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Application of the stabilization method to the molecular states of LiHe3+:
Energies and radial couplings
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We have used the stabilization method to perform calculations on autoionizing states of the
LiHe + system which are involved in Li3++He collisions. The molecular energies and radial cou-
plings are calculated with use of programs developed at our laboratory. For both short and large in-
ternuclear distances, the stabilization treatment is complemented by block-diagonalization tech-
niques. Our calculations allow us to draw conclusions on the conditions under which these methods
can be used to calculate energy positions and radial couplings for states that lie in an ionization con-
tinuum.

I. INTRODUCTION

In previous work, ' we have studied charge-exchange
processes that occur in slow and intermediate-energy ion-

atom and ion-ion collisions, and which involve the sim-

plest homonuclear (H2) and heteronuclear (HeH+) two-

electron quasimolecules. The methods of configuration-
interaction (CI) and block-diagonalization (BD) were used
to calculate the energies of the electronic wave functions
in the Born-Oppenheimer approximation and the dynami-
cal couplings between these wave functions. In the
present work we extend those studies to the LiHe + quasi-
molecule, and we are concerned with the particular molec-
ular states that are involved in a treatment of the electron
transfer process Li ++He-+Li ++He+, for the range
E ~ 10 keV/amu of impact energies. The interest of such
a process lies in: (a) the series of experiments which mea-
sure the cross section for single electron capture from
helium by Li + ions; (b) its relevance to fusion research,
e.g., when Tokamak plasmas are contaminated by Li +
ions; (c) the importance' of charge-exchange processes in
the development of short-wavelength lasers; (d) from the
theoretical point of view, reported "state-of-the-art"
methods in quantum chemistry do not include simultane-
ous calculations of energies and radial couplings for
molecular autoionizing states; (e) the particular technique
we choose to calculate these quantities is the stabilization
method because our programs which analytically calcu-
late radial couplings apply directly to this procedure,
while for alternative approaches such as the Feshbach
projtx:tion formalism these programs would require con-
siderable modifications; the basis of the stabilization
method has been studied in our group using the proper-
ties of the corresponding Heisenberg transform; and (f) to
our knowledge the stabilization method has not been ap-
plied to a molecular case; we think it important to show
how it can be implemented and to study its advantages
and limitations in the calculations of both energies and
couplings.

The only theoretical treatments of Li + + He collisions
we are aware of have been very recently reported by

Stollberg and Lee, and Suzuki et al. These calculations
envisage the same kind of applications as we do, but em-

ploy quite different approaches. Reference 8 employs the
Landau-Zener model to calculate estimates of charge-
transfer cross sections for He + and Li + incident on a
series of neutral atoms. For Lii+ + He collisions, howev-
er, their maximum value of the charge-exchange cross sec-
tion is =6X10 ' cm, for the velocity range 10 —10
cms '. Comparison to the data of Wirkner-Bott et al. ,"
which are 100 times larger, indicates that the basic mech-
anism of the charge-exchange process is not due to transi-
tions taking place at pseudocrossings between the
Lii+ + He and Li +(n =2)+He+( ls) energy curves.
Indeed, the results of Stollberg and Lee show that these
pseudocrossings are traversed diabatically in the impact-
energy range considered, and that a detailed molecular
treatment is needed to calculate the charge-exchange cross
sections. Reference 9 employs the unitarized distorted
wave approximationlo and an independent electron model
in which the transferred electron is assumed to move in an
average Coulomb potential field with an effective nuclear
charge. Their high-energy method, " however, becomes
less reliable at intermediate nuclear energies, and their cal-
culated cross sections lie significantly below the experi-
mental data in the range F. & 10 keV/amu.

To treat Li + + He collisions at low energies a molecu-
lar expansion of the total wave function representing the
colliding system is adequate. Our treatment was carried
out in parallel with that of Casaubon et at. ,

' who em-
ploy a one-electron effective Hamiltonian, assuming that
the charge-exchange cross section is dominated by the re-
action:

Li ++He(ls )~Li +(n =2)+He+(1s)

and that one electron remains in a ls orbital of He++
throughout the collision and screens the helium nucleus.
Since the accuracy of this intuitive approach in represent-
ing inner-outer orbital interactions that cause dynamical
couplings is not self-evident, it was thought useful to
compare their results with those of our ab initio
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configuration-interaction calculation.
In Sec. II we discuss the main characteristics of the

correlation diagram for the molecular states of interest,
and in Sec. III we present, and analyze, our results for the
molecular energies and radial couplings. Atomic units are
used throughout.

