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Ab initio cross sections have been calculated for electronic excitation resulting from single col-
lisions in the keV energy range between H&+ initially in the ground electronic and vibrational state
incident on He targets. These collisional excitation studies are based on ab initio calculations of the
three lowest adiabatic states of the (HeH2)+ quasimolecular system and ab initio calculations of the

nonadiabatic gradient coupling matrix elements between these three adiabatic states. With use of
straight-line trajectories in the classical trajectory approximation, cross sections have been obtained
for (1) charge exchange into the ground state of He and (2) collisional dissociation via electronic ex-

citation 10.~1'„ofthe H& projectile. Furthermore, with a knowledge of the diabatic structure
of the (HeH2) energy levels, (3) the sum of the cross sections for Rydberg excitation of the He tar-

get or Rydberg excitation of the H2 projectile or charge exchange into the repulsive state of H2

was also obtained. The calculated cross sections are in reasonable agreement with available experi-

mentally measured cross sections. The energy thresholds for these cross sections are found to be
determined by excitation at level crossings between the ground electronic state and the
H2+(10.„)+He( ls') at R =1.2 a.u. and the Hz+( lcrg)+He(ls, 2I) at R =0.7 a.u.

I. INTRODUCTION

The few-electron (HeH2)+ triatomic system is

sufficiently tractable as to provide a prototype confronta-
tion between experimental and ab initi'0 calculated cross
sections for specific electron excitation processes. In this
work, ab initio cross sections are obtained for electronic
excitation resulting from single collisions in the keV ener-

gy range between H2+ projectiles initially in the ground
electronic and vibrational state incident on He targets.
These collisional excitation studies are based on state-of-
the-art ab initio energy surfaces of the three lowest adia-
batic states of the (HeHz)+ triatomic quasimolecular sys-
tem and of the nonadiabatic coupling matrix elements be-
tween them by Furlan, Bent and Russek. ' With these
three adiabatic states, cross sections have been obtained
for charge exchange, process (a) of Eq. (1), and collisional
dissociation, process (b). Furthermore, with an unstand-
ing of the diabatic structure of the (HeH2)+ energy levels
described by Russek and Furlan, a combined cross sec-
tion has been obtained for processes (c), (d), and (e). Pro-
cess (c) denotes Rydberg excitation of the target He, pro-
cess (d) denotes Rydberg excitation of the H2+ molecular
ion (which subsequently dissociates), while (e) represents
charge exchange into the repulsive state of Hz. Ab initio
calculation of the branching ratios between processes (c),
(d), and (e) is beyond the scope of a three-state calcula-
tion, but the excitation processes can be qualitatively un-
derstood in terms of the diabatic level structure. In fact,
without an understanding of the diabatic structure of the
molecular energy surfaces, erroneous results would also
have been obtained for processes (a) and (b):

Hz+( lcrs )+He( ls ) —+Hz( lcr )+He+(ls) (a)

~Hz+(10 „)+He( ls ) (b)

~Hz+(ltr )+He(ls, nl ) (c)

~H2+(n =2,1)+He(ls ) (d)

~H2(ltr, lcr„)+He+( is) (e) .

The collisional excitation calculations are described in
Sec. II, along with the ab initio cross sections obtained
for processes (a), (b), and (c)+(d)+ (e) as functions of the
collision energy. With the help of the diabatic level
structure, the theoretical results are compared in Sec. III
with experimental cross sections for collisional dissocia-
tion of the H2+ projectile inferred from the measure-
ments of Alvarez, Cisneros, and Russek. To make the
comparison between theory and experiment, the mea-
sured angular distributions of H+ dissociation fragments
is decomposed in Sec. III into an electronically elastic
component (produced by repulsive polarization forces en-
tirely in the ground electronic state) and a component
due to electronic excitation, processes (b) and (d). Disso-
ciation produced by excitation of Hz to the lo-„repul-
sive state has long been known. However, it has recently
been shown that the H2 can also dissociate via electron-
ic excitation to a Rydberg state. The results of Jaecks
et al. conclusively demonstrate the existence of Rydberg
excitation of the Hz molecular ion, which then dissoci-
ates into H++H(n =2,1), a process which can also be
understood in terms of the diabatic level structure. The
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cross sections for these processes cannot be calculated
separately, however. The best that can be accomplished
within the three-state approximation is a combined cross
section for Rydberg excitation of He, Hz+, or for charge
exchange into the repuIsive b X„(loz,lo„) state of Hz.
In Sec. III, the experimental cross sections for Rydberg
excitation of He obtained by Van den Bos, %inter, and
DeHeer and the cross section for charge exchange into
the repulsive b X„state of H& inferred from the mea-
sured angular distributions of Alvarez, Cisneros, and
Russek are compared with the calculated cross sections.
Rather good agreement between theory and experiment is
found, particularly in the energy dependence, in spite of
the fact that the theoretical results were calculated for
the incident Hz+ molecular ion in the ground vibrational
state, whereas the experimental measurements were un-
doubtedly obtained with the projectiles in a distribution
of excited vibrational states.

