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Quantal and semiclassical calculations of charge transfer in € +He collisions
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A quantal reaction-coordinate treatment is employed to calculate charge-transfer cross sections for
12¢c?* +4He collisions in the impact energy range 300eF<2.5 keV, using a molecular basis set. Total
cross sections are compared with semiclassical results and with available experimental data.
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In a recent publicatiofl] cross sections for charge trans- gent expansion which has been employed in many works
fer and excitation in € +He collisions were calculated for (see, e.g.[5] and references thergiriThe situation is differ-
12C impact energiesE=2keV (relative velocity v ent with regards to the application of the quantal method. In
=0.082 a.u. This calculation was carried out using a basisthis case the solution of the momentum transfer problem lies
set ofab initio molecular wave functions that included trans- in the introduction of reaction coordinatéRC) [6] (see Ref.
lation factors, and a semiclassical, impact-parameter treaf7] for a review on the RC methgdHowever, this method
ment. The calculated cross sections showed good agreemdras been applied only in a few calculatidigs-10], and an
with the experimental dati2], for the charge-transfer reac- explicit comparison of CTF and RC approaches has been
tion in which the G' is in the (metastablp state presented only in Ref8]. The RC method is an improve-
1s22s2p 3P ment of the close-coupling molecular expansion in which the
coordinates are chosen so that the asymptotic condition can
C?*(1s?2s2p *P)+He(1s? 'S)—C*+He*(1s). (1)  be rigorously fulfilled; further the method can be applied to
atom-atom and atom-molecule collisioffsl] as well as vi-
However, theoretical and experimental results disagree fogrational problemd12]. In this formalism the total wave
the corresponding reaction starting from thé' @round state  function for the collisional syster¥, solution of the time-
2h a2 1 ’1 N . independent Schdinger equation, is expanded in terms of a
C*(1s°2s °S)+He(1s” "§)—C" +He"(1s).  (2)  get of molecular wave functior{y;(r,&} in the form

It was suggested ifil] that these discrepancies might be
due to the presence of metastabl& Gons in a proportion ‘I’<r,§>=2 Fi(§¢;(r.9), (4)
bigger than expected in the incident beam. Nevertheless, .
since the largest differences between theory and experimemtherer denotes the set of electronic coordinates a com-
were found at relatively low impact energieE=2 keV), mon RC, and the functiong; are (approximatg eigenfunc-
the validity of the impact-parameter method must be checkedons of the Born-Oppenheimer fixed nuclei electronic
before a conclusion on the reasons for the discrepancies betamiltonianH(r,R) for a value of the internuclear distance
tween theory and experiment at low energies can be reacheg, numerically equal t@&

Therefore, we have carried out quantal and semiclassical cal-

culations of the cross sections for reactigs and (2), ex- Hel(r,R=8) ¢;(r,&) = €¢;(r,§). 5
tending the range of the calculation to lower impact energies
(300 eV<E<2 keV) where experimental results are not
available. The cross section for the excitation process

The RC§ is expressed in terms of a switching function
f (see, e.g.[7]). Keeping terms up to ordgr ™, whereu is
the reduced nuclear mass in atomic units, one can write

C?*(1s?2s 1S)+ He(1s? 1S)—C?*(1s?2s2p P) 1 N
T He'(1s) @) =R+ 2 s(R), )
has also been calculated. whereN is the total number of electrons and
The main theoretical difficulty in the use of the molecular s(r R)=f(r R — 13(r, R)R. )

expansion is the so-called momentum-transfer proliese,
e.g.,[3]). In the semiclassical case, this is solved by includ-Although expansiort4) is formally convergent, the speed of
ing translation factors. In particular, the inclusion of a com-convergence depends on the particular choice of the RC.
mon translation factof4] (CTF) leads to a formally conver-  Several switching functions have been propogdand ap-

plied to define CTFs in general for one-electron systems. In

this work we have employed the same switching function

*Present address: Physical and Theoretical Chemistry Laboratorysed to define the CTF ifil], and that has been also em-

University of Oxford, South Parks Road, Oxford, OX1 3QZz, United ployed by other authof8-10] in quantal calculations. It has
Kingdom. the form
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R ~ with
f(ri,R)=RzTﬂz[rrmR(p—po)]—(p—po), (8) .

