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Quantal and semiclassical calculations of charge transfer in C211He collisions

J. F. Castillo* and L. Méndez
Departamento de Quı´mica CIX, Universidad Auto´noma de Madrid, Cantoblanco, E-28049 Madrid, Spain

~Received 15 May 1995, revised manuscript received 26 March 1997!

A quantal reaction-coordinate treatment is employed to calculate charge-transfer cross sections for
12C2114He collisions in the impact energy range 300 eV<E<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 publication@1# cross sections for charge tran
fer and excitation in C211He collisions were calculated fo
12C impact energiesE>2 keV ~relative velocity v
>0.082 a.u.!. This calculation was carried out using a ba
set ofab initiomolecular wave functions that included tran
lation factors, and a semiclassical, impact-parameter tr
ment. The calculated cross sections showed good agree
with the experimental data@2#, for the charge-transfer reac
tion in which the C21 is in the ~metastable! state
1s22s2p 3P

C21~1s22s2p 3P!1He~1s2 1S!→C11He1~1s!. ~1!

However, theoretical and experimental results disagree
the corresponding reaction starting from the C21 ground state

C21~1s22s 1S!1He~1s2 1S!→C11He1~1s!. ~2!

It was suggested in@1# that these discrepancies might b
due to the presence of metastable C21 ions in a proportion
bigger than expected in the incident beam. Neverthel
since the largest differences between theory and experim
were found at relatively low impact energies (E.2 keV),
the validity of the impact-parameter method must be chec
before a conclusion on the reasons for the discrepancies
tween theory and experiment at low energies can be reac
Therefore, we have carried out quantal and semiclassical
culations of the cross sections for reactions~1! and ~2!, ex-
tending the range of the calculation to lower impact energ
(300 eV,E,2 keV) where experimental results are n
available. The cross section for the excitation process

C21~1s22s 1S!1He~1s2 1S!→C21~1s22s2p 1P!

1He1~1s! ~3!

has also been calculated.
The main theoretical difficulty in the use of the molecu

expansion is the so-called momentum-transfer problem~see,
e.g.,@3#!. In the semiclassical case, this is solved by inclu
ing translation factors. In particular, the inclusion of a co
mon translation factor@4# ~CTF! leads to a formally conver
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gent expansion which has been employed in many wo
~see, e.g.,@5# and references therein!. The situation is differ-
ent with regards to the application of the quantal method
this case the solution of the momentum transfer problem
in the introduction of reaction coordinates~RC! @6# ~see Ref.
@7# for a review on the RC method!. However, this method
has been applied only in a few calculations@8–10#, and an
explicit comparison of CTF and RC approaches has b
presented only in Ref.@8#. The RC method is an improve
ment of the close-coupling molecular expansion in which
coordinates are chosen so that the asymptotic condition
be rigorously fulfilled; further the method can be applied
atom-atom and atom-molecule collisions@11# as well as vi-
brational problems@12#. In this formalism the total wave
function for the collisional systemC, solution of the time-
independent Schro¨dinger equation, is expanded in terms of
set of molecular wave functions$c j (r ,j)% in the form

C~r ,j!5(
j
F j~j!c j~r ,j!, ~4!

wherer denotes the set of electronic coordinates,j is a com-
mon RC, and the functionsc j are ~approximate! eigenfunc-
tions of the Born-Oppenheimer fixed nuclei electron
HamiltonianHel(r ,R) for a value of the internuclear distanc
R, numerically equal toj

Hel~r ,R5j!c j~r ,j!5e jc j~r ,j!. ~5!

The RCj is expressed in terms of a switching functio
f ~see, e.g.,@7#!. Keeping terms up to orderm21, wherem is
the reduced nuclear mass in atomic units, one can write

j5R1
1

m (
i51

N

si~r i ,R!, ~6!

whereN is the total number of electrons and

si~r i ,R!5 f ~r i ,R!r i2
1
2 f

2~r i ,R!R. ~7!

Although expansion~4! is formally convergent, the speed o
convergence depends on the particular choice of the
Several switching functions have been proposed@5# and ap-
plied to define CTFs in general for one-electron systems
this work we have employed the same switching funct
used to define the CTF in@1#, and that has been also em
ployed by other authors@8–10# in quantal calculations. It has
the form

ry,
421 © 1997 The American Physical Society
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FIG. 1. Expectation valuesHii of the elec-
tronic Hamiltonian for the diabatic states in
cluded in the molecular basis set.~a! SInglet sub-
system: —,S states;. . . ,P states; - - -,D states.
~b! Triplet subsystem: —,S states; - - -,P states.
r

tio
d
al-
s
oic

a

ll

at-
e
te

it is
otal

ct
f ~r i ,R!5
R

R21b2 @r i•R̂1R~p2p0!#2~p2p0!, ~8!