II. CORRELATION DIAGRAM

%'e present in Fig. 1 the qualitative correlation diagram
corresponding to the states that strongly interact with the
one correlating, at infinite internuclear separation, to the
entrance channel Li ++He(ls ). This diagram has been
constructed following the rule of smoothest topological
correlation presented in Ref. 13. For the sake of under-
standing the evolution of the molecular wave functions,
we have superimposed on our qualitative diagram the
variation, with the internuclear distance, of the molecular
orbitals that can be used to describe the corresponding
states. In Fig. 1, two molecular orbitals, whose shapes are
schematically drawn above and below the corresponding
energy line, are then assigned to each state. The basic
characteristics of the qualitative diagram are the follow-
ing: at large internuclear distances the electrons
occupy —for the states of interest —either ls orbitals or
2s+2p Stark hybrids; the orbitals delocalize at intermedi-
ate internuclear distances and tend to united-atom 8 + or-
bitals at R =0. In some cases, as for the 3 drr orbital, this
is accompanied by a considerable contraction of the elec-
tron cloud and there is a promotion effect. '

The diagram of Fig. 1 can be used to explain why the
energies of the molecular states of interest do not correlate
to states of the Rydberg series 8 +(lsnl) in the united-
atom limit. For example, a 1s helium orbital can delocal-
ize, yielding either a bonding or an antibonding molecular

orbital, which correlates to a ls and a 2p atomic orbital of
the united atom, respectively. However, the 1 s and the
1s 2p states of 8 + are already correlated to
Li+( ls )+He + and Li +(ls)+He+(ls), respectively.
Hence, by orthogonality, Li ++He(ls ) must correlate to
the 2p metastable state of the united atom. The same ap-
plies to the other states. For example, the state correlat-
ing in Fig. I to the united-atom 2p3d state does so be-
cause the corresponding state in the Rydberg series (ls 3d)
is already correlated to Li +( ls)+He+(n =2), etc.

Figure 1 will be used in the next section to explain the
characteristics of the calculated energies and couplings. It
may finally be remarked that the fact that all states con-
sidered here are autoionizing is only significant at ex-
tremely low collision energies. In fact, since their energy
widths tend to zero at large internuclear separations, and
from the values calculated, e.g., by Sato and Hara' to-
gether with Z expansions for the widths (e.g., Moiseyev
and Weinhold, ' Macias and Riera' } we can expect that
for U y 0.2 a.u. collision times are much smaller than ioni-
zation lifetimes; at (much) smaller velocities these life-
times can be introduced in the treatment in a phenomeno-
logical way. ' On the other hand, our molecular descrip-
tion does not include dynamical couplings to ionization
channels, whose contribution will become important at ve-

locities greater than 1 a.u.

III. RESULTS AND DISCUSSION

To calculate the energies corresponding to the states in-
dicated in Fig. 1, we have made use of the stability prop-
erty of the Hamiltonian eigenvalues, which has been re-
ported by Macias et al. ' and will not be repeated here in
such detail. Essentially, the method consists in perform-
ing a standard CI or BD calculation, and then varying an
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FIG. 1. Qua1itativc correlation diagram for the mctastable states above the ionization limit (thatched line) for the quasimolecule
LiHe +: , X states; ——.—., H states;, 5 states.
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overall scaling parameter P in the exponents of the
Gaussian-type orbitals (GTO's):

N—;x'y z"exp( —a;Pr ) .