1
Mi=(3| ¥+ 2 (VS)-V+5 V28)|p) (10
where the electronic position vectors are referred to the =1
nuclear center of masgR is the distance from the nuclear and where, as in Reff9] and[10], we have neglected small
center of masses to the carbon nucleps (/3). Sandp,  yormg of orde; /. Solution of the differential equatiof®)
are two parameters whose valu@s0 and 0.0, respectively it the corresponding boundary conditions yields the scat-
are identical to that employed in the semiclassical calculaﬂoqering matrixS]j . If the system is initially represented by the

[11' .In parﬂc_ulgr,po indicates the posmon of the so-called function ¢;, the total cross sections for transition to state
privileged origin[13] (the carbon nucleus in the present cal- o is given b

culation. Obviously, the use of the same set of parameters iﬁbJ ro y
both calculations does not mean that this is an optimal choice

v
for the RC calculation. Substitution of expansi@) into the T =12 > (23+ 1)|S]j|2, (11
Schralinger equation leads to the set of differential equa- i J
tions[14] wherek; is the initial momentum.

In order to compare quantal and semiclassical results, it is
o2 1 useful to summarize the basic equations leading to the total
(&+ h-Ve+(E— - : ; . X
(2 VRO zk: [ M Vet (B 21 9y cross sections in the impact-parameté) method. In this
. , method the nuclei follow rectilinear trajectories with impact
+(2u NI Vel hd IF(§) =0 (9 parameterb and uniform velocityv, while the electronic
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motion is described by means of the wave functionAs usually, we identify v-V,=d/gt and FJ-0
¥SCr,R(t)), which is a solution of the impact-parameter =ajexp[-if})£-5dt’], obtaining Eq(14), except for terms pro-

equation portional tov“. The total cross section for transition to state
5 j is given by
Heimi o }\psczo (12) o
r G'ij:27Tf bP”(b)db, (17)
0
The functionW=C is expanded in terms of a set of molecular N N _
wave functionswj(r,R) in the form where the transition prObablllt)P,ij(b), IS
t—oo

t
WSK(r,R(1))=D(r,t) >, aj(t)d/j(r,R)exp(—ifosjdt’),
]
(13 In practice, the simplest way to solve H§) is to elimi-

) . o nate the first-order derivative with respecté&by means of a
whereD is a CTF(see Ref[1]) that includes the switching transformation to a diabatic representatjas], in which the
function of Eq.(7). Substitution of the molecular expansion radial component of the coupling4 vanishes. In this work
into the semiclassicall e_:quation yields a set of differentialye have integrated the radial couplings following the nu-
equations for the coeficientg(t) of the form merical method described 9] and [16]. The expectation

da : values of the electronic Hamiltonian for the molecular diaba-
e M. PINE i oAt | = tic states(diabatic energigsincluded in the basis set are
' dt +2k [iv-Mjcto Njk]akexr{ IJo(sk &))dt’| =0, shown in Figs. (a) and 1b). The entrance channel of reac-
(14)  tion (1) is a statistical mixture of states®? and 2°I1 which
dissociate into € (1s?2s2p 3P)+ He(1s? !S). The domi-
where the dynamical coupling term;, N; depend on the nant mechanism of this reaction involves transitions from
particular CTF chosen. It must be noted that the part of thehese states to s, and 1°I1 in the crossings @&~ 4.5a, in
coupling proportional tov in Eg. (14) is identical to the Fig. 1(b). On the other hand, the diabatic energy of the en-
coupling appearing in the RC expressi@®. The quantal trance channel of reactiof?) (113) does not exhibit any
terms equivalent to the couplings proportionalfoin Eq.  crossing forR>2a,. For smaller internuclear distances the
(14) are neglected in the approximations leading to ).  |arge number of crossings between the diabatic energies in-
(see, e.g.[7]). Besides, RC and CTF-IP equations can bedjcates that there is not a simple mechanism of the charge-

related by expanding;(£) in powers ofu 1. Explicitly, transfer reaction in this basis, as discussefiLin To calcu-
) o 1.1 late the total cross sections, the coupling matrix elements,
Fi(§)=explipv-§(Fj+u "Fi+---), (19 once tranformed to the diabatic basis set, are substituted into

Eq. (9). A partial-wave analysis of the nuclear wave function
is carried out which leads to a set of differential equations for
the radial waves that is solved numerically. In this work we
have used the log-derivative algorithm of John$ai] as
i0-V.EO+i M E0— ¢ . FO=0. 16 implemented in Ref[16]. The calculated cross sections are
R ka KTk & 18 shown in Fig. 2 together with the semiclassical res{iis

substituting this expansion into E(R) and neglecting terms
of order ™, in particular, (2¢~)(4;| V), leads to
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FIG. 3. Opacity for reactiofil) at an impact energy of 1.75 keV FIG. 4. OpacitybP(b) for reaction(2) at two impact energies:
vsb. ---, semiclassical result —, quantal result foP;;(b), where 2 keV and 3.75 keV, wherB(b) is the sum over all exit channels,
i=2%, j=1%5. In the quantal cas®;;=|S}|?, J=b(2uE)*% |, of P;j(b). ---, semiclassical result for reactid@); —, quantal
and in the semiclassical ca$g; is the transition probability and results for reactior2).

b the impact parameter.

