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Abstract

A detailed comparison of recently published OH, XTI, *X~, “IT and *Z~ potentials is carried out. These potential functions are
important in the accurate determination of O—H and O-D collision cross sections. The isotope effect in the O-H and O-D cross
sections plays an important role in the enhanced nonthermal escape of H and D from Mars and Venus. The quantum mechanical
elastic scattering cross sections for O—H and O-D collisions are determined with a set of potentials which are constructed with a new
interpolation of the short range tabulated potentials and the long range asymptotic behaviour. The important role of the asymptotic
radial variation of the potential functions in the determination of the elastic cross sections is studied in detail with a semiclassical
analysis, and a comparison is made with previous calculations. The vibrational energies for several different X*IT bound potential
functions for OH are also calculated and compared with published results. © 1999 Published by Elsevier Science Ltd. All rights

reserved.

1. Introduction

The energization of H and D by collisions with energetic
oxygen atoms is an important process with regard to the
nonthermal escape of H and D from Mars and Venus.
Translationally energetic oxygen atoms are produced
from dissociative recombination of OF, that is,
O3 +e—0+ O with several different channels depending
on the electronic states of the product oxygen atoms
(Shizgal and Arkos, 1996; Cooper et al., 1984; Gurwell
and Yung, 1993). This reaction is followed by translational
energy transfer in collisions of oxygen atoms with H and
D, and energization of H and D above the escape velocity
of the planets. The accurate collision dynamics of O—H
and O-D collisions are required in order to provide
reliable estimates of the efficiency of this energization
process leading to enhanced escape of H and D. This
process was studied by Cooper et al. (1984) some time
ago and recently by Gurwell and Yung (1993). Hodges
(1993) recalculated the O-H and O-D collision cross
sections and obtained different results from that obtained
by Cooper et al. (1984). A major objective of the present
paper is to re-examine the O—H potential functions and
to attempt to resolve the different results reported by
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Cooper et al. (1984) and by Hodges (1993). Some of these
potential functions have been recently updated by Pradhan
(1995) and Nemukhin and Grigorenko (1997). The kinetic
theory of the energization process and the determination
of the velocity distribution functions of energized H and
D is presented in a subsequent publication.

The OH radical plays a very important role in the
aeronomy of the Earth (Crosley, 1997; Vandop and Krol,
1996; Makhlouf et al., 1995; Lopezgonzalez et al., 1996))
and other planets (Ip, 1997), in the development of diag-
nostic techniques for interstellar clouds (Szymczak and
Lesqueren, 1995) and comets (Meech and Weaver, 1996),
in astrophysics (Oneal and Neff, 1997), as well as the
quantum behaviour of OH in different molecular
environments (Wright and Donaldson, 1985), pho-
toassociation (Korolkov et al., 1996) and in electron—
OH scattering (Chen and Morgan, 1997). Accurate O-H
potential functions are clearly important input data for
numerous applications. In addition to the calculation of
the scattering cross sections, the OH vibrational states in
the ground X*I1 state are determined with the Quadrature
Discretization Method (QDM) described in recent papers
(Shizgal and Chen, 1996; Shizgal, 1997).

In Section 2, the details of the four interaction poten-
tials are presented and discussed. The recent calculations
reported by Nemukhin and Grigorenko (1997) and the
unpublished work by Pradhan (1995) are also included.
A detailed analysis of the scattering cross sections for
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Table 1
The X°IT potentials