The wave functions corresponding to eigenvalues that
remain stable and that have the correct physical properties
(indicated by the correlation diagram) are then chosen to
represent the molecular states. It is worth remarking that,
for all states and internuclear distances considered, both
conditions were found to be equivalent. That is, stabihty
of eigenvalues always meant that the corresponding wave
functions had the correct physical properties, as checked
by inspection of the expansion coefficients and vice versa.
This is an important point since in all those regions where
the character of the wave function is well defined, the sta-
bility test of the eigenvalues is unnecessary when using
block-diagonalization procedures. '

In Figs. 2(a) ('X states) and 2(b) ('II states) we present
an illustration of our procedure to check the stability
property of the eigenvalues of the molecular Hamiltonian,
for a fixed internuclear distance. In Figs. 3 and 4 we

show the behavior of the eigenvalues as functions of both
the internuclear distance R and the scaling parameter P of
Eq. (I). In both sets of figures stable eigenvalues are
shown by full lines and unstable ones by dotted lines. The
curves of the stable eigenvalues in Figs. 3 and 4 can then
be compared to the qualitative correlation diagram of Fig.
1.

For 0.5 a.u. &R &5 a.u. , we used a full CI approach,
where the configurations were built from a two-center
basis set of GTO's, given in Table I. For R ~ 5 a.u. and
R g0.5 a.u. we have used b1ock-diagonalization pro-
cedures, since the character of the wave functions is well
defined. More specifically, for R & 5 a.u. we have only in-
cluded in the basis-set configurations of the valence bond
(VB) type Li + + He(nln'l') and Li2+(nl)+He+(n'1') and
used contracted GTO's in the atomic basis set (given in
Table II) to accurately reproduce 1 s, 2s, and 2p hydrogen-
like Li orbitals. For R &0.5 a.u. , it proved very con-
venient to construct diabatic wave functions' of a given
molecular orbit (MO) (2po, 2str, etc.) character, by em-

ploying an atomic basis set of GTO's (given in Table III)

j /
/ /

(g)
// r/ / /

/ /
/ / / /

I I /

I I r

l I
/

I I
/

/ / /
/!/ r

r
~ r

~st

-4
E

-5
2p

25 2p
2 52

2

H 5

/
/

I
/ /
/

rr

—~r

/
/ /

/ // /// /// /// /////// '////r /rr r//«/ //' / // // rrr/r rr r// // r'r
rrr rr / //' /rrrs / / /r r r' / r //r» /

mr //r ///
r r r r r

/ //

r/
/

~eg& /

r/
r/

//
IC

/I
/

-5
2p

25 2p
252

R

FIG. 2. Stabilization of some eigenvalues of the full CI calcu-
lation corresponding to the atomic basis set of Table I, as a
function of the scaling parameter p which multiplies all ex-

ponents of the GTO's for 8 =5.0 a.u. (a) X states; (b) II states.

FIG. 3. Stabilization results at intermediate and small inter-
nuclear distances for 'X states. Full lines correspond to stable
eigenvalues and the ionization limit is shown. Basis set of
Tables I and III. (a) Sealing parameter P= 1.0; (b) P =4.0.
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FIG. 4. Same as Fig. 3 for H states. The crossing between these states in the qualitative correlation diagram does not show since
the U.A. limits 'II(2s2p) and 'H(2p ) are practically degenerate. Basis sets of Tables I and III. Labels 4 and 5 correspond to 'H

states appearing in Fig. l. (a) Scaling parameter P= 1.0; (b) P=4.0.

with origin on the center of nuclear charge. The energies
of these wave functions cross as in the diagram of Fig. l,
instead of avoid crossing as do the adiabatic energies, but
these avoided crossings are so narro~ as to be crossed dia-
batically during the collision, except at very low impact
velocities. Hence, for R &0.5 a.u. , those wave functions
are better suited to represent the collision process than the
adiabatic ones.

