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ABSTRACT 

A complete configuration interaction (CI) ground state surface for 

+ the H
3 

system has been calculated using 58 and 3(P ,P ,P ) 
X y Z 

basis functions at each center~ A total of 650 nuclear geometries has 

been considered which makes the new surface appropriate not only for 

scattering calculations, but also for the evaluation of the vibra-

+ tional-rotational spectrum of the H
3 

molecule. Significant 

deviations are found from the analytic Giese and Gentry potential used 

in many previous theoretical studies, especially for large and small 

non-equilibrium H-H separations which are important for vibrational 

excitation of the H2 molecule. Vibrational-rotational excitation 

cross sections have been calculated in the rotational sudden approxi-

mation where the vibrational degree of freedom is treated exactly by 

solving seven vibrationally coupled radial equations. The use of the 

new surface leads to increased vibrational excitation compared to 

previous calculations utilizing the same scattering 
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approximation and to excellent agreement at 10 eV with the angle-

dependent measurements of Hermann, Schmidt and Linder. 

*Research supported in part by the U. S. Office of Naval Research. 
tResearch supported in part by the National Resource for 
Computation in Chemistry under a grant from the National Science 
Foundation and the Basic Energy Sciences Division of the U. S. 
Department of Energy under Contract No. W-7405.:..ENG-48. 
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I. INTRODUCTION 

In a recent study1 combined vibrational-rotational excitation 

cross sections for nonreactive proton-H
2 

collisions were calculated 

at collision energies E = 4.67 eV and 10 eV. The infinite-order-

sudden (lOS) approximation for rotational motion was used. The vibra-

tional degree of freedom of the H
2 

molecule was treated exactly by 

solving the vibrationally coupled equations for the radial wave-

functions. For detailed discussion and background, see Refs. 1 and 

2. The analytic potential of Giese and Gentry, 3 which is a fit to 

138 ab initio configuration interaction (CI) energies of Csizmadia, 

4 et al., was used in both of these studies. Comparisons with highly 

resolved experimental data5 ' 6 were generally satisfactory, although 

some significant deviations were found: (a) the theoretical transi-

tion probabilities for vibrational excitation as a function of 

scattering angle were too small; (b) the differential cross sections 

for the j = 1 ~ j' = 3, 5 and 7 rotational transitions in the vibra-

tional ground state exhibited very strong rainbow maxima not observed 

in the experiments. Surprisingly, the rigid-rotor calculations 

7-9 of McGuire et al. gave better agreement with the experimental 

rotational transition probabilities than the full vibrational-

rotational calculations of Ref. 1. 

On the theoretical side there are two possible sources for the 

reported deviations: the lOS approxUnation and the potential energy 

surface. A comparison of rotational excitation differential cross 

sections calculated in the rigid-roter approxUnation with the more 
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accurate coupled-states results of McGuire7 confirmed the applica-

bility of the lOS treatment for the present system for energies above 

-4 eV and rotational transitions up to ld = 6. 
2 

Therefore, we 

+ believe that for H -H
2 

at the-energies considered the lOS approximation 

is capable of quantitative predictions that lie within present experi-

mental uncertainties. It becomes more evident that differences between 

experiment and theory are due to the potential energy surface, when 

one considers that three scattering calculations, following different 

formalisms that make use of the same potential energy surface, give almost 

the same vibrational transition probabilities at 10 eV. Here we refer to 

(a) the semi-classical DECENT calculations of Ref. 3, (b) the impact-

parameter calculations of Refs. 10 and 11, and (c) the vibrotor lOS 

calculations of Ref. 1. At higher collision energies details of the 

potential gradually become less important so that at E = 20 eV 
em 

. d d 1 1 • 11 ' 12 • d . h t1me- epen ent ca cu at1ons are 1n goo agreement w1t 

measurements. 