! P ! NG ! LVWD !
1.00 11.667 1.00 11.667 1.00  11.667 0.90 9.91
.10 6.138 .10 6.138 1.10  6.138 1.00 6.26
.20 2.293 .20 2.293 1.20 2.293 1.10 3.57
1.25 0.84723 1.25  0.84723 125 0.84723 1.20 1.25
1.30 —0.47118 1.30 —0.47118 1.30  —0.39900 1.30 —0.57
1.50 —3.37316 1.50 —3.37316 1.50 —3.28700 1.40 —1.80
1.60 —4.05089 1.61 —3.97575 1.75 —4.41200 1.50 —2.88
1.75 —4.50268 1.70 —4.31208 1.83 [—4.47100] 1.60 —3.59
1.90 [—4.53042] 1.75 —4.40487 2.00 —4.32700 1.70 —3.84
2.00 —4.40562 1.80 —4.46228 2.25 —=3.77100 1.85 [—4.04]
2.10 —4.20861 1.83 [—4.47616] 2.50 —3.10000 1.95 —3.97
225 —3.83143 1.89 —4.46038 2.75 —2.41600 2.00 —3.89
2.40 —3.40631 1.98 —4.35807 3.00 —1.81200 2.20 —3.48
2,50 —3.11515 2.08 —4.18637 3.25 —1.31600 2.40 —3.05
2.75  —2.40954 236 —3.45358 3.50 —0.93100 2.60 —2.53
3.00 —1.78479 2.55 —2.90719 3.75 —0.64700 2.80 —2.07
325 —1.26939 2.65 —2.63889 4.00 —0.44400 3.00 —1.66
3.50 —0.87085 2.74 —2.38012 4.50 —0.20700 3.20 —1.28
3.75 —0.58078 2.83 —2.13305 5.00 —0.09200 3.40 —0.98
4.00 —0.38062 3.02 —1.68298 5.50 —0.03099 3.60 —0.74
4.50 —0.16135 331 —1.13142 6.00 —0.01405 3.80 —0.54
4.75 —0.10566 3.50 —0.84761 7.00 —0.00271 4.00 —0.41
5.00 —0.06970 3.78 —0.53551 7.10 —0.00196 4.20 —0.30
5.25 —0.04632 3.97 —0.39047 7.20 —0.00179 4.40 —0.22
5.50 —0.03099 4.25 —0.24272 4.60 —0.16
6.00 —0.01405 4.72 —0.11238 4.80 —0.11
7.00 —0.00271 5.67 —0.02966 5.00 —0.08
7.10 —0.00196 7.56 —0.00816 5.20 —0.05
7.20 —0.00179 9.45 —0.00653 5.40 —0.03
9.60 —0.00321 6.00 —0.00538
9.70 —0.00301 6.10 —0.00487
9.80 —0.00283 6.20 —0.00442

r 1is in atomic units and the energies in eV. P, NG, LVWD, and H correspond to results
by Pradhan (1995), Nemukhin and Grigorenko (1997), van Dishoeck et al. (1983) and Hodges

(1993), respectively.

these potentialsis presented in Section 3. Section 4 reports
on the results of the calculation of the bound vibrational
states in OH and OD.

2. O-H interaction potentials

The collision dynamics of O—H is determined from
the four interaction potentials X°I1, *X~, *Il and “X~
calculated some time ago by Langhoff et al. (1982), van
Dishoeck et al. (1983) and van Dishoeck and Dalgarno
(1983). Pradhan (1995) recalculated the potential curves
for the X1 and 2X~ states, and some other states. Nemu-
khin and Grigorenko (1997) recently reported results for
the XIT as well as several other states. The radial vari-
ation of the X*II state from these different sources is
shown in Table 1 and Fig. 1. The entries in the table
denoted by P and NG are the numerical values provided
to the author by Pradhan (1995), and by Nemukhin and
Grigorenko (1997), respectively. The values of Langhoff

et al. (1982) (denoted by LVWD) are from Table V in
their paper which are similar to the values in Table I in
the paper by van Dishoeck et al. (1983). The last column
in Table 1 (labelled H) are the values taken from the
curve in Fig. 1 of the paper by Hodges (1993) (adapted
from the paper by van Dishoeck et al. (1983)). In each
case, the energies are listed relative to the energy of the
separated atoms taken as the energy for the largest r
value in the relevant table or figure.

The solid curve in Fig. 1 is used as a reference to
compare the different potentials, and is given by the gen-
eralized Morse potential from Wright and Donaldson
(1985) of the form,

Vir)y=DJ1 —e PP x=r—r, 0
and

B=PBo(1+ A x+ A,x?), )
with r,=1.8324 atomic units (au), D,=4.582¢V,
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Fig. 1. Radial variation of the bound X*IT potential. The solid line in each figure is the generalized Morse potential of eq. (1) and eq. (2). (A) filled
circle; Pradhan (1995), (B) open square, Nemukhin and Grigorenko (1997); (C) open diamond, Langhoff et al. (1982); (D) open triangle, Hodges

(1993).

Po=1.239, 1,=0.001 and 1,=0.037. For clarity, each set
of data in Table 1 is compared separately in each of the
four figures of Fig. 1. There are only subtle differences
between these potentials and the modified Morse poten-
tial, except for the potential by Hodges. The well depth
for this potential is shallower and not in agreement with
the others. The minima for each potential is indicated by
the square brackets in Table 1. The repulsive parts of
the potentials appear to be well approximated by this
generalized Morse potential so that the values for the

first four entries in Table 1 are the values obtained with
eq. (1) and eq. (2), and are shown in italics in the table.