A feature that is apparent from Fig. 3(a) is that the
molecular state that correlates diabatically to the entrance
channel Li ++He(ls ) for R~ao and to the autoioniz-
ing 2p state of the united-atom B + for 8 ~0, becomes
physically stable for a range of internuclear distances 0.9
a.u. (R &2.8 a.u. It should be remarked, however, that
for this range of distances, the exact Born-Oppenheimer
eigenenergy presents an infinity of avoided crossings with
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Li He

ag Q2p

0.20
1.60

12.80
100.00

0.32
2.00

l2.00

0.20
1.20
7.20

43.20

0.32
1.28
5.12

II states

a2p a, C2p

0.10
0.50
1.50
5.00

16.00
55.00

0.01
0.04
0.10
0.30
1.00
3.00

0.30
0.70
1.70
4.00

10.00
30.00

0.05
0.25
1.25

the energies of the members of the two Rydberg series:

Li++ ( 1 s) +He++

Li+( lsn 1}+He

Li+( ls }+He++

i++( ls)+ He+(n)

Li++( ls}+He+( ls)

TABLE I. Exponents of the Gaussian orbitals used in the
molecular calculations for 0.5 ~8 ~ 5.0 a.u.

converging to LiHe +. Since for our basis sets, Rydberg
states turn out to be just as unstable as continuum ones,
the stabilization approach then yields a diabatic state
whose energy crosses that of the Rydberg series in the re-
gion where it becomes stable and whose (electrostatic)
couplings with that series will be ineffective in the energy
range considered. Hence, this wave function (as con-
structed by stabilization) is precisely the one needed ' in
order to treat the collision process.

Taking the optimum values of P=2 (corresponding to
the region where the eigenvalues are most stable} we ob-
tain the following differences between the stabilized eigen-
values and the corresponding ones obtained by block diag-
onalization: for 8 =5 a.u. these differences are 0.01,
0.04, and 0.05% for the first three tX resonances, respec-
tively; at R =0.5 a.u. the corresponding values are 0.15,
0.30, and 0.70%; therefore the results from the three rep-
resentations join very smoothly. No other ab initio calcu-
lations have been performed on LiHe3+, and comparison
with previous work is not possible. On the other hand, it
is interesting to compare our energy differences with those
of Casaubon et al. '2 The most physically transparent
way to do this is to assume, as in the one-electron diatom-
ic molecule (OEDM) method of Harel and Salin, that
one electron occupies an "inner" 2prr orbital of LiHe +,
while the other electron occupies an "outer" orbital of the
screened nuclei, that depends upon the molecular state in
question. This assignation would completely agree with
the MO picture used in our Fig. 1, with the inner and
outer orbitals drawn below and above the corresponding

TABLE II. Exponents of the Gaussian orbitals (to reproduce the exact separated-atom atomic orbitals we have added to a GTO
basis adequately scaled STO-3 6 contractions taken from Ref. 20) used in the molecular calculations for R & 5.0 a.u.

X states

Li

2p

He

42p,

0.005
0.025
0.100
0.600
3.000
15.000

{0.".".".64)2.2471+(0.535 33)0.9131+(0.154 33)5.0123'
(0.700 11)0.1690+(0.39951)0.5198—(0.09997)2.2370

0.08
0.3

(0.391 96)0.1690+(0.607 68)0.5198+{0.155 92)2.2370

0.030
0.100
0.300
1.000
3.500
13.000

0.080
2.000

0 states

2p t('2p,

0.005
0.025
0.100
0.600
3.000
15.000
54.000

(O.~~~ 64)2.2471+(0.535 33)0.9131+(0.154 33)5.0123'
(0.700 11)0.1690+(0.399 51)0.5198—{0.09997)2.2370

0.080
0.300
1.200
5.000

{O.391 96)O. 1690+{0.60768)0.5198+(O. 155 92)2.2370'

0.030
0.100
0.300
3.500
13.000

0.001
0.005
0.025
0.125
0.600
3.000
15.000

—ar2 —rÃ I'
e have used the following abbreviations: g(c)a stands for g,c;e ' for g„g,c;ze ' for gzp. , and g, c;xe ' for $2p. .
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&s'&2p,

0.05
0.15
0.45
1.35
4.00

12.00
36.00

0.15
0.35
0.65
1,15
2.25
4.55
9.05

energy curves, respectively. In the one-electron model the
interaction between inner and outer electrons is not
neglected, as it would be in an independent electron
model, but taken into account through an effective poten-
tial; whether it is correctly taken into account is precisely
the question we seek to answer. If we add to the results of
Ref. 12 the energy of the first excited 2po state of
LiHe + which corresponds to the inner orbital in Fig. 1,
we should obtain results which are comparable to ours.
Indeed, the agreement between both sets of data, presented
in Table IV, shows the correctness of our picture, and of
both sets of calculations.

