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The Gordon-Kim (GK) electron gas model for calculating the forces between closed-shell atoms and
molecules is applied to the He-H,CO and Li*-H, systems. GK interaction energies are computed following
the original theory and also including the self-energy correction suggested by Rae. GK interaction energies,
neglecting correlation, are found to be in qualitative accord with Hartree-Fock (HF) interaction energies
for the two systems. However, quantitative discrepancies are noted which are possible sources of error if
GK potential energy surfaces are used to compute accurate scattering cross sections.

I. INTRODUCTION

Intermolecular forces determine both the dynamics
of molecular collisions and the equilibrium properties
of matter. Because of their fundamental role in both
dynamic and static phenomena, a variety of experi-
mental methods have been used to obtain information
about them.! Despite an abundance of data, however,
relatively little detailed information has been obtained
this way. One reason for this deficiency is the diffi-
culty of reliably determining the dependence of the inter-
action potential on (1) the internal coordinates of the
separate molecules involved in the collision and on (2)
the relative orientation of the scattered pair during the
course of the encounter. Unfortunately, measurements
of equilibrium properties sample only a small range of
coordinate values near the minimum whereas measure-
ments of collision phenomena generally suffer from the
opposite problem of reflecting an average of large re-
gions of the energy surface.!*

It is usually possible experimentally to obtain the
intermolecular distance dependence of a potential energy
hypersurface.® For atom-atom interactions, of course,
the interatomic distance is the only coordinate. For
more complex systems, however, it is common prac-
tice to analyze molecular data in terms of a spherical
interaction potential which represents an average over
internal molecular coordinates. This is usually done
by the nonunique procedure of assuming a model poten-
tial form and adjusting the parameters of the potential
to reproduce the scattering data.

‘Because of the importance of interaction potentials
and the difficulties associated with their experimental
determination, considerable effort has been directed
toward obtaining potentials a priori by solving the elec-
tronic Schroedinger equation. Although such a procedure
can, in principle, yield solutions of arbitrary accuracy,
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in practice severe approximations usually must be made ‘
for all but the simplest systems. ‘Fortunately, the
errors introduced by these approximations are now well
documented.® Methods are currently available to ac-
curately describe the regions of potential energy sur-
faces required for rotational and vibrational energy
transfer by collisions occurring on a single electronic
potential energy surface. These include the Hartree—
Fock (HF) and configuration interaction (CI) methods
which have been particularly well studied® and for which
efficient computer programs are available. Because
the cost of these approaches increases rapidly with the
number of electrons in the system, their use for the
calculation of interaction potentials for collision studies
has been severely limited.>® For this reason, numer-
ous efforts have been made to find less time-consuming
yet accurate approximations.

Gordon and Kim {(GK)® have recently proposed a meth-
od for generating interaction potentials between closed-
shell gystems. Despite its simplicity, this method ap-
pears to be quite reliable based on comparisons with
experimental data. Extensive comparisons have been
severely limited, however, by lack of experimental and
theoretical information, especially knowledge of the de-
pendence of the interaction potential on internal molec-
ular coordinates, so that most previous tests of this
method have been limited to closed-shell atom~atom®
and atomic ion—atom interactions.” Because the GK
method is both simple and economical (being orders of
magnitude faster than the HF approximation provided
one of the interaction partners is spherically symmetric),
it is increasingly being applied to compute potential ‘
energy surfaces needed for the study of rotational and
vibrational energy transfer in molecular collisions.

For this reason, it is desirable to delimit the capability
of the method as precisely as possible, particularly for
describing the dependence of intermolecular potentials

on internal molecular coordinates.
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In this paper, we compare the GK electron gas model
with more accurate ab initio procedures for atom~mol-
ecule interactions. The next section presents a brief
review of the theoretical background including a sum-
mary of the GK formalism and modifications required
for the treatment of molecule-molecule interactions.
The latter have not been presented previously. In Sec.
I, HF and GK results for the interaction potential be-
tween He and H,CO and between Li* and H, are compared
and discussed. Section IV summarizes the findings of
this study.