The large r asympototic behaviour of the potentials is
shown in Fig. 2 in comparison with the asymptotic form
of the IT state (short dashed curve) by Miller and Kelley
(1973) given by,

250.9

7o

Vi~ — I =0 3)

with 7 in au and V{{)(r) in eV. The entries in Table 1 in
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Fig. 2. Radial variation of the long range portion of the bound *IT
potential. The solid line is the spline fit to the data by Pradhan (1995);
the short dashed line is the asymptotic result given by eq. (3); the long
dashed line is the generalized Morse potential of eq. (1) and eq. (2). The
symbols are defined in the caption to Fig. 1.

bold type are the asymptotic energies given by eq. (3).
Further details of Fig. 2 are discussed later.

The asymptotic behaviour of the potentials is very
important in the calculation of the elastic scattering cross
sections, as will be demonstrated later. Both Cooper et
al. (1984) and Hodges (1993) do not specify exactly the
way in which they merged their data at small r to the
asymptotic result, eq. (3); see Table 1. The results by
Langhoff et al. (1982) do not extend into the asymptotic
region and the interpolation of the tabulated values and
the asymptotic results is somewhat arbitrary, The same
applies to the potential by Hodges (1993) which is
adapted from van Dishoeck et al. (1983) but differs sig-
nificantly from theirs, particularly with respect to the
shallower well.

In order to get complete potentials for all r, the numeri-
cal data were extended to include the asymptotic regions.
The procedure to accomplish this in this paper is as
follows. The energies calculated from eq. (3) were sub-
tracted from the energies by Pradhan (1995) in Table
1 for r=3.75-5.00 au. The semilogarithmic plot of this
energy difference was found to be vary linearly with radial
distance remarkably well. Moreover, the extrapolation
into the region r> 5 au reproduced the values in the table
extremely accurately. Therefore, for »>4.5au, the ener-
gies for this state are given by

250.9
6

r

V()= —381.6e 77 — ,r>4.5au (4)

with 7 in au and V°™(r) in eV. The constants in the

exponential function are the result of the fitting procedure
and are empirical. The use of the data from Nemukhin
and Grigorenko (1997) provides a similar excellent
exponential fit, but with different constants. The
approach into the asymptotic region is therefore very
gradual and eq. (3) gives the interaction energy only for
r~8-10au. The final potential adopted here is then the
numerical values in Table 1 reported by Pradhan (1995)
up to r=4.5au and the analytic fit given by eq. (4) beyond
4.5 au.

The solid line in Fig. 2 is the spline fit to the tabulated
values for r<4.5au and the analytic fit, eq. (4), for
r>4.5au. The table used for the spline fit is augmented
with several values for r>4.5au calculated with eq. (4).
The long dashed curve in Fig. 2 is the generalized Morse
potential given by eq. (1) and eq. (2). The values of
the potentials by Pradhan (1995) (filled circles) and by
Nemukhin and Grigorenko (1997) (open squares) are in
good agreement. These potentials are available to
sufficiently large r so that a useful comparison can be
made with the asymptotic result, eq. (3). The results by
Pradhan (1995) appear to be consistent with the asymp-
totic behaviour of eq. (3). The results by Nemukhin and
Grigorenko (1997) appear somewhat below the aympto-
tic values. However, it is not known at what radial dis-
tance the asymptotic behavior of eq. (3) becomes
accurate.

The numerical values for the energies of the X~ state
for three different sources are listed in Table 2 and shown
in Fig. 3(A). These three sets of data were provided by
Pradhan (1995) denoted by P, obtained from Table 1
from the paper by van Dishoeck et al. (1983) labelled
VLD, and adapted from Figure 1 in the paper by Hodges
(1993) labelled H (the source of which is van Dishoeck et
al. (1983)). For the *X~ states, the asymptotic behaviour
is given by

248.4

r
s
r6

Vs~ — 0, ©)
with r in au and V)(r) in eV. The behaviour of these
different potentials in comparison with the asymptotic
behaviour (dashed curve) is shown in Fig. 3(B). The
difference between the tabulated values in Table 2 by
Pradhan (1995) and this asymptotic behaviour was fitted
to an exponential for the four points r=4.50-5.25 au.
Therefore, for r>5.25au, the energies of this state are
given approximately by

- 248.4
VEE (1) =764.9¢ 2025 4 0 1> 5054 (6)

re
with r in au and V> )(r) in eV. This analytic fit gives
values of the potential which are slightly above the ener-
gies at 6au and 7au in Table 2.
Results for the relevant quartic states are those

reported by van Dishoeck and Dalgarno (1983) in Fig. 6
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Table 2
The X~ potentials