where the electronic position vectorsr i are referred to the
nuclear center of mass,pR is the distance from the nuclea
center of masses to the carbon nucleus (p51/3). b andp0
are two parameters whose values~2.0 and 0.0, respectively!
are identical to that employed in the semiclassical calcula
@1#. In particular,p0 indicates the position of the so-calle
privileged origin@13# ~the carbon nucleus in the present c
culation!. Obviously, the use of the same set of parameter
both calculations does not mean that this is an optimal ch
for the RC calculation. Substitution of expansion~4! into the
Schrödinger equation leads to the set of differential equ
tions @14#

~2m21!¹j
2F j~j!1(

k
@m21M jk•“j1~E2«k!d jk

1~2m21!^c j u¹j
2uck&#Fk~j!50 ~9!
n

in
e

-

with

M jk5^c j u¹j1(
i51

N

~“si !•“1
1

2
¹2~si !uck& ~10!

and where, as in Refs.@9# and@10#, we have neglected sma
terms of order« j /m. Solution of the differential equation~9!
with the corresponding boundary conditions yields the sc
tering matrixSi j

J . If the system is initially represented by th
function c i , the total cross sections for transition to sta
c j , s i j is given by

s i j5
p

ki
2 (

J
~2J11!uSi j

J u2, ~11!

whereki is the initial momentum.
In order to compare quantal and semiclassical results,

useful to summarize the basic equations leading to the t
cross sections in the impact-parameter~IP! method. In this
method the nuclei follow rectilinear trajectories with impa
parameterb and uniform velocityv, while the electronic
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FIG. 2. Total cross sections for reactions~1!–
~3! as functions of the impact energy. Results f
reaction~1!: -n-, quantal result; --n--, semiclas-
sical result;s, experimental data@2#. Results for
reaction~2!: -d-, quantal result; --d--, semiclas-
sical result;h, experimental data@2#. Results for
reaction~3!: -L-, quantal result; --L--, semiclas-
sical result.
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motion is described by means of the wave functi
CSC

„r ,R(t)…, which is a solution of the impact-paramet
equation

FHel2 i
]

]tU
r
GCSC50 ~12!

The functionCSC is expanded in terms of a set of molecul
wave functionsc j (r ,R) in the form

CSC
„r ,R~ t !…5D~r ,t !(

j
aj~ t !c j~r ,R!expS 2 i E

0

t

« jdt8D ,
~13!

whereD is a CTF~see Ref.@1#! that includes the switching
function of Eq.~7!. Substitution of the molecular expansio
into the semiclassical equation yields a set of differen
equations for the coeficientsaj (t) of the form

i
daj
dt

1(
k

@ iv•M jk1v2Njk#akexpF2 i E
0

t

~«k2« j !dt8G50,

~14!

where the dynamical coupling termsM jk , Njk depend on the
particular CTF chosen. It must be noted that the part of
coupling proportional tov in Eq. ~14! is identical to the
coupling appearing in the RC expression~9!. The quantal
terms equivalent to the couplings proportional tov2 in Eq.
~14! are neglected in the approximations leading to Eq.~9!
~see, e.g.,@7#!. Besides, RC and CTF-IP equations can
related by expandingF j (j) in powers ofm21. Explicitly,

F j~j!5exp~ imv•j!~F j
01m21F j

11••• !, ~15!

substituting this expansion into Eq.~9! and neglecting terms
of orderm21, in particular, (2m21)^c j u¹j

2uck&, leads to

iv•“jF j
01 iv(

k
M jkFk

02« jF j
050. ~16!
l

e

e

As usually, we identify v•“j5]/]t and F j
0

5ajexp@-i*0
t«jdt8#, obtaining Eq.~14!, except for terms pro-

portional tov2. The total cross section for transition to sta
j is given by

s i j52pE
0

`

bPi j ~b!db, ~17!

where the transition probability,Pi j (b), is

Pi j ~b!5 lim
t→`

uaj~ t5`!u2. ~18!

