
PHYSICAL REVIEW A VOLUME 52, NUMBER 2 AUGUST 1995

Theoretical study of single and double charge transfer in He +-He collisions
at kilo-electron-volt energies in a diabatic molecular representation
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A 15-state diabatic molecular expansion, covering channels up to 2s and 2p excitations, has been used
to study single and double charge transfer in He +-He(1s ) collisions at kilo-electron-volt energies. The
aim of the work has been to explore the usefulness of this type of diabatic molecular basis for eventual
use in benchmark calculations, electron translation factors not being included in this low-energy calcula-
tion. Our results for single and double electron capture agree very well with experiment up to relative
velocities of -0.5W.6 a.u. For single capture into the ground state the series can be truncated early
with very little effect, but for double capture the truncation cannot be done. A probable connection with
correlated two-electron motion is discussed.

PACS number(s): 34.70.+e, 34.20.—b

I. INTRODUCTION

In low-energy ion-atom collisions involving a single ac-
tive electron, the use of adiabatic molecular wave func-
tions was initiated by Bates, Massey, and Stewart [1] and
has had a long history. Diabatic states were introduced
by Lichten [2] for the same purpose and, because they
cannot be rigorously defined, many criteria have been
proposed [3—9] to incorporate the fact that electrons can-
not adjust themselves to the nuclear motion in a quasi-
molecular collision complex as easily as in a stable mole-
cule.

In a practical close-coupling calculation, we have to
truncate the diabatic series after a finite number of terms.
As Smith [4] pointed out, an early truncation of a diabat-
ic series has to be paid for by a price —namely, sacrifice
of configuration interaction. Since in the one-electron
picture configuration interaction is the only way to take
account of electron correlation, this gives rise to a proba-
bility that for two-electron processes that involve direct
(rather than sequential) two-electron exchange and/or ex-
citation, (e.g., [10]),early truncation of diabatic series can
lead to neglect of electron correlation.

We have used in this paper a diabatic molecular repre-
sentation to study single and double charge transfer in
He +-He collisions at low energies (relative velocity (1
a.u.). The reaction channels are given at the beginning of
Sec. IV. The diabatic basis has been constructed similar-
ly as in an earlier work [11] devoted to single charge
transfer in He+-He collisions. The double capture pro-
cess is resonant and involves an exchange of two elec-
trons. We find that our results demonstrate the above
effect of diabatic basis truncation for this two-electron
process.

The plan of the paper is as follows. In Sec. II we define
the diabatic basis and set up the coupled equations in the

'Formerly S. Ganguly.

impact-parameter formulation. The techniques used for
numerically solving these coupled equations are outlined
in Sec. III. In Sec. IV we present our results. Finally,
our conclusions are summarized in Sec. V.

II. THEORY

We are using atomic units throughout unless otherwise
specified. First expand the total wave function of the col-
lision complex in a body-fixed (e.g. , [4]) molecular basis,

dcj. = g (H&v +P&v + Qjk )ck,
dt

(2)

where

Hjk = ( 0,' lH, 0tk )

Qls= ~gI4r 'gg 4s)

where z =vt and b is the impact parameter. (There is an
obvious misprint in the last line of Eq. (7) in [11].)

For use in (1) and (2) we now define a diabatic molecu-
lar basis as in [11],

g(r, R ) = U(R = ~ )S(R)$(r,g(R = ~ );R ), (3)

where g and P are column vectors, g are the orbital ex-
ponents, S(R) is the Schmidt orthonormalization matrix
and U diagonalizes (SQ~H, t Sf) at »rge R.
dual diabatic configurations p are constructed with
linear-combination-of-atomic-orbitals molecular orbitals

%(r,R(t ) )= g ck(t)fk (r, R ) .
k

Then in the semiclassical impact-parameter approxi-
mation, the time-dependent Schrodinger equation be-
comes (see [11]for details)
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TABLE I. Basis functions (normalized) used to construct the
diabatic molecular wave functions (1). The symbol {A, B j
denotes the spatially symmetric (singlet) combination
(A, B2+ A2B, )(a&Pz —azP, ) where a,P are "up" and "down"
spin functions and A„Bare spatial MO's.