! P " VLD ! H
1.60 4.61855 1.50 5.60 1.05 11.81
1.75 3.79385 1.75 3.88 1.10 10.59
1.90 3.29936 1.83 3.57 1.20 9.39
2.00 3.04831 2.00 1.34 1.30 7.51
2.10 2.81720 225 2.51 1.40 6.37
2.25 2.47489 2.50 1.92 1.50 5.44
2.40 2.13463 275 143 1.60 4.71
2.50 1.91633 3.00 1.03 1.70 4.08
2.75 1.42829 325 0.73 1.80 3.65
3.00 1.04019 3.50 0.52 1.90 3.32
3.25 0.74538 3.75 0.37 2.00 3.08
3.50 0.52700 4.00 0.25 220 2.59
3.75 0.36781 4.50 0.12 240 2.10
4.00 0.25325 5.00 0.05 2.60 1.69
4.50 0.11508 2.80 1.28
4.75 0.07585 3.00 0.95
5.00 0.04913 3.20 0.71
5.25 0.03120 3.40 0.54
5.50 0.01935 3.60 0.38
6.00 0.00677 3.80 0.30
7.00 0.00034 4.00 0.22
420 0.14
4.40 0.11
4.60 0.08

r is in atomic units and the energies in eV. P, VLD
and H correspond to the results by Pradhan (1995), van
Dishoeck et al. (1983) and Hodges (1993), respectively.

of their paper. This is the source for the potentials used by
Cooper et al. (1984) and by Hodges (1993). The numerical
values for these potentials were obtained from this figure
as well as Fig. 1 of Hodges (1993) and Fig. 1 of Cooper
et al. (1984). The numerical values from the digitization
of the graphical data in these references are shown in
Tables 3 and 4, and labelled VD, H and CYD for van
Dishoeck and Dalgarno (1983), Hodges (1993) and
Cooper et al. (1984), respectively. The energies are all in
eV and relative to the zero of energy for the separated
atoms. Reasonable agreement is found for the potentials
shown in Tables 3 and 4 employed by Hodges (1993) and
reported by van Dishoeck and Dalgarno (1983).
However, the data reported by Cooper et al. (1984) for
both the *X~ and “II states are significantly lower in the
important region beyond about 2.2 au. It is unfortunate
that numerical data for these potentials is not available.
The potentials listed in the tables determined from the
graphical data reported in the references cited is believed
to be accurate to +0.05eV. The errors can be large for
small r where the potentials vary rapidly with r, and as
well as for large r where the energy reported is determined
by subtracting the asympototic values.

The asymptotic dependence of the quartic states was
determined as for the doublet states. The asymptotic
energies, eq. (3) and eq. (5) were subtracted from the

22
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Fig. 3. (A) The radial variation of the X~ potential. The solid line is
the spline fit to the data by Pradhan (1995). (B) Asymptotic behaviour
of the X~ potential. The short dashed line is the asymptotic result given
by eq. (5); filled circle, Pradhan (1995); open square, Nemukhin and
Grigorenko (1997); (C) open diamond, van Dishoeck et al. (1983); (D)
open triangle, Hodges (1993).

results by van Dishoeck and Dalgarno (1983) in Tables
3 and 4, and the difference was fitted to exponential
functions. The four data points r=3.8-4.4 au were used
and the analytic forms that were found are

4 250.9
P =1711e L =4 2au )
and

4 248.4
yeE )(r)z104.26"'755"+7,r24au (8)
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Table 3
The *~ potential
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" VD H CYD
1.50 5.02 5.01 491
1.60 4.26 4.22 4.17
1.70 3.68 3.57 3.55
1.80 3.28 3.13 3.09
1.90 2.87 2.80 2.68
2.00 2.52 2.56 2.33
2.10 2.23 2.29 2.06
2.20 2.00 2.01 1.78
2.30 1.75 1.79 1.50
2.40 1.58 1.55 1.29
2.50 1.40 1.36 1.05
2.60 1.23 1.20 0.86
2.70 1.08 1.03 0.71
2.80 0.97 0.90 0.57
3.00 0.70 0.68 0.41
3.20 0.52 0.49 0.26
3.40 0.39 0.35 0.17
3.60 0.30 0.27 0.10
3.80 0.21 0.19 0.07
4.00 0.16 0.14 0.05
4.20 0.11 0.11 0.04
4.40 0.08 0.09 0.03
4.60 0.05 0.08 0.01

r is in atomic units and the energies in eV.
VD, H and CYD denote the potentials employed
by van Dishoeck and Dalgarno (1983), Hodges
(1993) and Cooper et al. (1984), respectively. The

energies are in eV relative to the ground level.