The radial couplings between the molecular states of

TABLE III. Exponents of the Gaussian orbitals used in the
molecular calculation for 8 (0.5 a.u. One center expansion
with origin at the center of nuclear charge.

X states

Table IV were calculated analytically by the method of
Macias and Riera, and are presented in Fig. 5 and Table
V, with the origin of electronic coordinates on the lithium
nucleus, for one value of the stabilization parameter
P=2.0, and for the range of internuclear distances
(2.0&R &9.0 a.u. ) that is important in the dynamics of
Li ++He collisions. %e have thus excluded the extreme-
ly high (=148 a.u. ) radial coupling that corresponds to the
sharp avoided crossing between E2 and E3 at R =8.8 a.u.
This particular avoided crossing (shown as the farthest
crossing in the schematic diagram of Fig. 1) will be
traversed diabatically during the collision, and can there-
fore be diabatized in the treatment of the process. This
diabatization has been performed in Table IV.

The most conspicuous feature of Fig. 5 is the appear-
ance of a Lorentzian sharp peak for the 1'X-2'X coupling
at R=7.8 a.u. (which has very similar characteristics to
the 2 'X-3 'X peak discussed above) and it is precisely the
one taken into account in the Landau-Zener treatment of
Stollberg and Lee. For the nuclear velocities considered
by Wirkner-Bott et al. it is ineffective in the collision
process and it can be diabatized. However for R ~7.8
a.u. the I 'X-2'2 coupling presents an exponential tail
that is due to a delocalization of the corresponding elec-
tron clouds. As could be expected, this localization af-
fects the bonding Pq

——
~
~1SH,(2s +2@,)L;~ ~

wave function
rather than the antibonding one: @3

—
~
~1SH, (2s —2p, )L;~ ~

(see Fig. 1).

TABLE IV. Molecular energies' for singlet X and H autoionizing states of the quasimolecule LiHe+'.

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0

10.0
12.0
14.0
16.0
18.0
20.0
40.0

5.9048
6.1476
6.3788
6.6700
6.8230
6.8756
6.9075
6.4850
5.8550
5.3259
4.9338
4.6360
4.4053
4.2246
4.0810
3.8722
3.7262
3.6240
3.5644
3.5173
3.4473
3.3978
3.3609
3.3324
3.3097
3.2086

(5.9614)'

(6.5231)

(6.9011)

(7.0212)

(5.9231)
(5.3668)
(4.9554)

(4.4198)
(4.2414)
(4.1004)
(3.8929)
(3.7473)
(3.6263)
(3.5668)
(3.5195)
(3.4494)
(3.3997)

X states

5.3414 (5.4263)
5.4148
5.4907 (5.5886)
5.5570
5.5998 (5.6966)
5.6151
5.6034 {5.6939)
5.2949
4.9039 (4.9500)
4.5738 (4.6122)
4.3387 (4.4076)
4.1892
4.0600 (4.1471)
4.0002 (4.0514)
3.9175 (3.9507)
3.8012 (3 ~ 8075)
3.6997 (3.7036)
3.6171 (3.6391)
3.5350 (3.5511)
3.4669 (3.4882)
3.3667 (3.3880)
3.2952 (3.3165)
3.2416
3.1999
3.1666
3.0166

4.4000 (4.4815)
4.5871
4.7503 (4.8261)
4.8816
4.9729 {5.0514)
5.0227
5.0335 {5.1182)
4.7899
4.5759 (4.7470)
4.4197 (4.5648)
4.2947 (4.3704)
4.1648
4.0500 (4.0623)
3.9333 (3.9685)
3.8512 (3.8765)
3.7476 (3.7518)
3.6587 {3.6622)
3.5913 (3.5946)
3.5380 (3.5418)
3.4963 (3.4994)
3.4323 (3.4354)
3.3863 {3.3895)
3.3516
3.3244
3.2026
3.2016