Il. THEORY

The interaction potential between two systems, A and
B, is defined as the total energy of the combined A-B
system minus the energy of A and B at infinite separa-
tion and at rest. Invoking the usual Born-Oppenheimer
(“clamped nuclei”) approximation permits separation
of the electronic and nuclear motions. The electronic
energy as a function of the nuclear coordinates defines
a potential energy surface. In the present study, we
restrict consideration to single electronic potential
surfaces.

Gordon and Kim® write the energy as a sum of Cou-
lombie, kinetie, exchange, and correlation terms
E=E,+Eg+Ex+Eyr . (1)

As usual, the first three terms comprise the HF energy.
The interaction potential V may be written

V=E,p—Er—Ep (2)
= Vc'f' VK + Vx + Vw" (3)
= Vny+ Vcoﬂ . (4)

Each of the terms in Eq. (3) is computed from the elec-
tronic charge density. GK further assume that the total
charge density p,p of the A-B system is simply the
superposition of the separate HF charge densities p,
and ppg, i.e.,

PAB=PA+PB - (5)

The terms Vg, Vi, and V., are evaluated from uniform
electron gas expressions which depend only on the local
charge density.® These terms have the form

V;=fdr[Pch(Pua) ~paEpa) ~psEflps)] , (6)

where i= K, X, and corr. Here, following GK, Ey, Ey,
and E,,,., are evaluated by a simple free electron gas
approximation. For molecule-molecule interactions,
Eq. (6) is evaluated by three dimensional (3D) numerical
quadrature; for atom-atom interactions one integration
can be done analytically owing to symmetry so that only
a 2D numerical quadrature is required.

The Coulomb term is computed from exact electro-
static relations and consists of four terms which de-
scribe nuclear-nuclear and electron-electron repulsion,
and nuclear-—electron attraction. They may be written

Ve=Vap+Via+ Vig +Vaq (7a)

where

EA;;'RG i (7b)
Vig= [ dryar, ”fi’ lplf‘z(lr ealroslry) (7¢)
Vie = ,;,Z‘ [ ar, l;:(rll‘ , (7a)

EAZ f IRB(fr)z : (7e)

Note that R, (R, ) are the positions and Z_(Z,) are the
charges of the nuclei in molecule A(B). Equation (7b)
is trivially computed from the geometry of the scattered
molecules. Equations (7d) and {7e) can be computed by
3D numerical integration; in practice, the apparent
singularities at the nuclei do not pose a problem.
Equation (7¢) presents some difficulty since it requires,
in general, a 6D integration. Note that these same
integrals [Egs. (7c)—(7e)] are required for a HF calcu-
lation of p, and pg. For wavefunctions expanded in the
familiar Slater and Gaussian basis functions,® methods
for evaluating these terms are well known.® If com-
puted by these methods, however, the integrals would
have to be evaluated for many combinations of basis
functions and re-evaluated for each of the geometries
at which the interaction energy is desired. Such a pro-
cedure would negate the main advantage of the GK
method, its inherent speed relative to HF and CI.

It is possible to reduce Eq. (7¢) to a 3D integral, at
least formally, by rewriting it in terms of the electro-
static potential of one of the charge distributions (see,
for example, Ref. 9), Thus,

Vip= f dri paley) Py(ry) , (8)
where Py, the electrostatic potential due to pg, is given
by
Polr)= | -
s(r1) = | dr, SB20 Irl —rzl . (9)

No net computational savings will result, of course,
unless Py can be obtained more simply than the 3D in-
tegration implied in Eq. {9). Such will be the case, for
example, when B is spherically symmetric (i.e., an
atom) so that Py can be obtained by a 1D integration.

(If the atomic wavefunction is expanded in Slater or
Gaussian basis functions, Py can also be obtained an-
alytically. Furthermore, Py canbe obtained analytically
for any polyatomic wavefunction expanded in Gaussian
basis functions.) The greatest saving in computing
time for spherical B, however, comes not so much
from the ease of calculating the electrostatic poten-

tial but from the possibility of tabulating it once at a
suitable radial grid and then obtaining values as nec-

essary by interpolation. Kim® has demonstrated the
possibility of 2D tabulation and interpolation for homo-
nuclear diatomic molecules as well, but for the general
case in which neither molecule has high symmetry, the
GK method is likely to losge its computational advan-
tage over the HF approach.