CTF-IP calculation using the same diabatic states employed
that have been extended to lower nuclear velocities and thia the RC one. Cross sections obtained from both, diabatic
experimental data. Quantal and semiclassical results for reand adiabatic semiclassical calculations are indistinguish-
action (1) show excellent agreement in the whole range ofable. Finally, we have considered the comparison of both
impact energies; however, although both calculations yieldalculations at relatively high velocities. While quantal and
the same cross sections for reacti@ in the energy range semiclassical calculations yield the same cross sectfigs
1.5 keV<E<2.5 keV, they diverge for lower energies. With 2) for E=~2 keV, worse agreement is found for the corre-
respect to the comparison with the experiment, good agre&ponding opacitie¢Fig. 4. Good agreement is however re-
ment is found for reactioil), while the disagreement found covered for higher energiesEE3.75 keV), showing the
in [1] for reaction(2) for E=2 keV remains when comparing consistency of both calculations.
with the RC values. Even more, the RC values are lower than

- As a first conclusion of the present work, RC calculations
the CTF-IP ones when the collision energy decreases. P

. : i _support both, CTF-IP and experimental cross sections for
A more detailed comparison of CTF-IP and RC calcula reaction (1) in the range of impact energi¢800 eV—2.5

tions is provided by quantal and semiclassical transitio . .
probabilities, which are illustrated in Figs. 3 and 4. In thesgkev) considered. Secondly, RC and CTF-IP cross sections

figures we have plotted the charge-transfer opai(b) for reaction(?) agree fqrE> 15 keV,' while remarkable Qis—
for reactions(1) and (2). From the comparison of these two ggreement is found 'Wlth the exper|mental values, whu?h re-
figures one can note the different mechanisms of reactiongforces the conclusions of RefL]. Finally, further work is
(1) and (2), already pointed out ifil]. While quantal and needed_to analyze thg disagreement between RC.and CTF-IP
semiclassical opacities for reactiofil) show similar calculations for reactiof?) for E<1.5 keV. A possible ex-
Stueckelberg-type oscillating structures, with transitions takplanation for this disagreement might be a limitation of the
ing place at relatively large impact parametd];g:(A],Bao), a IP approximation for this collision at impact energies below
nonoscillatory shape is found for reacti¢®), with transi- 100 eV/amu. This explanation is supported by the calculation
tions occuring at lower impact parametéos lower angular ~ of Ref.[8], in which noticeable trajectory effects were found
momenta in the quantal treatmgnBesides, noticeable dis- at similar nuclear velocities. Furthermore, trajectory effects
agreement is found between quantal and semiclassical opaeire expected to be more important for reacti@nthan for
ties for reaction(2) at E=2 keV. reaction(1) that takes place at larger impact parameters. On
In order to analyze the disagreement between quantal artfle other hand, given the lack of calculations comparing RC
impact-parameter results for reacti® we have carried out and CTF-IP methods, the effect on the convergence of both
several tests: First we have checked that the differences dskpansions of the choice of the switching function is un-
not arise from the couplings proportionaluin the CTF-IP known. However, the system considered in this work is not
method[Eq. (14)] by setting these couplings equal to zero gitaple for a convergence study, and a systematic compari-

and checking that the opacities do not change. In a seconghn of RC and CTF-IP methods for one-electron systems is
test we have increased the nuclear reduced mass in the Rfasiraple.

calculation for a fixed relative nuclear velocity of 0.0365

a. u. We have checked that the semiclassical cross section is We thank Professor A. Riera and Dr. L. F. Errea for help-
obtained foru>9 amu. In practice, a difference between ful discussions, and Professor A. S. Dickinson and Dr. R. J.
guantal and semiclassical calculations is the use in théllan for providing us with the quantal code. This work has
former one of a diabatic basis set. To study the practicabeen partially supported by DGICYT Project No. PB93-
influence of this transformation, we have carried out the0288-C02.
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