Table 4

The *“II potential

’ VD H CYD
2.00 5.44 5.41 5.32
2.10 5.32 5.22 4.72
2.20 4.70 4.68 4.15
2.30 4.03 4.08 3.60
2.40 3.49 3.54 3.15
2.50 2.93 2.94 2.68
2.60 2.62 2.50 2.32
2.70 2.24 2.12 2.00
2.80 1.98 1.85 1.76
2.90 1.65 1.58 1.50
3.00 1.39 1.39 1.28
3.20 1.05 1.03 0.88
3.40 0.79 0.76 0.60
3.60 0.58 0.60 0.43
3.80 0.42 0.41 0.31
4.00 0.30 0.33 0.21
4.20 0.22 0.22 0.16
4.40 0.16 0.14 0.09
4.60 0.10 0.08 0.07
5.00 0.03 0.05 0.05

r is in atomic units and the energies in eV.
VD, H and CYD denote the potentials employed
by van Dishoeck and Dalgarno (1983), Hodges

(1993) and Cooper et al. (1984), respectively.

1.0

E(r) (eV)
Y e
I I

e
~
I

o
o
I

0.0

r (au)

Fig. 4. Comparison of the radial variation of the repulsive potentials,
4%~ (open square), ’X~ (open triangle) and “IT states (filled circle). The
solid lines are the spline fits to the data in the second columns of Tab.
1, Tab. 2 and Tab. 3. The dashed lines are the asymptotic fits given by
eq. (6), eq. (7) and eq. (8).

with r in au and V(r) in eV. Figure 4 shows the radial
variation of the three repulsive states over the region that
contributes most to the scattering for energies of the
order of 1eV. The solid lines are the spline fits to the
values in the tables augmented with several data entries
from the analytic fits, eqs. (6—8). The dashed lines are the
asymptotic values given by eqs. (6-8). The potentials
employed in this paper are of longer range than those
used by Cooper et al. (1984) and by Hodges (1993) and
approach the 1/° behaviour more slowly. Without more
detailed quantum calculations of the asymptotic forms
of these potentials, the merging of the tabulated values
with the asymptotic variations, eq. (3) and eq. (9),
remains subjective.

The four potentials employed in the present work to
study O-H and O-D scattering are the X’II state by
Pradhan (1995) in the second column in Table 1, the >~
state by Pradhan (1995) in the second column of Table
2, the “X~ and “II states by van Dishoeck and Dalgarno
(1983) and listed in the second columns of Tables 3 and
4, respectively. These tabulated values are augmented
with the analytic fits given by eq. (4) and egs. (6-8) as
discussed. The data in Tables 1-4 obtained by digitizing
graphical data in the references cited are believed to be
within +5% of the data used to plot the graphs. Two
numerical potentials digitized independently from the
same graph were within 2% of each other as were the
cross sections calculated with the potentials.
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3. Scattering cross sections

The elastic scattering cross sections for O-H and O-D
collisions for each of the four interaction potentials,
V9(r), of Section 2 were calculated quantum mech-
anically. The details of the calculation were described by
Hodges (1993) and Cooper et al. (1984) and also appear
in standard references (Bernstein, 1966; Rodberg and
Thaler, 1967). The differential cross section, a(E,0) at
relative energy E and scattering angle 6 is given by the
sum of the cross sections for each potential weighted with
the statistical weight of the jth channel

where f(E,0) is the scattering amplitude for the jth chan-
nel expressed in terms of the scattering phase shifts, 6%,

S(E.0) =ﬁ§‘1 21+ 1) x [exp (2i69) — 1]P(cos 0). (10)

In eq. (10), Pfcosf) are the Legendre polynomials,
k=./2uE/h is the wave number, and u is the reduced

mass equal to 0.94826 amu for O-H and 1.7904 amu for
O-D. The phase shifts are determined in the usual way
by numerically solving the radial Schroedinger equation,
d?u o

Zz(r)+[k2—vsfi~]u,°><r)=o, (11)

r

where U%(r)= U2(r)+1(I+1)/r* and UV(r)=2uVV(r)/h~
2. The phase shifts are determined from the asymptotic
form of the radial wavefunction given by

1 .
W)~ sin <kr—l§+5§”>, r—co. (12)

An alternate and often very accurate method for cal-
culating the phase shifts is the Wentzel-Kramers—Bril-
louin (WKB) semiclassical approximation (Cohen, 1978;
Kennedy and Smith, 1967), given by

- —kr(({’+j kP —K]dr, (13)
4

sp_ 12
=

where

k() =/ I = UG, (14)

