12

FIG. 5. Cross sections, calcu-
lated with the semiclassical
model, as function of the impact
velocity for the two collision
systems H&-H," (left) and
Ar?*-H," (right). The upper pan-
els [(a) and(b)] display the cross
sections for capturégsolid lines,
excitation(dashed lines and ion-
ization (dotted liney. The lines
marked with triangles show the
12 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 Brauning
et al. [36]. The dotted lines dis-
play the cross sections for the
dominant capture channels—i.e.,
He*(n=2) for He?*-H," and
Ar*(3p) for Ar?*-H,".

cross sections (A%
(;y) suonoos sso.o

cross sections (A?)
(;y) suoioss ssouo

0.2 06 1 1.4
(¢) velocity (a.u.) (d) velocity (a.u.)

not for a large basis set and many velocities and internuclear Cross sections based on the semiclassical method are dis-
distances. We have therefore chosen to compute orientatiqgriayed in Fig. 5 for both collision systeni3]. The upper
averaged cross sections using only three orientations corrg@anels[(a) and(b)] show the cross sections for capture, ex-
sponding to the axesy,z citation, and ionization based on calculations with the large
(BB) and medium(SB) basis sets. As expected capture is
2 very important at low velocities for the near resonant*Ar
oit(Rap) = ?[Gif(W/Z,O) +Gi(m/2,m/2) + G;(0,0)]. system. On the other hand, for the ¥ @rojectile capture is
not resonant and never exceeds significantly excitation. In
(24) fact, as a detailed dynamical study has expdd&l capture
and excitation are intimately coupled processes for this sys-
In the case shown in Fig. 4, this approximation gives a captem. Moreover, for both collision systems the ionization
ture cross section of about 3.47 A while the integration ovelimechanism is rather weak. In Fig. 5 we see also that the two
the 40 orientations gives 3.43 A. In general the difference isasis sets produce somewhat different results, especially for
not more than 5%49], so this approximation may be con- ionization, but the capture cross sections are rather insensi-
sidered as safgs7]. All cross sections presented in the fol- tive to the basis se{s<10%). The basis set SB which allows
lowing will be based on this procedure. large-scale computations at reasonable cost is expected to be

T T T
He®™ -H*
2

FIG. 6. Total capture cross
sections as function of the Ain-
ternuclear distanceR,g for the
two projectiles Hé&' (left) and
Ar?* (righty and for four typical
impact velocitiesvy=0.3, 0.7, 1.0,
and 1.3 a.u.

cross sections (A?)
(;y) suonoes ssoi0
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FIG. 7. Total capture cross
sections vs impact velocity for the
two projectiles Hé&' (left) and
Ar2* (right). Solid circles: experi-
mental data from Brauningt al.
[36]. Solid lines: semiclassical re-
sults assuming an initial J1 vi-
brational ground statéas in Fig.
5). Open crosses: semiclassical re-
sults assuming a Franck-Condon
initial vibrational distribution; cf.

0.2 0.6 1 14 0.2 0.6 1 1.4 text.
velocity (a.u.) velocity (a.u.)