The Giese and Gentry (GG) potential function was constructed using 

ab initio CI energies computed at geometries pertinent to reactive 

scattering ~f H+ by H
2

. Previous convergence studies10 showed 

that at least the lowest four vibrational states are needed in the 

vibrationally close-coupled calculations to achieve reliable n = 0 ~ 

n' = 1 and 2 vibrational excitation cross sections. However,_ vibra-

tional motion in these states samples regions of the potential for 

0.6 a
0 
~ ~ ~ 2.6 a

0
, a regime which is not assured to be ade

quately described by the GG potential. One notes, however, that ... 
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the ab initio CI energies used by GG are sufficiently accurate for 

most scattering applications and that the fit expression has an 

average error of less than 0.5 kcal/mol. 3 

The goal of this study is to present the results of extensive~ 

initio CI calculations including 650 geometries which cover the whole 

configuration space necessary for vibrational-rotational excitation. 

With the availability of this new potential energy surface, differ-

ences in scattering calculations can be discussed in terms of 

differences in potential energy surfaces which should be useful in 

establishing the accuracy of a surface necessary for quantitative 

agreement between theory and experiment. In Section II we describe 

the potential energy surface calculation, and in Section III we dis-

cuss the procedure used to fit the CI energies. Finally, in 

Section IV we present scattering results obtained using the present 

surface and compare them with the theoretical results of Ref. 1 and 

with measurements. 
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II. AB INITIO CI CALCULATIONS 

+ There exist many electronic structure calculations for the H3 
4 13-15 . 13 14 

system. ' Carney and Porter, Dykstra et al., and 

15 Dykstra and Swope were mainly interested in the calculation of the 

. f + spectroscop1.c constants o H
3

• Therefore, they considered only 

the we 11 region and, consequently, their calculations are not very 

helpful for scattering applications. On the other hand, Czismadia 

et al. 4 were interested in low energy H+ -H
2 

reactions and cal

culated ab initio.CI energies over a range of geometries that led to 

the speculation, mentioned in the introduction, on whether the range 

they explored is adequate for the relatively high (n = 4) vibrational 

excitation regime·of interest here. 

We performed a complete CI calculation in the space spanned by 5S-

and 3P-type, Gaussian basis functions located at each center. This 

procedure leads to 42 basis-functions and 606 A' configurations. The 

exponents of the S functions were taken from Huzinaga16 and the ex-

ponents of the three P functions were determined by an even-tempered 

optimization, a
1 

=ax, a
2 

=a and a
3 

= a/x, with a= 0.7 and 

x = 2.25; hence a
1 

= 1.575, a
2 

= 0.7, and a
3 

= 0.311. The 

optimization was done at an equilateral geometry with an internuclear 

separation of 1.66 a , as in Ref. 6, giving an energy of -1.3402295 
0 . 

hartrees compared to -1.3373 hartrees obtained by Czismadia et al. 4 

The absolute minimum of the ground state surface is not at this geom

etry but it is very close to it. Dykstra et a1. 14 used 63 basis 

functions in a complete CI wavefunction and determined the minimum to 
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be -1.342284 hartrees for an equilateral geometry with internuclear 

separation of 1.6500 a • 
0 

13 Carney and Porter found the minimum at 

the same geometry and an energy of -1.339358 hartrees. The total 

energy of the ~2 molecule at ~-H = 1.4 a
0 

obtained in this work 

is -1.1715303 ·hartrees compared to the exact value of -1.174470 

hartrees of Kolos and Wolniewicz. 17 Czismadia et a1. 4 calculated 

the minimum at the same geometry to be -1.1668 hartrees whereas 

Dykstra et a1.14 obtained -1.173387 hartrees. 

did not report the energy at this distance. 

13 Carney and Porter 

The following brief comparison illustrates the accuracy of our ~ 

initio CI calculation. With respect to the total minimum our calcu

lations were -1.8 kcal/mol below those of Czismadia et al., 4 who 

used a smaller atomic basis set and a limited electronic con

figuration basis. Dykstra et a1. 14 included an additional d 

function in their complete CI calculation and calculated energies 

-1.6 kcal/mol below ours. These basis set differences certainly have 

an effect on the computed spectroscopic constants for the H; 

molecule derived from the various potentials, however, we believe that 

our calculated potential energy surface is accurate enough for scat-

tering calculations at collision energies of several electron volts. 

As discussed in the introduction, it is far more important to have 

carefully sampled the surface with a large number of geometries to 

cover the whole configuration space necessary for scattering 

calculations than to have sought energy improvements beyond the 

present level. 