The functional relations ﬁsed by GK for the kinetic,
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TABLE I. Interaction energies (°K) for He—H,CO,*

R ] @ HF GKHF GKCO GKRHEF  GKRCO
3.5 0 0  59839.6 46261.8  44477.6  61772.9  59988,7
3,5 180 0  92169.2  57317.2  54753.1  78733.4 761693
4,0 0 0  21571.6  16491.0  15487.1  23523.4  22519.9
4,0 180 0 40460.6  26048.4  24332,4  38054.6  36340.0
4.5 0 0 7498.5 5256,2 4742.1 8256.4 7742.3
4.5 180 0  16500.1 11054.5 100115 17453.8  16410.8
5.0 0 0 2508.8  1464.5 1206.7  2679.6  2421.3
5.0 45 0 1332.1 501.0 344.2 1127.4 970.6
5.0 45 90 1063.3 425,8 277.6  1000,9 852.7
5.0 90 0 592.5 321.0 147.0 948.8 774.8
5.0 90 920 540.9 79.9 -26.2 413.0 306.9
5.0 135 0 14510.0 11370.3  10473.8 17141.8  16245.3
5.0 135 90 1593,1  1073.7 763.7  2376.2  2066.2
5.0 180 0 6356.0  4253.6 3628.6  7496.0  687l.1
6.0 0 ] 229.0 47.4 -9.8 222,8 165.5
6.0 180 ] 777.9 370.4 172.3  1088.8 890.8
7.0 0 0 -11.1 ~7.9 -18.0 1.2 4.1
7.0 45 0 -27.8 -6.0 -11.4 4.7 -0.3
7.0 45 %0 -22.7 -6.0 -11.1 4.1 -0.9
7.0 90 0 -5.2  -13.6 ~-2.6 8.2 -2.8
7.0 90 90 -4.8 -7.6 -12.3 1.6 -3.2
7.0 135 0 314.8 55.3 -29.1 315.5 231,5
7.0 135 90 7.9 -23.1 -45.8 26.2 3.5
7.0 180 0 56,1  -22,4 -175.2 111.5 58.7

% °K=3.1668x 10" a.u.

exchange, and correlation energies are derived from a
statistical treatment of an infinite uniform electron gas.®
Because of their statistical basis, the applicability of
these equations to the fairly small number of electrons
contained in molecular systems has been questioned.

In particular, Rae!® argues that GK incorrectly include
the self-exchange energy. Because the exchange term
and the electron-electron Coulomb term are intimately
related and because GK compute these terms from dif-
ferent models, the validity of Rae’s argument is not

entirely clear.

Rather, in the modelistic spirit of the

GK method it would seem appropriate to choose the ex-
change energy to best reproduce experimental (or more
accurate ab initio) results. In this regard, Cohen and

Pack!! suggest a procedure that retains Rae’s exchange
correction, but replaces the statistical correlation ener-
gy at large internuclear separations by the van der Waals
energy.

11l. APPLICATIONS, RESULTS, AND DISCUSSION
A. Rigid asymmetric top: (H,CO,He)

The interaction potential between He and H,CO is of
considerable interest because of the anomalous absorp-
tion of H,CO in the interstellar medium.!? The absorp-
tion is anomalous because it implies an effective tem-
perature for the lowest levels of formaldehyde which is
below both the temperature of the isotropic radiation
and the expected kinetic temperature. Townes and
Cheung'®® suggest that the apparent non-Boltzmann dis-
tribution in H,CO may be due to collisions with He or
H;. To test this supposition requires an accurate inter-
action potential and the calculation of the dynamical
motion of the system on the energy surface. For con-
venience, He is selected as the scatterer in the present
study, although H, is within existing computational
capability. The additional coordinates that would have
to be sampled for a proper study involving H,, how-
ever, imply congiderable additional computation deemed
best deferred at this time.