In practice, the simplest way to solve Eq.~9! is to elimi-
nate the first-order derivative with respect toj by means of a
transformation to a diabatic representation@15#, in which the
radial component of the couplingsM jk vanishes. In this work
we have integrated the radial couplings following the n
merical method described in@9# and @16#. The expectation
values of the electronic Hamiltonian for the molecular diab
tic states~diabatic energies! included in the basis set ar
shown in Figs. 1~a! and 1~b!. The entrance channel of reac
tion ~1! is a statistical mixture of states 23S and 23P which
dissociate into C21(1s22s2p 3P)1He(1s2 1S). The domi-
nant mechanism of this reaction involves transitions fro
these states to 13S and 13P in the crossings atR;4.5a0 in
Fig. 1~b!. On the other hand, the diabatic energy of the e
trance channel of reaction~2! (1 1S) does not exhibit any
crossing forR.2a0 . For smaller internuclear distances th
large number of crossings between the diabatic energies
dicates that there is not a simple mechanism of the cha
transfer reaction in this basis, as discussed in@1#. To calcu-
late the total cross sections, the coupling matrix eleme
once tranformed to the diabatic basis set, are substituted
Eq. ~9!. A partial-wave analysis of the nuclear wave functio
is carried out which leads to a set of differential equations
the radial waves that is solved numerically. In this work w
have used the log-derivative algorithm of Johnson@17# as
implemented in Ref.@16#. The calculated cross sections a
shown in Fig. 2 together with the semiclassical results@1#
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that have been extended to lower nuclear velocities and
experimental data. Quantal and semiclassical results fo
action ~1! show excellent agreement in the whole range
impact energies; however, although both calculations y
the same cross sections for reaction~2! in the energy range
1.5 keV,E,2.5 keV, they diverge for lower energies. Wit
respect to the comparison with the experiment, good ag
ment is found for reaction~1!, while the disagreement foun
in @1# for reaction~2! for E.2 keV remains when comparin
with the RC values. Even more, the RC values are lower t
the CTF-IP ones when the collision energy decreases.

A more detailed comparison of CTF-IP and RC calcu
tions is provided by quantal and semiclassical transit
probabilities, which are illustrated in Figs. 3 and 4. In the
figures we have plotted the charge-transfer opacitybP(b)
for reactions~1! and ~2!. From the comparison of these tw
figures one can note the different mechanisms of react
~1! and ~2!, already pointed out in@1#. While quantal and
semiclassical opacities for reaction~1! show similar
Stueckelberg-type oscillating structures, with transitions t
ing place at relatively large impact parameters (b.4.5a0), a
nonoscillatory shape is found for reaction~2!, with transi-
tions occuring at lower impact parameters~or lower angular
momenta in the quantal treatment!. Besides, noticeable dis
agreement is found between quantal and semiclassical o
ties for reaction~2! at E.2 keV.

In order to analyze the disagreement between quantal
impact-parameter results for reaction~2! we have carried ou
several tests: First we have checked that the difference
not arise from the couplings proportional tov2 in the CTF-IP
method@Eq. ~14!# by setting these couplings equal to ze
and checking that the opacities do not change. In a sec
test we have increased the nuclear reduced mass in the
calculation for a fixed relative nuclear velocity of 0.036
a. u. We have checked that the semiclassical cross secti
obtained form.9 amu. In practice, a difference betwee
quantal and semiclassical calculations is the use in
former one of a diabatic basis set. To study the pract
influence of this transformation, we have carried out

FIG. 3. Opacity for reaction~1! at an impact energy of 1.75 keV
vs b. ---, semiclassical result —, quantal result forbPi j (b), where
i523S, j513S. In the quantal casePi j5uSi j

J u2, J5b(2mE)1/2,
and in the semiclassical casePi j is the transition probability and
b the impact parameter.
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CTF-IP calculation using the same diabatic states emplo
in the RC one. Cross sections obtained from both, diab
and adiabatic semiclassical calculations are indistingu
able. Finally, we have considered the comparison of b
calculations at relatively high velocities. While quantal a
semiclassical calculations yield the same cross sections~Fig.
2! for E.2 keV, worse agreement is found for the corr
sponding opacities~Fig. 4!. Good agreement is however re
covered for higher energies (E53.75 keV), showing the
consistency of both calculations.

As a first conclusion of the present work, RC calculatio
support both, CTF-IP and experimental cross sections
reaction ~1! in the range of impact energies~300 eV–2.5
keV! considered. Secondly, RC and CTF-IP cross secti
for reaction~2! agree forE.1.5 keV, while remarkable dis
agreement is found with the experimental values, which
inforces the conclusions of Ref.@1#. Finally, further work is
needed to analyze the disagreement between RC and CT
calculations for reaction~2! for E,1.5 keV. A possible ex-
planation for this disagreement might be a limitation of t
IP approximation for this collision at impact energies belo
100 eV/amu. This explanation is supported by the calculat
of Ref. @8#, in which noticeable trajectory effects were foun
at similar nuclear velocities. Furthermore, trajectory effe
are expected to be more important for reaction~2! than for
reaction~1! that takes place at larger impact parameters.
the other hand, given the lack of calculations comparing
and CTF-IP methods, the effect on the convergence of b
expansions of the choice of the switching function is u
known. However, the system considered in this work is
suitable for a convergence study, and a systematic comp
son of RC and CTF-IP methods for one-electron system
desirable.
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ful discussions, and Professor A. S. Dickinson and Dr. R
Allan for providing us with the quantal code. This work ha
been partially supported by DGICYT Project No. PB9
0288-C02.

FIG. 4. OpacitybP(b) for reaction~2! at two impact energies
2 keV and 3.75 keV, whereP(b) is the sum over all exit channels
j , of Pi j (b). ---, semiclassical result for reaction~2!; —, quantal
results for reaction~2!.
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