6 

The most convenient coordinates for non-reactive collisions are R, 

the distance between the proton and the midpoint of H
2

, r, the H-H 

' ~ ~ 
separation, and y, the angle formed by R and r. To select the geo-

metries (R.,r.,yk) at which the CI calculations were performed, 
1 J 

we varied the three coordinates systematically within the boundaries: 

0 E;;R E;;10 a, 0.6 a E;;r E;;2.6 a and 0°E;; y E;; 90°. The 
0 0 0 

following values R., r., 'yk were chosen: 
1 J 

R. = 0, 0.3, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, 2.5, 2.75, 
1 

3. 0, 3. 25 , 3. 5, 4. 0, 5. 0, 6. 0, 8. 0, 10 .• 0 a 
0 

r. = 0.6, 1.0, 1.4, 1.8, 2.2, 2.6 a 
J 0 

i = 1' ... ' 20 

j = 1, ... ~ 6 

k = 1, .•• , 6, 

giving 720 geometries (R.,r.,yk). Actually, 650 energy values 
1 J 

(1) 

were calculated. The complete listing of the potential energy surface 

is available upon request from one of us (R.S.). 
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III. ANALYTICAL EXPRESSION FOR THE SURFACE 

In non-reactive scattering calculations the interaction potential 

VI(R,r,y) is needed rather than the total potential energy 

V(R,r,y). The interaction potential at each geometry (R.,r.,yK) 
1 J 

is de fined by 

= V(R., r., yk) - V(R=oo, r. ,yk) 
1 J J 

(2) 

+ It is well known that the ground state of H
3

, which dissociates 

into H+ + H
2

, has an avoided crossing at r -2.5· a
0 

with the 

+ second state of the same symmetry which dissociates into H + H
2

• 

The energy splitting is very small at large separations of the two 

subsystems and, consequently, both potentials show a sharp cusp-like 

• • + • behav1or as funct1ons of the H-H and H-H separat1ons. As the two 

subsystems approach each other this splitting increases and both 

potential curves gradually become smoother as shown .in Ref. 18. At 

R = 4 a for example, the splitting is so large that the charactero' 

istics of the avoided crossing have totally vanished. This raises the 

question whether a diabatic or an adiabatic representation is approp-

riate for the study of pure inelastic transitions, i.e., when reactive 

and charge-transfer processes are excluded. We follow the reasoning 

3 of Giese and Gentry and consider the system to be diabatic for 

large R~4 a ) and adiabatic for small R(~4 a ). 
. 0 . 0 

This distinction, of course, is only meaningful for r ~ 2.5 a
0

• 

The definition in Eq. (2) is unique for r ~ 2.5 a • 
o' both V(R,r,y) 
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and V(R=oo,r,y) represent the lower surface. Only for j = 6, rj=6 = 

2.6 a , does Eq. (2) he.ve to be modified in the following sense: 
0 

(3) 

upper · 
- w(R1) V (R = oo, rj ,yk) only for j = 6, 

with 

w(R) = 1 for R < 4 

(4) 

w(r) = e~ [-o.3(R - 4.0) 2] for R ~ 4 

For large R (w:.... 0) the asymptotic limit of the lower surface (ground 

state) is subtracted from the ground state, while for small R (w = 1) 

the asymptotic limit of the upper surface is subtracted. The function 

w(R) has been introduced to achieve a smooth change from the diabatic 

to the adiabatic region. . lower As the asymptotic potent1als V and 

Vupper we take the first two roots of the CI calculations rather 

than the exact ones. 
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The interaction potential, Eq. (2), is shown in Fig. 1 as a 

function of R for the collinear, Y =- 0°, and the perpendicular, 

0 
y = 90 , geometries and for three selected r-values. The open 

circles are the computed CI energies and the solid line represents the 
I 

analytic fit, which will be discussed below. The closed circles are 

calculated from GG's potential. They are not included for r = 0.6 a
0 

since the deviation from the present CI energies is very large at 

this distance for reasons that will be discussed below. For collinear 

geometry the well is shifted to larger R values as r is increased, 

while in the perpendicular approach the reverse is found, although to 

a lesser extent. The differences between the present CI energies and 

GG's values are smallest for r = 1.4 a around the minimum of the 
0 

well. 4 This is not surprising because Czismadia et al. calculated 

more CI energies in this region than in any other region to determine 

the minimum energy path. 