Section IV discusses the results. In particular, the
basic energy dependence of processes (c), (d}, and (e), with
an energy threshold = 1 keV, is shown to arise from exci-
tation at an inner level crossing at R =0.7 a.u. between
the incident channel and a Rydberg level. The critical
level crossing for processes (a) and (b) is at R =1.2 a.u. ,
and gives a slightly different energy dependence, with a
somewhat lower energy threshold.

II. CALCULATIONS

The energy surfaces of the three lowest adiabatic states
and the nonadiabatic gradient matrix elements which
couple these states were obtained ab initio by Furlan,
Bent, and Russek' for the (HeHz)+ molecular system, us-

ing the BRLJHU (Refs. 6—9) system of programs. The pro-
cedure consists of state-averaged multiconfiguration self-
consistent-field calculations, followed by a full
configuration-interaction calculation. The energies E;
and coupling matrix elements M,J

= (IP;
~ VVJ ) reported

in that work are here used as inputs to collisional excita-
tion calculations, which are therefore limited to a three-
state approximation. The collision calculations are based
on the classical trajectory approximation, using straight-
line trajectories. This approximation should be valid for
total cross sections in the low-keV collision-energy re-
gime. Two factors limit the validity of the present work
in the high-keV collision-energy regime. In the first
place, the nonadiabatic gradient coupling matrix ele-
ments were calculated by the BRI.JHU programs without
electron translation factors. Even more important, how-
ever, is the failure of the three-state approximation, the
onset of which will be seen already in evidence at 12.5
keV collision energy. The set of coupled equations for
the amplitudes of the three lowest states, obtained from
the time-dependent Schrodinger equation, are solved for
straight-line trajectories (see Fig. 1) from Z = —5 to +5.
The input values for the energy differences E, —E and
coupling matrix elements M;~ were obtained by interpo-
lating the ab initio values in Tables 3 and 6 of Ref. 1, us-

ing an interpolation method similar to that described by
Akima, ' which is part of the sAsiGBAPH (Ref. 11}
software plotting package.

He

H
X

i by

X

He

FIG. 1. Collision geometry. (a) shows the molecular

geometry in the molecule-centered coordinate system [(x,y, z}or
(r, R, y}], while (bl shows the trajectory geometry in a space-

fixed coordinate system (X, Y, Z).
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FIG. 2. Adiabatic and diabatic energy levels. (a) shows the
three lowest adiabatic energy levels obtained by Furlan, Bent,
and Russek (Ref. 1) for the case r =2.0 a.u. and y=60', while
(b) shows these same three levels along with the diabatic energy
levels obtained by Russek and Furlan (Ref. 2). In (b), the solid
curves are the diabatic levels, the dashed curves are the adiabat-
ic levels, and the dotted curve has only been interpolated from
the known value at R = ~.

The set of coupled integral equations were integrated
numerically with a simple program that runs on a person-
al computer. The solutions thus obtained would be valid
provided that the three lowest adiabatic levels did not in-
teract with any others. However, this important condi-
tion is not satisfied. Figure 2(a) shows the three lowest
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adiabatic levels as obtained by Furlan, Bent, and Russek
for the case r =2 a.u. and y =60', while Fig. 2(b) shows
these same adiabatic energy levels along with the diabatic
energies obtained by Russek and Furlan. It is seen that
the third adiabatic state interacts at R =2 a.u. with a
highly excited level rapidly decreasing in energy from
R =0. This same behavior was found at all angles y at
approximately the same value of R. It is expected that
the system behavior at this avoided crossing will be
predominantly diabatic. It is improbable that a diffuse
electron in a Rydberg orbit (which characterizes 43 for
R (2 a.u. ) will quickly collapse into a tightly bound log
orbit tucked between the two protons, during the short
time it takes to pass through the interaction region in a
keV energy collision. For this reason, the behavior of the
third level at R =2 a.u. has been taken to be completely
diabatic, an ansatz which was incorporated into the col-
lision calculations by inserting a flag in the integration
program at R =2.2 on the outgoing portion of the trajec-
tory: Z=+(2.2 —b )'~, where b is the impact parame-
ter. The amplitude a3 at this point was stored as the
final amplitude of the residual channel a„(+5), and a3
was then reset to zero since the highly excited diabatic
state, which the adiabatic state 43 becomes, cannot have
been populated under the given initial conditions. The
final population of the adiabatic state 4& at R = ~ results
from the branching ratio at the avoided crossing between
levels 2 and 3 at R =3 a.u.