cross sections (A%
(;y) suonoss ssoio

converged enough and to give correct cross sections for thaficantly to reach resonance asymptoticallgag— ). If
last part of our discussion. In the lower pannels of the figurehighly excited vibrational states are involved in the experi-
[(c) and (d)] we only consider the capture results in moremental procedure, large values Bf,z become important.
details and in comparison with the experimental results offhis dependence does explain the underestimation of the
[36]. First of all we see that the most dominant final channelsross sections evaluated at the equilibrum distance. For Ar
are then=2 level and the B states for H&" and AP* colli-  the cross sections behave very differently with the internu-
sions, respectively. Furthermore, the general trend of botlklear distance: capture is strongest around equilibrium and
measurements are again reproduced. Fét thre theoretical ~ decreases significantly, especially for our lowest velocity. As
results overestimate the experimental cross sections and amgentioned before, capture to the*f8p) states is resonant
in excellent agreement with the classical results of Fig. 3aroundRageqand theQ value increases on both sides, result-
For H&* the calculations, in contrast to the classical calcu-ing in “bell-shaped” cross sections. In this case, the possible
lations, reproduce now the general experimental trend in thinitial vibrational excitation of the molecular target is ex-
whole energy range, but the absolute magnitude is lower thapected to reduce the capture cross sections by increasing the
the data in[36]. These systematic differences cannot be exweigth of the large internuclear distance region.
plained by neither statistical experimental uncertainties nor As an illustration we have evaluated,, for a few typi-
basis convergence failures. cal velocities, assuming that th&, of Eq. (25) are the
However, in the experiment, the molecular ions are cref+ranck-Condon factors given §i65—that is, assuming the
ated by ECR sources in excited vibrational states. Since ngudden formation of K from H,. These results are pre-
vibrational cooling scheme(e.g., low-energy electron- sented in Fig. 7 with open crosses, together with the experi-
induced deexcitatiori64]) has been applied in the experi- mental data 0f36] and the theoretical results assuming vi-
mental procedure di36], one has to assume an initial distri- prational ground statéas in Fig. 5. For H&* the results
bution over the vibrational states of,Hin its electronic  show an increase of the cross sections to a very reasonable
ground state. For comparison, the capture cross sectionrgreement with the experimental data. On the other hand, for

should then be averaged as Ar?*, the averaging procedure decreases the cross sections as
o ) expected from Fig. 6 but this effect is minimal. All in all the
Ocapt= > AT capt (25 results taking into account the initial vibrational excitation of

the target in Fig. 7 show indeed an important improvement in

where the vibrational distribution coefficiens, are un- ”:e agr_et(ajme?t bet""?ﬁ” thbeorty anldd‘?ﬁpiri?em’ fat?1d +§|1_:ve a
; ; ; ) strong indication on the vibrational distribution o

known from the experlmental p.omt C-)f newa Z‘pt eorre- beamgl From these results one may even assume ZZ higher

spond to the cross sections defined in 8@), summed over : y g

all capture channels. The theoretical determination of th&/iPrational excitation than the ones given by the Franck-
v) Condon factors: these latter are peaked aroun@ and a

o, Cross sections for large values of the vibrational quan-~ - . L :
o2 tnumbers(typically up to »=10) requires knowledge of shift to higher vibrational quantum r;umbers would amplify
- - : . the increase of the cross sections forHgrojectile and their
Rap) In @ wide range of molecular internuclear dis- . -
Teapl Rne) g decrease for the At. In future generations of collision ex-

tances. . : . 2 S
The dependence of the capture cross sections, comput grlments mvo_lvmg ', the vibrational stateor distribu-
ion) would be important to control.

with the SB basis set, upon,Hinternuclear 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 Heprojectile the cross

sections are minimal around the equilibrium internuclear dis- In conclusion, we have developed and implemented a
tance and increase steadily for increadiyg. This is related nonperturbative semiclassical method to describe inelastic
to the decrease of th® value for the dominant capture electronic processes in collisions between ions and mol-
He'(n=2) channels, the sy ground-state energy rising sig- ecules. We have presented a first application of the method to

IV. CONCLUSION
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calculations of charge transfer cross sectionsdfgrarticles  cross-section measurements. We have also presented orienta-
and AP* colliding with H,". The coupled-channel results are tion effects for electron capture. These effects which seem to
compared with experimental data and classical calculationse of general trend in ion-molecule scattering are in agree-
The agreement between both theoretical methods is surprigaent with recent experimental studies.

ingly good. However, comparison with experiments shows

systematic differences for both collision systems wheghisi

considered in its vibrational ground state. We have shown ACKNOWLEDGMENTS

that the capture cross sections depend strongly on the inter-

nuclear distance and improving agreement was achieved J.C. and A.D. acknowlegde support from the Bergen
when assuming a vibrational excitation of the molecular tarComputational Physics LaboratofBCPL). The Laboratoire
get, prior to the scattering stage. It was demonstrated that trde Chimie Physique-Matiére et Rayonnement is UMR 7614
initial vibrational distribution could be inferred from capture du CNRS.
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