Interaction energies for He-H,CO are given in Table
I for selected geometries at which HF computations
were carried out. The coordinates employed are R,
the intermolecular distance between He and the center
of mass of H,CO, and 6, the orientation angle which
prescribes the direction of incidence of He to the c. m.
of H,CO. Here 8=0° corresponds to approach from the
O atom end along the CO bond. The azimuthal angle ¢
is measured from the plane of H,CO, i.e., ¢ =0° is the
plane of H,CO. By symmetry, the angular ranges are
0°= 6= 180° and 0° = ¢ < 90°, All results presented
are for the H,CO geometry used by Goodfriend ef al.1®
and more recently by Winter et al.'* of »(CO)=1.21 A,
7(CH)=1.12 A, and &(HCH)=118°, which is quite close
to a more recent determination!® of »(CO)=1.208 A,
7(CH)=1.116 4, and 8(HCH)=116°31",

In Table I, GKHF designates GK results neglecting
the free-electron gas correlation contribution and GKCO
identifies GK values including this contribution. Sim-
ilarly, GKRHF specifies interaction energies resulting
from Rae’s self-energy correction to the GK procedure
neglecting the correlation term and GKRCO is the cor-
responding result including the correlation contribution.

The HF calculations were obtained using the IBMOL -6
computer code'® and a basis set that has been given
previously for H,CO'" and for He.!® The same H,CO
basis set and a comparable Slater basis set for He were
used to generate the HF charge densities required in
the various GK procedures. All GK results were deter-
mined using a version of the computer program
POTLSURF*® modified to include d functions.

Figures 1-5 present plots of interaction energies ob-

. tained following the various procedures discussed above.

The ¢ dependence of the interaction in the plane of
H,CO(p =0°) is shown in Fig. 1 for R=5a.u. One sees
initially a small repulsion due to O, for He incident
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FIG. 1. Angular dependence of the interaction energy for He
incident in the plane of H,CO at a c.m. separation of 5 a.u.
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FIG. 2. Angular dependence of the interaction energy for He
incident in the plane of H,CO at a ¢.m. separation of 7 a.u.

along the CO bond (6=0°), which decreases to a mini-
mum for approaches nearly perpendicular to the CO
bond (6= B0°). As 0 is further increased, the repul-
sion mounts, at first partly due to C but predominantly
due to H, and reaches a maximum for § ~140°, Figure
2 is a similar plot for R=7a.u. Note in this figure,

in contrast to Fig. 1, that the GK variants do not in
each case qualitatively follow the behavior of the HF
results, particularly for 6$75°, This is most likely
due to the inability of the GK procedures to describe
the smaller interaction as the intermolecular distance
approaches the region of the minimum for various ori-
entations. In both Figs. 1 and 2, GKRHF and GKRCO
results are generally closer to HF values than GKHF
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FIG. 3. Angular dependence of the interaction energy for He
incident in the perpendicular bisector plane of H,CO at c.m.
separations of 5 and 7 a.u.
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FIG. 4. Interaction energy for He incident collinearly with the
CO bond of formaldehyde from the O-atom end.

and GKCO values. Because the standard of compari-
son in the present study is the HF approximation, em-
phasis is placed on the comparison of HF with GKHF
and GKRHF.

Figure 3 presents plots of the # dependence of the
interaction potential in each approximation for He in-
cident in the bisector plane normal to the H,CO plane,
the ¢ =90° direction, for the R values displayed in
Figs. 1 and 2. For R=5 a.u. the GKRHF curve is
clearly in closer agreement with the HF result than the

2 | ] )
1035 40 45 50 55

V{K)x10~3

.

5.0 5.5 6.0 6.5 7.0
R(a.u.)

FIG. 5. Interaction energy for He incident collinearly with the
CO bond of formaldehyde from the C~atom end.
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TABLE II. Interaction energies (eV) for Li*~H,.*

8=0° 6=90°
r B
R 1.0 1.4 2,0 1.0 1.4 2.0
6.030 9,309 17,257 3.345 3.512 3,372
4.756 7.554 14,899 2,209 2,190 1.909
2,0 5.773 8.836 16.662 3. 009 3.033 2,749
3.405 5,554 10.058 1,796 1,981 2,025

2,780 4.536 8.794 1.189 1.203 1,065
2.25 3.444 5,389 10.051 1.713 1,774 1.661

1.875 3.2286 6.103 0.856 0.969 1.013
1.655 2,775 5.440 0.614 0.623 0.543
2.50 2,085 3.355 6.318 0.954 1.006 0.960

0.987 1,815 3.609 0.323 0.363 0.361
1.008 1,745 3.472 0.297 0.292 0.229
2,75 1,283 2,129 4.077 0.516 0.548 0.519