The state shown as the dotted curve of Fig. 2(b) has the
diabatic character H2+( lo )+He( ls, 2l). However, it
interacts with other Rydberg levels of He as well as with
the several n =2 Rydberg levels of H2+ and with the
H2( lcrg, 1cr)+He+( ls) level, which describes charge ex-
change into the repulsive state of H2. This latter can be

-2

He(1 snl ) + H~(lag)

He+(ls) + H2(la&1 au)

He(ls ) + H+(la„)

He+(ls) + H (la&~)

He(ls } + H+(la&)

P„=~a,(+Z )~

p„= ~a, (+z, ) ~',

p„= (a, (+z, ) (',
P, = I.,(+Z. ) I'

=Pa„(He)+Pa„(H++H(n =2) )+P„d .

(2)

They are functions of impact parameter b and the orien-
tation angles a and P of the target molecule. The cross
sections for these processes are obtained by integrating
the final probabilities over all impacts in the target plane
and averaging over molecular orientation angles. The
final cross sections as functions of collision energy in the
laboratory frame for the processes obtained in this work
are shown in Fig. 4.

seen as the fourth level in Fig. 3. The Rydberg levels of
the projectile molecular ion H2+(n =2, 1)+He(ls ) are
still higher in energy and were not obtained with
sufficient accuracy to be shown. They do, however, inter-
sect the dotted diabatic curve of Figs. 2 and 3, lying ap-
proximately 2 eV below that curve at R = ao when r =2
a.u. , and lie even lower when r )2. Unlike the Rydberg
level crossing'at R =2, which is expected to be predom-
inantly diabatic, the crossings between the Rydberg level
and the H2(lo, lo „)+He+(ls) and H2+(n =2, 1)
+He( ls ) states should have significant branching ratios.
Although a diffuse n =2 electron on He was considered
unlikely to fall into a tightly bound and localized 1o or-
bit, it can easily fall into a 1o „orbit or n =2 Rydberg or-
bit on H2+. In fact, to the extent that the H2 molecule
can be considered to resemble a distorted He atom, the
1o „orbital and the n =2 Rydberg orbitals of H2 are the
2p and 2s orbitals of the distorted He. Thus capture from
a 2p orbit of He into the 10.„orbit of H2 is quasiresonant.
In any event, the cross section denoted by o „ is the totali-
ty of cross sections to all Rydberg levels on He plus the
n =2 Rydberg levels on H2+ plus the cross section for
charge exchange into the repulsive state of Hz.

The net result of the solution of the coupled equations
for the amplitudes incorporating the ansatz just described
is a set of probabilities for four exit channels: the elastic
channel P,i, the charge-exchange channel P, [process (a)
of Eq. (1)], the dissociation channel due to the 1cr~ + lo „—
electronic transition in Hz+ (often called predissociation)
Pd [process (b)], and the residual excitation channel P„
[processes (c)+(d)+ (e)]. These probabilities are given by

-4
0 1 2 3

R(a.u.}

C t
4 oo III. RESULTS AND COMPARISON

%'ITH EXPERIMENT
FIG. 3. The lowest four adiabatic levels for the case r =2.0

a.u. and y =90'. The fourth level, although calculated ab initio,
was not included in the state averaging, and is therefore not of
the same quality as the first three. Moreover, the final
configuration-interaction calculation could not be completed in
this ease. The level diagram is shown here just to demonstrate
the diabatic crossing between the Rydberg level and the
He+(1s)+H2(1o.g, 1o.„) level. The dotted curves indicate the
diabatic levels.