Singlet g-states

[crs(ls) —cr„(ls) ]
1

1

$2= —[crs(1$) +cr„(ls) ]
1

2

Ps= —'[{o (1$)vr (2p+ ) j
—{o„(ls)sr„(2p+)}]

$4= —'[{crs(1$)srs(2p+ ) j+ {o„(1$)m„(2p+ ) j ]
Ps= —'[{crs( 1$)crs(2$ ) j

—{cr„(ls)o „(2s)j ]
P6= z [ f os( ls)os(2$) }+ {o „(ls)o „(Zs)}]
47= —'[f crs(1$)crs(2po) j

—{o„(ls)cr„{2po)j ]
(t, = —,

' [{os(ls)crs(2po) j+ {o.„(ls)o„(2po)}]

Singlet u-states

$9=—{crs( ls)o „(ls) }
1

$,0
=

—,
'

[ {o s (1$)sr„(2p+ ) j
—

{cr „(1$)sr (2p ~ ) j ]
y$]= —'[{cr (1$)sr„(2p+ ) j+ {cr„(ls)sr (2p+ ) j ]
P&z= 2 [ f crs(1$)o„(2$)j

—
{cr„(ls)crs(2$) j ]

$]3 2 [{crs(ls)o„(2s)j + {cr„(1$)os(2$)}]
414 [ {cr ( 1$)cr„{2p0 ) j {cr ( ls )cr (2po ) j ]
P„=—,'[ fo. (ls)cr„(2po)}+fcr„(ls)o (2po)}]

He(ls )+He +~He+(1$)+He+(nl) (4)

with n =1,2, 3,4. For n )2, though, the cross sections
are quite small, and we have chosen a diabatic basis
whose separated-atom energies cover the spectrum for
n =1 and 2 completely. Tables I and II show the basis
functions P; together with the theoretical separated-atom
limits and the calculated separated-atom energies at in-
ternuclear distance R =50 a.u. These energies were ob-
tained by variation of the orbital exponents at this value
of R.

We now "freeze" the exponents and the U matrix at
R =50 a.u. to form the diabatic basis (3) extending over
all R. Because an adiabatic basis must be formed by vari-
ationally minimizing the energies at all R, the "diabatic"
character of this basis becomes more apparent towards
small R. Also, as shown in [11],this basis is a close ap-
proximation to Smith's [4] "standard" radial diabatic
basis in that the radial coupling matrix P is negligible
throughout. The angular couplings Q have been evalu-
ated by standard methods (see [14] for details). It may be
noted from Table II that our diabatic states go over
correctly to the separated-atom limits. Since for this sys-
tem the definition of one-electron translation factors
(ETF's) become problematical for molecular states that
dissociate into He++He+ channels, we have chosen to
omit the ETF's from our calculations, which are restrict-
ed to low energy anyway.

(MO's) built up with a minimal Slater basis. The center of
mass coincides with the center of charge for a symmetric
system, and has been chosen as the origin of the coordi-
nates. Obviously, at large R, P coincides with the adia-
batic basis.

Afrosimov et ctl. [12] and Shah, McCallion, and Gil-
body [13]have carried out extensive measurements of sin-

gle and double charge transfer in He +-He collisions. In
particular, Afrosimov et aI. give cross sections for single
charge transfer into different channels,

III. CALCULATIONAL DETAILS

The coupled equations (2) finally assume the form

dc.
i = g ck(H~k+Q&k) .

k=1

A unitary transformation

C =c exp i H "dt (6)

TABLE II. Separated-atom behavior of the basis states.

Basis
functions Separated-atom limit

Energy (a.u. )

Calculated From
at R =50 a.u. Ref. [26]

02

4s

10

11

Ni4

Pals

{ls„(1)1$$(2)j
[ ls„(1)1$„(2)+ 1$$(1)lss (2) ]
f 1$$(1)2p+ „(2)j

—
f 1$„(1)2p+s(2)}

f ls„(1)2p+„(2)j —f 1$$(1)2p+s(2) }
{ls„(1)2$$(2)} + {1ss(1)2s„(2)j

f ls„(1)2s„(2)}+ {1$$(1)2$$(2)j

f lss(1)2pog(2)} f lsg(1)2pps(2)j
{1$g ( 1 )2pog (2) } {lss ( 1 )2pps (2) j
[ls„(1)ls„(2)—1$$(1)1$$(2)]
{ls„(1)2p+s(2) }+ f 1$$(1)2p~ ~ (2) }

f ls„( l)2p+ „(2)}+ {1$$(1)2p+s(2) }

{iss(1)2$& (2) }
—

{1$„(1)2$$(2)}
{ls„{1)2s„(2)j—flss(1)2$$(2)}
f 1$$(1)2po~(2)}+{1$&(1)2pos(2) j

f lsd ( 1 )2pog (2) }+ {lss ( 1 )2pos (2) j

—3.980 00
—2.851 53
—2.479 99
—2.122 28
—2.473 85
—2.140 39
—2.479 98
—2.122 08
—2.851 22
—2.480 02
—2.122 59
—2.474 01
—2.14048
—2.479 70
—2.122 08

—3.979 63
—2.903 35'
—2.479 78
—2.123 63
—2.479 78
—2.145 76
—2.479 78
—2.123 63
—2.903 35'
—2.479 78
—2.123 63
—2.479 78
—2.145 76
—2.479 78
—2.123 63

'For this separated-atom limit, the best single-zeta energy = —2.847656 hartree, while the Hartree-
Fock energy = —2. 861 68 hartree [27].