When all three nuclei are close together, the internuclear 

separations R. (i = 1,2,3) are more appropriate for describing the 
1 

potential energy surface than the coordinates R, r, and y. All CI 

energies for R Et;4.0 a and V(R,r,y) E0;;-0.1 hartrees have been used 
0 

in a least squares procedure to determine the linear coefficients in 

the expression 
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v=l 

(5) 

with S. = R. - 0.75 a (i = 1,2,3). The functions 
1 1 0 

·¢v(s
1
,s

2
,s

3
) are polynomials of up to sixth order and.because of 

+ the symmetry of the H
3 

system, symmetric in all three variables. 

They are given in Table I together with the coefficients a , b and v v 

zk (v = 1, ... , 23, k = 1, •.. , 4). The condition V(R,r,y) ~ 

+ -0.1 hartrees eliminates energies -25·eV above the H + H + H 

dissociation limit which would unnecessarily complicate the fitting. 

Th d · ' f FIT f h 443 CI . d e average ev1at1on o VI rom t e energ1es compute 

in the region of validity of Eq. (5) is 0.13 kcal/mol. 

In the region 2.0 a <"R<-8.0 a,. an interpolation procedure 
0 0 

was applied which exactly reproduces the present CI energies. For 

each set (rj,yk) (j, k = 1, •.. , 6) the R-dependence of the 

interaction potential is .expressed as a cubic spline function 
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= A(i) + B~i)(R-R.) + C~ki)(R-R.) 2 + D~ki)(R-R.) 3 
jk Jk 1 J 1 J 1 

for R. E;; R E;; R. 
1

. The 6 x 6 coefficient matrices A(i) B(i) 
1 1+ = ' = ' 

~(i), and ~(i) for all i have to be calculated only once. The 

evaluation of the interpolation potential V~NT at any arbitrary 

geometry (R,r,y) proceeds as follows: (1) For each (rj'yk)(j,k = 

1, ••• ,6) calculate V~NT(R,rj'yk) according to Eq. (6) which 

gives 36 potential values. (2) For each angle y k make a second 

cubic spline interpolation in the variable r similar to Eq. (6). 

(3) The resulting 6 values V~NT(R,r,yk) (k = 1, ••• ,6) are used 

to determine the 6 coefficients pk in an expansion in Legendre 

polynomials 

(6) 

(7) 

where, due to the symmetry of the system, only even order Legendre 

polynomials contribute. 

The fit potential viiT is defined for 0 E;; R E;; 4 a
0 

and 

the interpolation potential V~NT is valid for R ~ 2.0 a
0

• In 

order to achieve a smooth and continuous change from the fit region to 

the interpolation region, the following modification is introduced: 

(8) 
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with the weighting functions defined by 

and 

w1(2)(R) = 1/2 ± 1/2 cos(rr/2 R- rr) 

w
1

(R) = 0 and 

for R ~ 2 a 
0 

for 2 a ~ R ~ 4 a 
0 0 

for R ~ 4 a 
0 

For large proton-H
2 

distances R, we believe that the interaction 

potential is better described by the perturbation theory limit19 

(PTH) than by the CI energies. Following GG3 we set, for 

R ~ 12 

where the functions A
0

, A
2 

and Q
2 

are given in Ref. 3 and there

fore not repeated here. P2 is the Legendre polynomial of order 2. 

(9) 

In order to achieve a potential surface which is continuous and smooth 

from the interpolation region, R ~ 8 a , to the perturbation theory 
0 

region, R ~ 12 a , we expand the interaction potential. for each set 
0 

(r.,yk)(j,k=l, ••• ,6) in an inverse power series in R 
J . 
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L Ejk R . 

i=l 

13 

(11) 

wh h 6 6 ff · · · E ( i) ( . 1 4) d ere t e x coe 1c1ent matr1ces = 1 = , .•. , are eter-

mined such that VI and avi/aR are continuous at R = 8 a
0 

and 

12 a
0 

for each set (rj,yk). The evaluation of the potential 

EXP VI for arbitrary geometry (8 a ~ R ~ 12 a ,r,y) then 
0 0 

proceeds as previously indicated for the interpolation region except 

that Eq. (6) is replaced by Eq. (11). 