A. Rydberg excitation of the He target

The cross section u, represents the sum of the cross
sections to the n =2 Rydberg state of He plus any state
which interacts with it. This includes Rydberg states
with n )2, Rydberg states of Hz+ plus one important
valence channel: charge exchange to the b X„repulsive
state of Hz. Thus
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FIG. 4. Ab initio cross sections obtained in this work for hard,

o.„and o, These denote direct dissociation of H2 via

1'g ~1o„electronic excitation, charge exchange into the
ground state of H&, and a residual excitation cross section
cT cT+y +0 d as described in the text.

FIG. 6. Cross sections for Rydberg excitation of He obtained

by Van den Bos et al. for n & 2 on a log-log plot. The lines are
least-squares fits to the experimental data and are extrapolated
to n =2.
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FIG. 5. Comparison of the calculated o.„ofFig. 4 with the
sum of the He Rydberg excitation cross sections measured by
Van den Sos et al. (Ref. 4) for n )2, plus an n =2 contribution
extrapolated from the measured cross sections (see Fig. 6).

cr„=crR„(He)+crR„(H2+ )+cr„„.
The calculated cross sections for o.„are compared in Fig.
5 with the experimental values obtained by Van den Bos
et al. for excitation to all Rydberg states n ) 2 plus our
estimate for the n =2 cross section obtained by extrapo-
lating their experimental values for n )2 to n =2. (Van
den Bos et al. could not measure excitation to the n =2
level since their spectrometry was limited to the visible
region. ) The extrapolation, shown in Fig. 6, is expected
to give an underestimate of the cross section to n =2 and
hence an underestimate of the total Rydberg cross section
to all n, cr„„(He). A comparison between the theoretical

prediction for cr „and the extrapolated experimental
values for crR„(He) suggests that at the avoided crossings
between the He Rydberg level and the repulsive H2 level,
on the one hand, and the H2+ Rydberg level, on the oth-
er, the probability is only 0.2 that the collision system
will remain in the He Rydberg channel. However, Fig. 5

shows that the predicted energy dependence of o „closely
matches the experimental cr„„(He). As would be expect-
ed, the principal energy dependence of each of the cross
sections under discussion is the energy dependence of get-
ting up to 4„ in the first place. This point will be dis-

cussed further in Sec. IV.

B. Dissociation cross section

Electronic excitation of the H2+ projectile from the
1o. ground state to the repulsive 1o.„state or to a Ryd-
berg state both result in dissociation to H+ and H frag-
ments, which separate with a relative velocity corre-
sponding to dissociation energies of approximately 12
and 20 eV in the H2+ frame when the H-H separation
r =2 a.u. The dissociation energy rapidly decreases as r
increases. Experimentally, the dissociation cross section
is measured by detecting the protons, which are found in
a broad angular distribution with respect to the incident
beam direction, arising from the distribution of molecular
orientations at the time of dissociation. However, elec-
tronic excitation is not the only collisional mechanism
which causes dissociation. Dissociation can also occur
entirely within the electronic ground state (the electroni-
cally elastic channel) caused by impulsive momentum
transfer to the vibrational degree of freedom from polar-
ization induced forces. This mechanism was first suggest-
ed by Russek' and verified experimentally by Schopman
and co-workers, ' Anderson and Swan, ' and Anderson. '

The cross section ad( lo „)as defined here refers only to
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4 0X 10
—13~ —69.708+ 5 0y 10—

CO

(4)

where cross sections are given in units of 10 ' cm and
angles are measured in radians. The first component is
here identified with polarization-induced dissociation
(PID), while the second is attributed to electronic excita-
tion. The total dissociation cross sections are given by

10
-lg

o )0
O

F

IO

the dissociation cross section arising from the 1o.g ~ 1m „
transition. This work has not been able to address disso-
ciation caused by direct excitation of Hz+ to a molecular
Rydberg level. To make a comparison, the cross section
due to electronic excitation must first be separated from
the overall dissociation cross section. This can be accom-
plished (for low vibrational states) because of the different
regimes of dissociation energies involved in the two very
different dissociation mechanisms. Dissociation by polar-
ization induced forces results only in small dissociation
energies, with the consequence that the protons thus pro-
duced will be detected at small angles with respect to the
beam direction. On the other hand, electronic excitation
to the repulsive state produces large dissociation energies,
and protons arising from this process will be found at
larger angles. Figure 7 shows the angular distributions
for H+ found by Alvarez, Cisneros, and Russek pro-
duced by collisions with He at 2 keV in the laboratory
frame. The distribution consists of two components indi-
cated by the dashed lines, which give

'Il dCT
0'ptD( lug ) + crd(el ex ).= 2n sin8 d 0 (5)

The integrals arising in (5) are standard, and for am ))1
the results are quite simple:

1
e ' sinOd8= for an. )&1 .