In eq. (13) and eq. (14), #y is the classical turning point
for which k* = UY(r{). The WK B approximation is com-
putationally faster than the quantum approach, but in
addition it provides a useful physical interpretation of
the scattering, which is the principal use in this paper.
The quantum mechanical scattering phase shifts for each
of the four potentials from 0.01 eV to 5eV were calculated
as done previously by Cooper et al. (1984) and Hodges
(1993). The total cross sections for each independent
channel are given by

T I T ' T I T I T
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Fig. 5. Energy variation of the total elastic O-H cross sections in A2,
(A) Cross sections for the X, X~ and *II states; (B) Cross section for
1 state.

oO(E)=2n J " 6O(E,0)sin(0)d0. (15)

The present calculations give the energy variation of the
total cross sections shown in Fig. 5(A). The ordering of
the cross sections for the three repulsive states
X <o(F ) <6V shown in Fig. 5(A) is entirely con-
sistent with the order of the potentials in Fig. 4. The
choice of points in the determination of the analytic
expressions, eq. (4) and egs. (6-8) is somewhat arbitrary.
Several other expressions were used and these gave total
cross sections that differed from those in Fig. 5(A) by
+(3-5)%. The cross section from the bound °IT state is
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shown in Fig. 5(B). The oscillations in this cross section
can be related to the bound states in the potential.

Hodges (1993) reported identical total cross sections
for the X~ and *X~ states, whereas Cooper et al. (1984)
show a considerable difference in the total cross sections
for these two potentials. As shown in Fig. 4, the *X~ state
is somewhat below the X~ state. It does not appear
reasonable that the cross sections for these two potentials
are identical. Nor is it reasonable that the cross sections
should differ as much as shown in Figure 4 in the paper
by Cooper et al. (1984). For the X~ state, Hodges (1993)
and Cooper et al. (1984) report a cross section that varies
from 38 to 45 A” in the energy range 1-5¢eV. The present
results give a cross section from 44 to 53 A? which is
about 15% larger. Cooper et al. (1984) report a cross
section for the *X~ state that varies slowly from 23 to
26 A? whereas the present results give a cross section
that varies from 39 to 50 A% which is significantly larger.
Cooper et al. (1984) report a cross section for the *IT state
that is greater than the cross section for the *X~ state
which is unreasonable, as noted by Hodges (1993).
Hodges (1993) reports a cross section for this state that
varies from approximately 46 to 57 A? in reasonable
agreement with the present results which are from 47 to
59 A2. A detailed comparison of the results for the cross
section for the °IT state was not carried out but it is clear
that there are significant differences. The present results
show maxima in the cross section at 1.2, 1.8, 2.7 and
4.0eV, with cross section values of 56, 52, 46 and 43 Az,
respectively. The results by Cooper et al. (1984) are simi-
lar but not in complete agreement with maxima at about
0.9, 1.5, 2.2 and 3.3¢V, and cross section values of
approximately 50, 43, 44, and 40 A2, respectively. Hodges
(1993) shows 5 rather than 4 maxima at about 1.0, 1.4,
2.2, 3.2 and 4.8 eV, with cross section values of approxi-
mately 68, 66, 62, 58, and 56 A%, respectively.

In order to explain the different results, in particular
for the repulsive potentials, two model potentials were
constructed for the X~ state as shown in Fig. 6. These
correspond to different schemes for merging the tabulated
values of the potentials with the asymptotic behaviour
shown by the thin solid line. The two model potentials
are denoted by long and short dashed curves and the
actual potential used in this paper is shown as the bold
solid curve. These model potentials are not unreasonable
interpolations of the short and long range forms of the
potential in view of the fact that the potentials available
to Cooper et al. (1984) and Hodges (1993) are not well
known beyond about 4-5au. The recent calculations by
Pradhan (1995) provide a much better result up to 7au
for the IT and the *Z~ states.

The WKB method was used to study the details of the
scattering from the three potentials in Fig. 6 for E=1¢eV.
The results are shown in Fig. 7. Figure 7(A) shows the
variation of the classical turning points over the range of
[ values for which there are significant differences. The

0.8

0.7

E() (eV)
o o o
N W N

o
-

0.0

r (au)

Fig. 6. Model potentials for the X~ state are shown in short and long
dashed lines. The solid light curve is the asymptotic result given by eq.
(5). The solid dark line is the spline fit to the data by Pradhan (1995)
listed in Tab. 1 including the data points given by eq. (6) for r>4.5au.
The two additional dash curves are model potentials with arbitrary
extrapolations to the asymptotic result.

differences arise directly from the way each potential
was made to merge with the asymptotic behaviour. The
corresponding phase shifts are shown in Fig. 7(B), and
the differences in the phase shifts are significant. Figure
7(C) shows the partial sums, up to /= L,,in the calculation
of the total cross section, that is, the partial cross section,