The five different regions of configuration space and the 

representation of the interaction potential in each of them is sche-

matically summarized in Fig. 2. The procedure used here is definitely 

more complicated than the construction of a single analytical expres-

sion covering the whole configuration space as done, for example, by 

GG3 . However, the advantage of our procedure is that in each region 

the physically most appropriate description is utilized. Thus, the 

average deviation from the CI energies is only 0.16 kcal/mol over a 

range of 35 eV--the difference between the minimum and the highest 

energy taken into account in the fitting procedure. The present func-

tion is valid only for 0.6 a ~ r ~ 2.6 a and in the form given 
0 0 

is not suitable for reaction studies. 
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IV. SCATTERING RESULTS 

As an initial test of this potential energy surface, we have 

computed integral and differential cross sections for vibrational and 

rotational excitation at 10 eV collision energy. The infinite-order-

sudden approxnnation for rotational motion was utilized. The vibra-

tional motion was treated explicitly by solving coupled radial 

equations. Because the calculations reported in this work are identi-

cal to those described'in detail in Ref. 1, we only report and discuss 

the results. 

VibratiOnal excitation obviously depends on the vibrational matrix 

elements 

00 

v· ,(R,y) = 
nn J dr¢n(r) VI(R,r,y) ¢n 1 (r) (12) 

0 

which provide the coupling between the various states n, n'. In the 

rotational sudden approximation these elements depend on the orienta-

tion angle y. The functions ¢ (r) are the. vibrational eigenfunctions n . 

of the target molecule. In Fig. 3 we show the r-dependence of the inter-

action potential for the collinear arrangement and selected proton-H2 dis

tances, and in Fig. 4 present snnilar plots for perpend{cular 

geometry. The present CI energies are indicated by closed circles; 

the solid line is.the analytical expression of Section III; and the 

dashed line is GG's function. 
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The most striking feature of Figs. 3 and 4 is the qualitative 

differences of the surfaces for r ~ 1 a • Except for R = 2 a and 
0 0 

0 
y = 0 , the present potential monotonically increases with decreas-

ing r, while GG's potential shows in general a maximum at r - 1 a 
0 

and rapid decrease for smaller H-H separations. This simply means 

that the H
2 

repulsion for small r is weakened by the approaching 

proton. Such an artifact is not surprising since 1.35 a was the 
0 

smallest H
2 

distance used by GG to determine their fit expression. 

Foreseeably, agreement is best for r = 1.4 a • Finally, we point 
0 

out that there are significant deviations even at large proton-H2 

distances, so that the contributions from large partial waves, which 

are most important for cross sections in this charge-neutral system, 

will also be different. So far it is clear that the differences in 

the surfaces will result in different cross sections. Due to the com-

plexity of Eq. (12), however, one can not decide a priori whether 

vibrational excitation will be decreased or increased. 

The rotational sudden S-matrix elements for vibrational excitation 

are extracted from the solutions of the vibrationally coupled equa-

tions. For the transition n = 0 ~n' = 1 and an energy of 10 eV these 

elements are shown in Fig. 5 as a function of the partial wave para-

meter~·, the final orbital angular momentum, for the collinear and 

the perpendicular approaches, respectively. Also shown are the same 

quantities from Ref. 1 obtained using GG's potential. The general 

features remain unchanged, strong oscillations at lower partial waves 
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and a broad maximum at higher partial waves which, due to the 

(2R.' + 1) weighting, contribute the most to the cross· sections. How-

ever, this maxilllUiil is strongly enhanced with the potential of this 

study. The effect is more pronounced for 
0 

y = 90 ' in accord with 

Figs. 3 and 4 where the differences between the two surfaces are shown 

to be largest for perpendicular· geometry. Due to the siny weighting 

in the final integration over the orientation angle in the sudden 

limit, 1 angles Y~90° make. t~e most important contributions. Con

sequently, all vibrational excitation cross sections in Table II, 

summed over all rotational transitions, are larger for the new sur-

face. The n = 0 -+ 1 cross section is 47% larger than 

that of Ref. 1. For n' = 2 the change is· even larger (81%). 