THEORETICAL STUDY OF SINGLE AND DOUBLE CHARGE. . . 1139

eliminates the diagonal elements of H from (5), leaving

dCJ = g Ck(H~k+Qjk)exp & J (H~J H—kk) dt .

k=1

(7)

Because of the choice of the origin at the center of the
internuclear line, the g and u subsets of the coupled equa-
tions (7) separate. The equations were solved by the
Bulirsch-Stoer method [15] which was programmed to
preserve unitarity to within 4—5 parts in 10 (or better).
Choosing the initial boundary conditions ck(t = —Dc ) to
match with the entrance channel in (4), the probabilities
for the di8'erent charge-transfer channels were obtained
as follows:

(i) Single charge transfer to the ground state [n =1 in
(4)]:

diabatic basis lies not in this quantum chemistry aspect,
but rather in its ability to predict quantitative cross sec-
tions. As already mentioned, Afrosimov et al. [12(a)]
have given the different channel (nl) cross sections for re-
actions (9}. Figure 3 shows the cross sections for the sin-
gle capture to the ground state, i.e., the channel (9a}
above. The experimental data of Ref. [-12(a)]-and- the
theoretical results of Fulton and Mittleman [17] are
shown for comparison. Also shown are the results of a
parallel three-state calculation [18] where the g states P&,

Pz and the u state P9 were retained. Theoretical results
for this reaction have also been presented by Harel and
Salin [19]and Gramlich, Gruen, and Scheid [20]. The re-

P =-,'Ic, (+
(ii} Double charge transfer (resonant channel):

P= —,'Ic2(+ eo) —c9(+ Oe )I

(8a)

(8b)

(a)

(iii) Single charge transfer to excited channels, e.g. ,
nl =2s in (4):

P =
—,
' Ic5(+ De )+c&2(+ De ) I (8c)

with the + ( —) sign for target (projectile) excitation.
Cross sections for the difFerent processes were then ob-
tained by standard methods. Calculations were done on a
32-bit personal computer using double precision arith-
metic.

IV. RESULTS AND DISCUSSION

I

2 3

R (a. u. )

We have computed the cross sections for the following
charge-transfer reactions:

(i) Single capture:

He& ( ls )+He&+ ~He& ( ls)+ He& ( ls)

—+He&(ls)+He~ (nl)

~He+„(nl)+ Hes ( ls)

(9a)

(9b)

(9c)

(nl =2s, 2po, 2p+ ).

(ii) Resonant double capture:

He„( ls )+He&+ ~He„++ He&( ls ) (10)
0—

at laboratory energies up to -25 keV/amu. Channels for
target as wel/ as projectile excitations have been ignored.

Figures 1(a) and 1(b) show a few diabatic Hamiltonian
matrix elements. In principle, for an infinitely large num-
ber of configurations, these curves should yield the "ex-
act" adiabatic potentials of He +-He on diagonalization;
in practice, with a basis set truncated before n =3, such a
comparison would have only a qualitative value. Never-
theless, we compare in Fig. 2, a few diagonalized poten-
tial curves obtained from our diabatic curves with the
adiabatic eigenvalues taken from Gao et al. [16]. Except
at very small R, the agreement is generally fairly good.

We reiterate, however, that the usefulness of our (finite)

—2
0

(9,12 )

I

2 3
R (a. u. )

FIG. 1. (a) Some typical diabatic diagonal Hamiltonian ma-
trix elements (Hkk) for the basis (3) of the text plotted against
internuclear distance (R). Full-line curves for g states; dotted
curves for u states. For numbering of the states

I
k } see Table 1.

(b) Some typical diabatic off-diagonal Hamiltonian matrix ele-
ments (HJI, ). Full-line curves for g-g elements; dotted curves
for u-u elements.
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suits in [19] (not shown) practically coincide with our re-
sults; Gramlich, Gruen, and Scheid used Gaussian orbital
expansions, and their results differ markedly from ours at
low energies.

It is seen that for energies up to 5 keV/amu the present
results agree very well with experiment. This proves the
usefulness of this diabatic expansion at low energies.
Also, the observation made by Zygelman et al. [21] that
"a molecular state expansion without electron translation
factors is a valid low-energy approximation" is borne out
by our results. Note that our three-state results are very

C
O

CD

0.1 =

0.01 =

go

-0.50—

—I.OO—

0.001

I

10
E (keV/amu)

100

— l.50—

-2.00—

FIG. 3. Single-charge-transfer cross sections for reaction (9a)
plotted against the collision energy. Open circles: present calcu-
lation (15-state basis); dashed line three-state calculation; dotted
line: Fulton and Mittleman [17];dark circles: Afrosimov's data
[12(a)].