0 1+a
As a consequence, that component of the direct dissocia-
tion cross section here identified as the electronically elas-
tic dissociation cross section at 2 keV is found to be

op tD(1 rrg)=51. 8 X 10 ' cm (expt. )

The experimental cross section for dissociation here
identified as being due to electronic excitation can be
compared with the 2 keV results shown in Fig. 4:

cr&(el. ex. ) =6.2X 10 ' cm (expt. ),
od(10„)=2.4X10 ' cm (theor. ) .

The difference between the experimental and theoretical
results in (8) does not necessarily represent a discrepancy
between theory and experiment. The theoretical cross
section was calculated only for excitation to the 10 „state
when r =2 a.u. , representing the ground vibrational state
for the H2+. On the other hand, the experimental cross
sections were unquestionably obtained with the projectile
H2 in a distribution of high vibrational states and in-
clude excitation to the several Rydberg levels of Hz+ as
well as the 10.„ level. For collision energies of 1 keV,
Lindsay, Yousif, and Latimer' obtained a ratio
rrz(u =5)/ad(u =0)=1.7, while Gibson, Los, and Schop-
man' obtained the value 2.1 for this same ratio at 3-keV
collision energy. Thus theory and experiment are not far
apart for incident H2+ in the U =5 vibrational state, if
the dissociation of H2+ is equally divided between 10 „
and Rydberg excitation of the H2+. The discrepancy
would be approximately a factor of 2.6 in the extreme
case for which Hz+ was in the ground vibrational state
and Rydberg excitation of H2+ was negligible.

Looked at in a different way, this rather good agree-
ment between theory and experiment for the component
of the dissociation cross section due to electronic excita-
tion lends strong support to the identification of the two
components of the dissociation cross section, and pro-
vides further verification of the polarization induced dis-
sociation process.

10

6 7

FIG. 7. Absolute angular distributions of dissociation frag-
ments measured by Alvarez, Cisneros, and Russek (Ref. 3jj for
collisions of H2+ on He at 2-keV collision energy. The dashed
straight lines show the decomposition of this distribution to
yield the approximation represented by Eq. (4) of the text.

C. Capture into the repulsive state of H2

Alvarez, Cisneros, and Russek also presented an angu-
lar distribution at 2-keV collision energy for neutral H
produced by electron capture into the repulsive
b X„(lo.g, lo„) state of H2. Because neutral H is pro-
duced by direct dissociation as well as by electron capture
into the repulsive state, the angular distribution leading
to o.

d was obtained by Alvarez, Cisneros, and Russek by
subtracting the distribution of H from that of H to re-
move those neutral H fragments arising from dissociation
of H2 . The residual H distribution, which arose solely
from the dissociation of Hz, was then divided by 2, since
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each such dissociation produces two H fragments. This
angular distribution is also shown in Fig. 7. It has a
high-energy tail described by

b = 2.5 a.u.
v = 0.2 a.u.

pi Pd

from which it follows that

o.„d(2 keV)=6. 2X10 "cm (expt. ) .

On the other hand, from Fig. 4 it is seen that

cr„(2 keV) =era„(He)+crR„(Hz+ )+o „d

=1.8X10 ' cm (theor. ) .

(9b)

(10)

:3
b = 0.5 a.u.
v = 0.1 a.u.

P, )

0.0

r

0 A Pd

1.0

b =0.5 a.u.
v =0.5 a.u.

Allowing for an approximate contribution of 0.5X10
cm for oR„(He)+crR„(Hz+) to the overall value of cr„
leaves a theoretical prediction of

cr,d(2 keV)=1.3X10 ' cm (theor. ) .