The strongest test of both potential energy sur.face and scattering 

theory is provided by comparisons with angle-dependent experimental 

data. In Fig. 6 we show the probabilities for the vibrational transi-

tions n = 0-+ 1,2, and 3, e.g., 

n' [ · do 
p (e) = .f, dst (qj -+ n' j' ~ [L L do (Qj J n" j 11 dst 

(13) 

vs scattering angle e. Both the theoretical and the experimental results 

5 of Hermann et al. . are absolute quantities that require no normalization. 

1 While the previous calculations with GG's surface significantly under-

estimated the n' = 1 and 2 transitions, the present theoretical results 

are in excellent agreement with the measurements over the entire range of 

scattering angles. The situation for n' = 3 is not significant since the 

probabilities are very small, only 2-3% of all scattering events. But 

even in this case a slight improvement is perceptible. 



0 () 4 (j 7 

17 

5 . 
Hermann et al. also report differential cross sections for the 

vibrationally elastic and inelastic transitions. In Fig. 7 the exper-

imental results are compared with results of this study and of 

Ref. 1. The various excitation cross sections have been multiplied by 

factors of 10-l for ease of visualization. Since the experimental 

differential cross sections are given only in arbitrary units they 

have been normalized to the theoretical elastic cross section at 

-15°. Note that only one normalization point was used for all 

vibrational transitions. The rainbow angle in the elastic cross 

section is shifted slightly to the forward direction with the result 

that the present theoretical curve is in better accord with experiment 

than the one of Ref. 1. Similar comments hold for all vibrational 

transitions. 
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V. SUMMARY 

(1) Significant differences are found for small and large H
2 

· 

separations between the Giese and Gentry3 potential surface and the 

present ab initio CI potential. The shortcomings of the analytical 

potential of Ref~ 3 for collision energies of interest here were found 

to be due to the lack of CI energies for these regions in its con-

struction. 

(2) These differences in potential energy surface result in sig-

nificant changes in the scattering computed at 10 eV collision 

energy. The total cross section for vibrational excitation is in-

creased by a factor of 1.5 over the results of Ref. 1 obtained using 

the potential energy surface of Giese and Gentry. 

(3) Using the potential energy surface reported in this paper, the 

angle~dependent transition probabilities for vibrational excitation 

are found to be in excellent agreement with the measurements of 

5 Hermann et al. In addition, some minor quantitative improvements 

are found in the differential cross sections including a slight shift 

of the rainbow maxima to the forward direction. 
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Table I. Polyuomiala • , coefficient a aDd b and other parameter• uaed in Eq. (5).* 
v v v 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

1 

S1+S2+S3 

S2+S2+S2 
1 2 3 

51 S2+S253+51 53 

83+53+53 
1 2 3 

2 2 2 2 2 2 
5182+5251+5283+8352+5381+5153 

515253 

54+84+54 
1 2 3 

3 3 3 3 3 3 
5182 +5251 +5253+5352 + 5351 +51 53 

2 2 2 2 2 2 
5182+8253+5351 

2 2 2 51828
3 

+S1 5253+51 52s3 

55+85+55 
1 2 3 

4 4 4 4 4 4 
8182+5251+5253+5352+5381+5153 

2 3 2 3 2 3 2 3 2 3 2 3 
5182+8281+5253+5352+S3Sl+51S3 

3 3 3 
5152 83 +51 5253+51 5253 

2 2 2 2 2 2 
518253+515253+515283 

6 6 6 
81 +52+53 

5 5 5 5 5 5 
5152+5251+S253+S3S2+S3Sl+Sl53 

2 4 2 4 2 4 2 4 2 4 2 4 5182 +S2s1 +52 53 +5352 +5
3

81 +51 53 

3 3 3 3 3 3 
8152+5253+5351 

4 4 4 
81 8283+51 5253+51 S2S3 

2 3 3 2 2 3 3 2 2 3 3 2 
SlS253+S1S2S3+S1S2S3+5152S3+S1S2S3+SlS253 

2 2-.2 
s1 S25) 

0.443996(3) 

0.170068(3) 

-o.671525(2) 

0.427881(2) 

-o.335414(2) 

-o.331219(2) 

0.816418(1) 

0.294849(1) 

-o.973540(1) 

0.345336(1) 

-o. 762486 (1) 

0.239269 (1) 

0.375664(1) 

0. 555669 (1) 

0.410436(1) 

0.119800(2) 

-o.336222 

-o.215168 

-o.842516 

-o.626637 

-o.U0029(1) 

-o .145604 ( 1 >. 