H states

5.5200 (5.5655)
5.6100
5.7200 (5.7798)
5.8230
5.8520 (5.8991)
5.8501
5.8209 (5.8970)
5.4501
5.0179 (5.0730)
4.6782 (4.7042)
4.4303 (4.4408)
4.2500
4.1092 (4.1052)
4.0097 (3.9956)
3.9136 {3.9068)

—E5

4.8500
4.6693
4.5700
4.3900
4.2572
4.1215
4.0022
3.5821
3.2862
3.0854
2.9280
2.7900
2.6510
2.5520
2.4489

'As indicated in text the 2 'X-3 'X sharp avoided crossing at 8=8.8 a.u. has been diabatized.
Comparison with the results of Ref. 12, transformed as indicated in text, is afforded by the numbers between brackets. The agree-

ment between both sets of data confirms the validity of both approaches and the physical basis behind the correlation rules of Fig. 1.
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FIG. 5. Radial coupling between (a) 1 'X and 2 'X states; (b}
1 'X and 3 'X states. The arrow indicates the position of the ex-

tremely high ( 148 a.u. ) peak that arises from the sharp avoid-
ed crossing between these states and which has been diabatized.

TABLE V. Radial coupling matrix elements between 'X

states. Origin on lithium nucleus.

2.0
2.2
2.4
2.5
2.6
2.8
3.0
3.1

3.2
3.3
3.4
3.6
3.8
4.0
4.2
4.4
4.6
4.8
5.0
6.0
7.0
7.5
7.6
7.7
7.8
7.9
8.0
9.0

1 'X-2 'X

—0.1450
—0.1147
—0.0615
—0.0462
—0.0322
—0.0060
—0.0279
—0.0596
—0.1307
—0.2963
—0.3774
—0.3705
—0.3459
—0.3210
—0.2973
—0.2746
—0.2528
—0.2318
—0.2116
—0.1043

0.0344
0.5763
1.1070
2.3122
3.5815
2.3689
1.1460
0.0277

1 'X-3 'X

—0.6937
—0.6444
—0.6097
—0.5939
—0.5712
—0.5260
—0.4825
—0.4596
—0,4249
—0.3070
—0.1596
—0,0765
—0.0527
—0.0407
—0.0327
—0.0267
—0.0220
—0.0184
—0.0156
—0.0038
—0.0018

0.0020

0.0045
0.0589

Accordingly, the 1'X-2'X radial coupling is much
greater than the 1'X-3'X one, for R ~3 a.u. For still
smaller internuclear distances, the bonding state smoothly
correlates (see Fig. 1) to the united-atom 2p 3p state, while
the antibonding wave function gi correlates to 2s2p.
Since the none rossing rule applies, there exists, at
8=3.25 a.u. , a sharp avoided crossing between E2 and
F&, where the corresponding wave functions exchange
their character. Then, for R &3.2 a.u. , the 1'X-3'X
d/dR matrix element becomes larger than the 1'X-2'X
one.

30$
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FIG. 6. Radial coupling between 2' —3' states for two
choices of the scaling parameter in Eq. (1}: @=2'
———,P=2.4.

The physical situation that gives rise to the avoided
crossing between E2 and E3 at R 3.25 a.u. has been
studied in detail by Eichler et al. and by Falcon et al.
Notice, however, that the situation here is slightly dif-
ferent; the d/dR Lorentzian peak is only a consequence
of the interchange of character at the pseudocrossing and
does not present any Stark coupling contribution (neither
the peak nor the tail). The reason for the difference is
simply that the asymptotic form of the Li + (n =2) orbi-
tals is precisely that of the Stark hybrids (2s+2p)L;;
hence, in the present case there is no Stark coupling be-
cause the exit channel corresponds to hydrogenlike atoms.
Correspondingly, the coupling at the pseudocrossing has
an area n/2, and it can be trivially diabatized, and then
ignored. Paradoxically, we have found that precisely the
case of sharp avoided crossings which are irrelevant, as
the previous one, to the dynamics of the process, is diffi-
cult to treat correctly by the stabilization method; in fact
this was another good reason to choose the VB-BD pro-
cedure (without stabilization) for R ~ 5 a.u. in our calcu-
lations. The reason for this difficulty is that the exact po-
sition and height of the sharp d/dR matrix element turns
out to be much more sensitive to the scaling parameter P
than its area (which is always n/2, as befits a complete in-
terchange of character between the wave functions).
Furthermore, one can even obtain avoided crossings be-
tween the energy curves, for a fixed internuclear distance,
as functions of P. We illustrate the difficulty in stabiliz-
ing very sharp radial couplings at pseudocrossing in Fig. 6
where we plot calculated values of the 2 'X-3 'X coupling
for two values of P. In the present application it is for-
tunate that this shortcoming of the stabilization method
in the calculation of radial couplings —which to our
knowledge has never been mentioned before —is not im-
portant. However, this need not be so at low impact ener-
gies, and it constitutes a liability of the stabilization
method to calculate radial couplings. On the other hand,
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FIG. 7. Matrix elements of iP, which yield the origin depen-
dence of radial couplings presented in Fig. 5. Notice the dif-
ferent scales of both figures.