—2.50—

—3.00—

—3.50
0.00

-0.50—

I 1

1.00 2.00 3.00 4.00 5.00 6.00
R (a.u. )

good at low energies, although they tend to overshoot the
15-state results towards the higher energies. This can
probably be traced back to the observation made by
Kimura and Lane [22] that "a calculation with a small
basis set generally overestimates the cross section because
of reflection of the Aux within the given space. "

In Fig. 4 we show the experimental data of a total sin-
gle charge-transfer cross section [12b] together with our
calculated results of charge transfer into channels

—
I .00—

-2.00—
a

—3.50
0.00 I .00 2.00 3.00 4.00 5.00 6.00 I I I I I

10

R ( a .U. ) E (keV/amu)

FIG. 2. (a) Comparison of diagonalized potential curves ob-
tained from our results with eigenvalues read o6' from corre-
sponding 'Xg adiabatic curves given by Gao et al. [16] for the
He +-He system. Curves A, B, and C dissociate to
He ++He(1s ), He+(1s)+He (2p), and He (1s)+He+(2s),
respectively. Symbols: 2 'Xs of Fig. 2 Ref. [16] ( ~ ); 3 'Xg (+ );
4 'Xg (O ). (b) Same as (a) for 'X„states. Symbols: 'X„ofFig. 2
Ref. [16] ( ~ ); 2 'X„(o ); 3 'X„(+).

FIG. 4. Total and partial cross sections for single-electron
capture. Uppe~ curves: open circles, present calculation
[summed over Eqs. (9a)—(9c)]; dark circles, Afrosimov's data;
solid line, Kimura and Lane [22]. Lower curves: projectile (tar-
get) excitation. Symbols joined by full lines give our results;
those joined by dashed lines give results of Fritsch [24]. Legend
of symbols: projectile 2s excitation (SI); projectile 2p excitation
(+); target 2s excitation (O ).
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10-

PVo+

lh
(h
O

0.1 I [ 1 I

1

l [[ll l l l [ [ [[il
10 100

E (kev/amu)

FIG. 5. Double-charge-transfer cross sections for reaction
(10) plotted against collision energy. Open circles: present cal-
culation (15-state basis); dashed line: three-state calculation;
solid line: Kimura and Lane [22]; dotted line: Fulton and Mit-
tleman [17];dark circles: Afrosimov's data [12b].

experimental data, although the general trend of varia-
tion with energy is correct.

An analysis of this feature of the three-state calcula-
tion, namely, its success to reproduce the single-charge-
transfer data and its failure for double charge transfer
leads us to the following conclusion. The symmetric res-
onant process involves a large probability of a tmo-
electron transfer, and if we extend the generally accepted
Bates-Lynn model [25] of resonant charge transfer to this
case, the collision dynamics involves a two-electron
correlated oscillation between the states Pz and P9. How-
ever, within this one-electron orbital model, a proper ac-
count of correlated behavior of the two electrons can
only be obtained via configuration interaction, and this is
exactly what is sacrificed when our diabatic basis is trun-
cated early, as discussed earlier in this paper. This shows
that while for single-charge-transfer collisions a diabatic
series can be truncated early (so long as the relevant exit
channels are not left out), for double charge transfer this
cannot be done in general.

V. CONCLUSIONS

(9a)—(9c) combined. Once again, the agreement is quite
good. The theoretical results of.Kimura [23], who used a
"traveling" MO expansion including excitation channels
up to (3s, 3p), are also shown. The figure also shows more
detailed comparison of our 2s and 2p excitation cross sec-
tions with the recent work of Fritsch [24], who used a
traveling atomic-orbital basis expansion. Fairly good
agreement of the energy dependence of the projectile
(2s, 2p) excitation and the target (2s) excitation above 8
keV jamu is observed between the present results and the
results of Fritsch [24].

The resonant double capture results are shown in Fig.
5, which also shows the experimental data of Afrosimov
et al. [12b], our three-state calculations, and the theoreti-
cal results of Fulton and Mittleman [17] and of Kimura
[23]. Up to energies of 10 keV/amu the agreement with
experiment of our 15-state results is striking. We also
find that our three-state calculations fail to reproduce the

We explore in our paper the usefulness of a diabatic
molecular basis expansion for a two-electron ion-atom
collision system. We find that for single electron transfer
into ground state as well as into excited states, the diabat-
ic basis is useful. We also feel that if electron translation
factors are properly incorporated, this diabatic basis can
be used for benchmark calculations. Our studies show
that for processes where correlated two-electron motion
is important, the diabatic close-coupling series must re-
tain enough terms for a proper configuration interaction,
whereas for single-electron-transfer processes, the series
can be truncated early so long as the exit channels are in-
cluded.
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