-o.829799 

Other parameter• z1 • 0.736866(-1) z2 • -G.l88982(-l) 

z3 • 0.239406(-2) ; z4 • -o.l20l42(-3) 

-o.444132(3) 

0.273644(3) 

-o.952916(2) 

-o.146967(3) 

0.234512(2) 

0.447606(2) 

0.555559(2) 

-o. 298710(1) 

-o.l00774(2) 

-o.828151(1) 

-o.l35837(2) 

0.253210 

0.113737(1) 

0.125204(1) 

0.220384(1) 

0.185953(1) 

0.176020(-1) 

-o.l34948 

0.102925 

-o.277897 

-o.123250 

-o. 245149 

0.254226 

*All diatancea in unita of a0 and all coefficient• have unita auch that the 
energy ia given in Hartrees. lumber• in parentheaea indicate power of ten. 
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Table II. Rotationally sunnned integral cross sections in A2 for 
the vibrational excitation n = 0 + n' at 10 eV.* 

n' = 1 n' = 2 n' = 3 

This work 5.885 2.244 0.613 

Schinke, McGuire1 
4.00 1.239 0.557 

*The indicated reference numbers are those of the text. 
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FIGURE CAPTIONS 

Fig. 1. Interaction potential VI vs R for r = 0.6 a , 1.4 a 
0 0 

and 2.2 a • Open circles (o): ab initio points of this 
0 

work; full circles (•): obtained from Giese and Gentry's 

surface; 3 solid line ( ): analytic expression of 

this work. 
0 . 

(a) collinear, Y = 0 , (b) perpendicular, 

Fig. 2. Schematic illustration of the analytic procedure described in 

Fig. 3. 

Section III. 

Interaction potential vs r for R = 2 a , 3 a , 4 a and 
0 0 0 

5 a for collinear geometry, Y = 0°. Full line (----): 
0 

analytical expression of this work; dashed line(---): 

3 Giese and Gentry's surface. Dots (•): ab initio points 

of this work. 

Fig. 4. Same as Fig. 3, but for perpendicular geometry, y = 90°. 

Fig. 5. Transition probabilities for vibrational excitation, 

Fig. 6. 

£' 2 lsOn,(y) I for n' = 1 vs partial wave parameter R.' at 

0 10 eV for the collinear, y = 0 and the perpendicular, 

y = 90° geometries. Full line (-----): this work; dashed 

line (-- -): Schinke and McGuire, Ref. 1. 

n' 
Vibrational transition probabilities P vs scattering 

angle e for vibrationally inelastic transitions n = 0 ~ n' = 

1, 2 and 3 at 10 eV. Full line (----): this work; dashed 

line (- - -): Schinke and McGuire, Ref. 1. Experiments 

( f) : Hermann et al . 5 



24 

Fig. 7. Rotationally summed differential cross sections for 

vibrational transitions n = o~ n' = 0, 1, 2, and 3 at 

10 eV. Full line (-): this work; dashed line 

(- ~ -): Schinke and McGuire, Ref. 1. The experiments ( t) 
5 . 

of Hermann et al. are normalized at one point, 0 
e-15 , 

to the vibrationally elastic theoretical results of this work. 



25 

-> 

0.2 

0.1 

-> 

XBL 7910-12125 

Fig. 1 



-L.. 
.c. 
0 
.0 --

26 . 

0~------------------------------~ 

~ Least squares fit. vf11• equ. ( 5) 

2 ~------------------------------~ 

FIT V INT ( g) w1 V 1 + W2 · 1 , equs. 8, 

4 ~------------------------~----~ 

._ Interpolation, V ~NT : 

_ R: cubic spline, equ. ( 6) 
r : cubic spline 

~ y: ex pans. in legendre poly .• equ. (7) 

8~------------------~----------~ 

._ Interpolation, V fXP: 

~ R : inverse power series. equ. ( 11) 
r : cubic spline 

~ y: expans. in legendre poly., equ. (7) 

12~------------------------------------~ 

- Perturbation theory, V fTH, equ. (10) 

XBL 7910-12126 

Fig. 2 ... 
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