0.498 0,986 2.190 0.036 0.024 -=0.020
0.631 1,127 2,276 0.125 0.107 0.049
3.0 0.806 1.379 2,690 0.266 0.276 0.249

0.211 - 0.502 1.148 =0.100 —-0.146 =0,226
0.409 0.751 1,533 0.036 0.009 -0,049
3.25 0.520 0.916 1.813 0.126 0.120 0.086

*Order of entries in the table: HF, GKHF, and GKRHF. En-
ergies in electron volts (eV): 1 eV=3.6752x 1072 a.u, Dis~
tances in atomic units (a.u.): 1 a.u.=0,52917% 10~ om,

GKHF curve. For R=7 a.u., however, the agreement
between GKRHF and HF is less satisfactory but the
GKRHF plot does have more of the general features of
the HF result than the GKHF curve, which is qualita-
tively different.

In Fig. 4, the interaction energy is plotted versus R
for C,, geometry of the He-H,CO system for O-atom
end collisions. Again, the GKRHF result is in closer
accord with the HF one than the GKHF curve. This

8 - -
-+
LiT—H,
7L r=1a.u. B
HF
— —GKHF
6 ———~—GKRHF n
=5 N
>
]
>
4 -
B ~ Th——]
3 N R=2
\\\

FIG. 6. Anisotropy of the interaction between Li* and H; for a
H-H distance of 1 a.u. and selected ¢.m. distances.

10 | | 1}
g -
8 Li*—H, N
r=1.4a.u.
7} \\ -
\ HF
sl ——— GKHF |
, N\ ———— GKRHF
S AN N
& 5 \ _]
> AN
s} \ .
AN
3 N
~____

FIG. 7. Anisotropy of the interaction between Li* and H, for a
H~H distance of 1.4 a.u. and selected c.m. distances.

finding is maintained for He approaching from the op-
posite direction {C-atom end) for C,, geometry as
shown in Fig. 5.

B. Vibrating rotator: Li*-H,

Recent molecular beam measurements?®?! of vibra-
tional and rotational excitation of H, by Li* impact have
led to the calculation of accurate HF?'2? and (128 inter-
action potentials required for computation of collision
dynamics. These potential energy surfaces have been
shown to be quite similar® and to lead to essentially
the same integral and differential cross sections in
accurate quantum-mechanical computations of rotational

‘energy transfer cross sections,®

Because the GK formulation does not properly de-
scribe polarization effects,2® comparisons for this 8ys-
tem are restricted to a limited range of R(~2-3 a.u.)
lying inside the region of the potential minimum (R,,,
=~4-5 a.u.) for arbitrary orientations §. Here R is the
distance between Li* and the c.m. of H,, 6 is the angle
formed by the H, figure axis and the direction of inci-
dence of Li* to the c.m. of H,, and 7 is the internuclear
separation of H,.

Because the HF and CI potentials are indistinguishable
on a scale useful for comparison with GK regults, we
restrict consideration to interaction energies computed
using the HF, GKHF, and GKRHF methods only, The
basis set and other details associated with the HF cal-
culations have been given previously.? Slater HF basis
sets are used to construct the charge densities required
for the GK method. Table II presents a compilation of
interaction energies used to construct the figures that
follow.

The anisotropy of the potential energy surface ob-
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Green, Garrison, and Lester: Scattering of closed-shell molecules by atoms 1159
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————GKRHF
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FIG. 8. Anisotropy of the interaction between Li* and H; for a
H-H distance of 2 a.u. and selected ¢c.m. distances.

tained using each of the methods is presented for R=2
and 3 a.u. in Fig. 6 for r=1 a.u., in Fig. 7Tforr=1.4
a.u., and in Fig. 8 for r=2 a.u. Close examination

of these figures does not provide a basis for preferring
either the GKHF or GKRHF methods. At each», both
methods display the same qualitative curvature although
often differing from HF by as much as 0.5 eV.