4 & .
S(L,) =k—f Y 21+ 1)sin(87). (16)
/=0

The converged total cross section, given by
) an & 20500
cnot(E)=; . (214 Dsin®(5f), (17
=0

can be divided into two parts, that is,

o Q(E)=0)(E)+a)(E), (18)
where the first term represents the sum over the ‘random
phase’ (rp) shifts, /</¥, analogous to eq. (16), and the
second term is the contribution from phase shifts with
[> 19 that are determined by the long range (/r) portion
of the potential. The quantum phases shifts for small /
with smaller classical turning points sample the short
range portion of the potentials and are considered ran-
dom (modulo 27) (Bernstein, 1966). Therefore, one can
replace ~ sin?(8%) with the average value of 1/2 so that,

B =1 +1) (19)

In Fig. 7(C), the three potentials give for /=150, almost
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Fig. 7. A WKB analysis of the elastic scattering with E=1eV. The dashed and solid lines correspond to potentials as shown in Fig. 6. (A) variation
of the classical turning points (in au) with /; (B) variation of the scattering phase shifts with /; (C) variation of the partial sums (in A?) in the calculation
of the cross section with L, see eq. (16), and (D) the energy variation of the total cross sections (in A?).

identical partial cross sections equal to 39.5, 40.6 and
40.4 A% in the order of increasing range, respectively.
With /,=50 in eq. (19), the random phase cross section,
atleV,is 36.0 A2, which is in reasonable agreement con-
sidering that the number of phase shifts contributing is
quite small and the semiclassical results are expected to
be approximate. The remaining sum with />/, is the
contribution from the long range portion of the potential
(6¥)(E)) and for the three potentials these terms add an
additional 3.8, 6.4 and 12.5 A%, respectively to ¢¥. There-
fore for these three potentials the contributions from the
long range portion of the potentials to the total cross
sections are 8.8%, 13.6% and 23.6%, respectively. It is

clear that the manner in which the short range tabulated
potentials and long range behaviour are interpolated can
significantly affect the cross sections. Since a much slower
approach to the asymptotic region was adopted with the
analytic results, eq. (4) and eqs. (6-8), the cross sections
in this paper are larger than those reported by Hodges
(1993). The bound XIT state used by Hodges (1993) is
too shallow (see Fig. 1) and the bound vibrational states
calculated with this potential are not in agreement with
published values as discussed in Section 4.

Figure 8(A) shows a representative differential cross
section for the Il state with E=0.2¢eV. The quantum
oscillations in the cross section and the sharp forward
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Fig. 8. (A) The differential cross section (in AZ) for O—H scattering for

the X?IT state for E=0.2¢eV; (B) The integrated cross section (in Az),
eq. (20), for energies (a) 0.2¢eV, (b) 0.5¢V and (¢) 1.5¢V.

scattering peak at small angles are characteristics of these
differential cross sections. It is the small phases shifts that
contribute to the scattering cross section at small angles
and to the total cross section discussed in the previous
paragraph. In subsequent kinetic theory calculations of
the energization of H and D, the detailed structure of the
differential cross sections should not be of importance,
except for the peak at small angles. Cooper et al. (1984)
reported the integrated cross sections, defined analogous
to eq. (15), by
0
I(E,0)= an c”(E,0)sin(0")d0’. (20)
0
These integrated cross sections are shown in Fig. 8(B) for
the *IT state at 0.2, 0.5 and 1.5¢€V, respectively. Gurwell

100 |- -

"avg(E)

E (eV)

Fig. 9. Energy variation of the O—H and O-D elastic cross sections (in
A?) for the four potentials weighted with the appropriate statistical
weight.

and Yung (1993) studied the energization of H and D
using an analytic fit to such integrated cross sections and
calculated the cross section by numerical differentiation.
They did not use original scattering data but the result
reported by Cooper et al. (1984) at one energy. It is clear
from Fig. 8(B) that there is an important energy variation
in the collision dynamics that should be taken into
account.

The variation of the total cross sections summed over
the contributions from each state and weighted appro-
priately is shown in Fig. 9 for O-H and O-D collisions.
There is clearly a significant isotope effect. In their study
of energization of H and D by energetic O, Gurwell and
Yung (1993) assumed that the cross sections for O—H and
O-D collisions are the same. It is clear that in any study
of the differential escape of H and D should take account
of the isotope effect in the differential cross sections.