As in the case of direct dissociation, the factor-of-5
discrepancy between theory and experiment is most likely
due to the fact that the theoretical cross section was cal-
culated for an initial ground vibrational state, whereas
the experimental results were almost certainly obtained
with Hz+ in a distribution of high vibrational states. At
this time, it is not known how the vibrational state affects
the electron-capture cross section.
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FIG. 8. State probabilities as functions of position Z along
the collision trajectory obtained for the case r =2.0 a.u. , a =90',
and P=30' for four different impact conditions. The upper pair
of figures is for the case u =0.2 a.u. (E,„,=2.0 keV), an incident

energy above the threshold for nonadiabatic excitation. At im-

pact parameter b =0.5 a.u. , inside both level crossings, substan-
tial excitation is seen. For larger impact parameters, outside
both level crossings, the collision is nearly adiabatic. The lower
pair of figures illustrates the velocity dependence of excitation
at an impact parameter b =0.5 a.u. At u =0. 1 a.u. , correspond-
ing to incident energy of 0.5 keV, the collision is completely adi-
abatic. On the other hand, at u =0.5 a.u. (12.5 keV), the col-
lision is seen to be more nearly diabatic.

IV. DISCUSSION

In summary, the theoretical predictions for the several
excitation cross sections presented here and the available
experimental measurements compare favorably, despite
the fact that in no case did theory and experiment refer
exactly to the same process. The threshold energy depen-
dences of the excitation cross sections o.R and o.

d are
both due to the energy dependence of excitation from the
ground electronic state into the Rydberg channel at the
inner crossing at R =0.7 a.u. The physics of the situa-
tion can be seen in Fig. 8, which shows the evolution of
the state probabilities for several different collision
geometries. The upper pair of figures illustrates the im-
pact parameter dependence of electronic excitation at a
collision velocity v=0. 2 a.u. (corresponding to 2.0-keV
beam energy in the laboratory), a velocity above the
threshold for nonadiabatic excitation. For impact pa-
rameter b=0. 5 a.u. , inside both critical crossing radii,
significant electronic excitation is seen. Well outside the
crossing radii, at b =2.5, no significant excitation takes
place. The lower pair of figures shows the velocity depen-
dence of electronic excitation at fixed impact parameter
b =0.5 a.u. , for which significant excitation was seen to
be possible. At U =0. 1 a.u. , corresponding to 0.5 keV,
the collision is seen to be adiabatic; at v =0.2 a.u. (2.0
keV), nonadiabatic excitation was seen (upper left figure),
and, finally, at v =0.5 a.u. (12.5-keV laboratory energy),
the collision exhibits partially diabatic behavior, as evi-
denced by the fact that the time evolution on the outgo-
ing half of the trajectory reverses the changes which oc-
curred on the incoming half of the trajectory. Indeed,

one can follow the diabatic component of the quasimolec-
ular state through the collision trajectory. For large
values of R, this diabatic state is the lowest adiabatic
state; for intermediate values of R, it has a substantial
component of the second adiabatic state; for small values
of R, the second adiabatic state gives way to the third
adiabatic state. However, it should be noted that at 12.5
keV, the collision is not completely diabatic. It appears
to be partway between adiabatic and diabatic, but that is
an artifact of the sma11 basis set here used. At still higher
collision energies, the three-state approximation appears
to approach adiabaticity. This demonstrates a failure of
the quasimolecular approach, since the high-energy limit
must, of course, be atomic and not adiabatic. It is
noteworthy that there is no energy at which the collision
is fully diabatic. The onset of diabatic behavior occurs as
the quasimolecular approximation (with a limited basis
set) breaks down. It should also be noted that this partial
diabatic behavior is seen only for o.=90, for which the
collision geometry has reflection symmetry in the plane
Z =0. For other values of a, the outgoing half of the tra-
jectory is not the mirror image of the incoming half, and
the electronic behavior is even less diabatic. In this re-
gard, collisions involving molecules differ from collisions
which involve atoms only.

Figures 9 and 10 illustrate the orientation dependence
of electronic excitation. Excitation is found to be more
likely when the molecular axis is aligned parallel to the
collision trajectory. Figure 10 also illustrates the impact
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FIG. 9. State probabilities as functions of Z for r =2.0 a.u.
and impact parameter b =0.5 obtained for four different molec-
ular azimuthal orientations P. All cases are for a =90' (molecu-

lar axis perpendicular to the collision trajectory).

parameter dependences of the several collisional excita-
tion processes. The combined processes lumped together
in P„ fall off rapidly with impact parameter beyond
b=1.0, as would be expected from a level crossing at
R =0.7 a.u. The exchange process, on the other hand,
arises from a crossing which, depending on the value of y
(see Fig. I j, varies from R = 1.2 —2.0 a.u. As might be ex-
pected, this cross section falls off rather slowly with in-

creasing impact parameter, dropping off rapidly between
R =2.0 and 2.5 a.u.
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