The R dependence for the collinear (6=0°) and per-
pendicular (§=90°) approaches is seen in Fig. 9 for
#=1a.u., in Fig. 10 for »=1.4 a.u., and in Fig. 11
for r=2 a,u. Inthese figures, one sees that use of

7V -
Lit—H,
r=1a.u.
6 ]
HF
_ ——GKHF
o ————GKRHF
S 4
2
>
3
2
1
0
o5 | | | ! ]
2.00 2.25 2,50 2.75 3.00 3.25
R{a.u.) .
FIG. 9. Interaction energy for collinear (6=0°) and perpendic-

ular (6=90°) approaches of Li* to H, for H~H distance of 1 a.u.

10

VieV)

2.00 2.25 2.50 2.75 3.00 3.25
R{a.u.)

FIG. 10. Interaction energy for collinear (6=0°} and perpen-
dicular (6=90°) approaches of Li* to H, for H~H distance of
1,4a,u.

the GKHF and GKRHF procedures leads to a similar
pattern of differences at each of the three » values
plotted. For directions of incidence of Li* shown (6=0°
and 90°), the GKRHF energy lies closer to the HF re-
sult at smaller R whereas the GKHF resuit is closer to
the HF one at the larger R values.

The adequacy of the GK procedures for describing

18+ |
16 L §8=0 Li"-—Hz .
r=2a.u.
14 HF —
\ ——GKHF

————GKRHF

2.00 2.25 2.50 2.75 3.00 3.25
Ria.u.)
FIG. 11. Interaction energy for collinear (6=0°) and perpen~

dicular (8=90°) approaches of Li* to H, for H=—H distance of
2a.u.
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the vibrational coordinate dependence of the Li*~H,
interaction is shown for collinear and perpendicular
approaches of Li* to H, at R=2 a,u, in Fig. 12 and at
R=3 a.u. in Fig. 13. Again, the GK procedures are
seen to yield results in qualitative accord with the HF
results, but with energy differences that, based on
previous studies,®” would imply rather different scat-
tering behavior.

V. SUMMARY AND COMMENTS

The GK electron gas model has been extended to inter-
actions of closed-shell molecules with atoms. To pro-
vide a basis for estimating its accuracy, the method has
been applied to the interaction of H,CO (treated as a
rigid rotor) with He for comparison with new Hartree-
Fock results for the system. Similar electron gas cal-
culations have been performed for Li* interacting with
H, treated as a vibrating rotor for comparison with pub-
lished HF values.?®

For short-range repulsive interactions in the two
systems, the GK model is found to provide at leasta
qualitatively correct description of the dependence of
the potential on intermolecular separation, orientation
angles, and (for Li*~H,) vibrational coordinate. This
is gratifying considering the simplicity of the model. It
should be recalled that there is currently little data
available—either experimental or theoretical—concern-
ing the dependence of intermolecular forces on internal
coordinates. Although this information can be obtained
in principle from rigorous ab initio calculations, such
studies can become prohibitively expensive for mapping
multidimensional potential surfaces. Therefore cheaper

16} Lit—H,
R=2a.u.

HF
——GKHF
————GKRHF

VieV)

——— e ]

-2 1.0 1.2 1.4 1.6 1.8 2.0

rla.u.)
FIG. 12, Vibrational coordinate dependence of the interaction
energy for collinear (6=0°) and perpendicular (§=90°) ap~-
proaches of Li* to Hy at R=2 a,u.

Li*—H,
3F R=3a.u. i
HF
—— GKHF
———— GKRHF

VieV)

r{a.u.)

FIG. 13. Vibrational coordinate dependence of the interaction
energy for collinear (6=0°) and perpendicular (¢=90°) ap~
proaches of Li* to H, at R=3 a.u.

and more approximate methods such as the GK model
should be very useful for studying collisional energy
transfer.

Modifications to the GK model have received some
attention in the literature, especially the self-energy
correction first suggested by Rae.!® We have explicitly
considered Rae’s correction. For H,CO-He its use
improves agreement with HF resuits, but for Li*-H,
it is difficult to choose between the original and modi-
fied methods. It appears to be generally (but not al-
ways) true that the original GK method gives smaller
repulsive interaction energies than the HF method while
Rae’s correction gives larger values. A more impor-
tant observation, perhaps, is that the differences be-
tween these modifications are comparable to errors in
the model itself, such as those due to nonuniformity of
the charge distribution and the exclusion of polarization
effects. -
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