4. Vibrational states

The vibrational energies for the “IT potential functions
reported by Pradhan (1995), Nemukhin and Grigorenko
(1997), Langhoff et al. (1982) and Hodges (1993) were
also calculated as an additional comparison of these
potential functions. The Quadrature Discretization
Method (QDM) reported in recent papers (Shizgal and
Chen, 1996; Shizgal, 1997) was used to determine the
vibrational energies. The potentials used were those listed
in Table 1 with a spline fit to interpolate within the table.
The asymptotic energies are those given by eq. (3). Since
the lower vibrational levels are considered, the asymp-
totic portion of the potential is not important in these



B.D. Shizgal | Planetary and Space Science 47 (1999) 163174 173

Table 5
The '*O'H vibrational energies

n EHY AE,
P NG LVWD H

1 0.44260 0.00088 0.00432 0.00444 0.02509
2 0.86474 0.00154 0.01112 0.01390 0.06552
3 1.26680 0.00295 0.01879 0.02707 0.10387
4 1.64910 0.00598 0.02980 0.03990 0.12946
5 2.01190 0.01034 0.03990 0.05187 0.16382
6 2.35530 0.01571 0.04344 0.06482 0.20612
7 2.67960 0.02235 0.04964 0.08003 0.24939
8 2.98470 0.03076 0.06200 0.09776 0.29317
9 3.27030 0.04196 0.07760 0.11887 0.34245
10 3.53640 0.05733 0.09797 0.14452 0.39685

The first column lists the vibrational energies in eV given by Huber
and Herzberg (1979). The other entries are the differences
AE,=E"™ _—E, P, NG, LVWD and H correspond to results with the
potentials by Pradhan (1995), Nemukhin and Grigorenko (1997),
Langhoff et al. (1983) and Hodges (1993), respectively.

calculations. The potential in Table 1 from Pradhan
(1995) with the asymptotic behaviour given by eq. (3),
and the one with the asymptotic behaviour given by eq.
(4) gave the same vibrational energies.

The QDM is based on a discrete representation of the
Schroedinger equation,

dY,E)

dx?

+ U(x) = E,(x) @n

for the vibrational eigenfunction, ¥,(r), where x=r,—r.
A set of quadrature grid points, {x;}, are generated with
a weight function, w(x), derived from a Morse potential
that approximates the potential considered. The
vibrational energies are determined by the numerical
diagonalization of the matrix representative of the Ham-
iltonian in this discrete basis, that is, the matrix

H;= i DD+ [V(x)— f/(xi)]éi/’s (22)
K=0

where

. 1 1

V(x) = 2 W*(x)— 3 W (x). (23)

where w(x)=exp [j oW(x")dx]and D;is the QDM deriva-
tive matrix discussed in previous papers (Shizgal and
Chen, 1996; Shizgal, 1997). The vibrational energies are
determined from the numerical diagonalization of the
matrix Hamiltonian defined by eq. (22).

Table 5 summarizes the results of these calculations.
The vibrational energies calculated for the four different
potentials are shown relative to the energies given by
Huber and Herzberg (1979), in the column labelled
EMY_ The energies calculated with the four potential
functions are all larger than the values given by Huber

and Herzberg (1979). The three lowest energies reported
by Meélen et al. (1995) are 0.44267, 0.86481 and
1.26665 ¢V, respectively. As can be seen from the table,
the potential by Pradhan (1995) gives the best agreement
with the measured values, followed by the potential by
Nemukhin and Grigorenko (1997). For the lower states,
the potential by Langhoff et al. (1982) is comparable to
these others but the differences get larger with increasing
n. The results with the potential by Hodges (1993)
(derived from the published data by Langhoff et al.
(1982)) gives vibrational energies that are not in agree-
ment with either the results obtained here with the poten-
tial by Langhoff et al. (1982) nor the measured values
listed in Table 5.

5. Summary

In this paper, a detailed analysis of the four X°II,
%Y=, Il and *X~ O-H potential functions reported in
the literature has been provided together with an new
interpolation of the short and long range portions of
the potentials. The O-H and O-D quantum mechanical
elastic scattering cross sections for these four potentials
have been calculated and the isotope effect for the total
cross sections has been reported. The isotope effect for
the differential cross sections has an important role in the
H and D nonthermal enhaced escape fluxes from Mars
and Venus. The results differ from those reported by
Cooper et al. (1984) and Hodges (1993) because of the
different potential functions that were used, particularly
their asymptotic variations. The X°II potentials reported
recently by Pradhan (1995) and Nemukhin and Gri-
gorenko (1997) give good agreement with observed OH
vibrational states. The present study demonstrates the
need to have more precise quantum calculations of these
interaction potentials.
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