tor), in the R range, where effective transitions take place.
Inclusion. of TF will modify both the energies and radial
couplings, and these modifications —in the same region—
will depend, in general, on the choice of parameters. Con-
sequently, the sensitivity of the calculated charge-
exchange cross section to that choice of parameters can
be, in the present case, as important as the origin depen-
dence of the results when no translation factors are used.
As a conclusion, a (time-consuming) optimization pro-
cedure seems necessary, since there is no a priori
rigorous and simple criteria to choose the translation fac-
tors.

IV. FINAL REMARKS

the computation of couI)lings which should be accurately
known to treat the Li ++ He collision for E&2 keV
presents no such problems. The stabilization pattern for
these couplings is similar to the one presented in Fig. 2
for the energies, and is not shown for the sake of concise-
ness.

As a consequence of the previous reasonings, it appears
that, apart from the effect of rotational couplings, the
only mechanism which can explain the high values for the
measured charge-exchange cross section occurs through
the delocalization tail of the 1 'X-2 'X coupling, discussed
above, which is well calculated by our method. On the
other hand, this coupling turns out to be strongly origin
dependent; we show in Fig. 7 the values of the terms that
yield this origin dependence, which are the matrix ele-
ments of iP„where P, is the component of the electronic
linear momentum along the internuclear axis.

To illustrate the consequences of that origin dependence
it is sufficient to perform a two-by-two calculation involv-
ing the delocalization tail. The total cross sections calcu-
lated using the program PAMPA, in the velocity range
0.1 to 0.7 a.u. , with the origin of electronic coordinates ei-
ther on the Li or on the He nucleus, differ by about a fac-
tor of -3, and they also strongly depend on the values of
that radial coupling for R between 4 and 8 a.u. This
clearly shows that a collisional treatment without transla-
tion factors (TF) would be of doubtful value, ' ' and that
both energies and radial couplings must be accurately
determined in that region of internuclear distances. A re-
lated additional problem, in the present case, is the choice
of the translation factor (or of the parameters in this fac-

The aim of this paper was to present for the first time a
detailed application of the stabilization method to the cal-
culation of energy correlation diagrams and of the corre-
sponding radial couplings between states lying in the ioni-
zation continuum. Using the quasimolecule LiHe + as an
example, we show that qualitative correlation diagrams
and the rule of smoothest topological correlation can be
used for autoionizing states just as for ordinary bound
ones. Furthermore, we exemplified how CI techniques
can be applied to calculate these molecular properties (en-
ergies and radial couplings) for autoionizing states,
without modification of standard computer programs.

Finally, we have pointed out that, just as for molecular
energies, radial couplings also stabilize, except for the spe-
cial case of very sharp avoided crossings; the method is
therefore not very well suited for the treatment of col-
lisions that take place at very low impact energies, and
this is also a new conclusion.

For the particular case of the LiHe + system in the ion-
ization continuum, used to discuss the previous points, we
have found that the most effective (1 'X-2 'X) radial cou-
pling is so strongly origin dependent that (probably opti-
mized) TF must be included to calculate cross sections;
this is a nontrivial problem which will be the object of fu-
ture work.
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