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The impact-parameter method is used to calculate integral cross sections for electronic excitation
and dissociation of O, and S, by electron impact. For both molecules, excitations to bound and dis-
sociative states are considered for transitions from the ground electronic state (X 37) to the two
lowest states of >3, symmetry (labeled B and E for O, and B and 2 for S,) and the lowest state of
*I1, symmetry. The dependence of the cross sections upon initial vibrational and rotational states is
studied for low collision energies (threshold to 25 eV). For some transitions a change in initial vibra-
tional state can have a significant effect upon the cross sections, but, in general, the effect of chang-

ing the initial rotational state is small.

I. INTRODUCTION

The electronic excitation and dissociation of O, in col-
lisions with low-energy electrons is an important process
in the photochemistry of the upper atmosphere and in
some gas-discharge lasers. For example, in gas lasers dis-
sociative excitation can significantly affect the efficiency
of the laser. Although the spectroscopy of the oxygen
molecule has been studied extensively,! there have been
only a few experimental measurements of cross sections
for electronic excitation by electron impact. Lawrence?
and Mumma and Zipf’ have measured electron-impact
cross sections for dissociation through excited electronic
states which are higher than 15 eV above the ground state.
Linder and Schmidt* have measured integral cross sec-
tions for spin-forbidden transitions to bound vibrational
states, and Trajmar et al.>® have measured differential
and integral cross sections for spin-forbidden transitions
to bound vibrational states. More recently, Wakiya’ has
measured differential and integral cross sections for the
X-to-B and some spin-forbidden transitions, and there has
been one calculation by Chung and Lin® of the cross sec-
tion for dissociation through the B state of O,. In the
present paper we are interested in optically allowed transi-
tions to bound vibrational states and to dissociative states
of low-lying electronic states which are accessible in col-
lisions with low-energy electrons that are present in gas-
discharge lasers.

The sulfur molecule is a possible candidate for a gas
laser’ and has been extensively studied spectroscopically,'©
but little is known about its cross sections for electron-
impact excitation and dissociation. Because the O, and S,
molecules are isoelectronic, it is interesting to compare the
analogous electron-impact cross sections of these systems.

In this paper, electron-impact cross sections for optical-
ly allowed transitions of ground-state O, and S, to bound
and dissociative states are presented. The cross sections
are for conditions relevant to laser plasmas: initial relative
translational energies are taken from threshold to 25 eV,
initial vibrational states are selected from the lowest few
states, and rotational distributions are characterized by
temperatures from 0 to 1000 K.
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The impact-parameter (IP) method for diatomic mole-
cules as presented by Hazi!""!? is designed to treat optical-
ly allowed transitions. In the preceding paper!® (paper I)
the present authors extended the IP method to treat exci-
tation of vibrationally and rotationally excited initial elec-
tronic states to either dissociative or bound energy levels
of the final electronic states. The IP method has been
shown to give reliable estimates of integral cross sections
for high-energy collisions which are comparable to those
obtained from the Born approximation and other “plane-
wave” methods,®!4~23 and it agrees well with theoretical
methods which are not based upon plane-wave approxima-
tions.!"13 Although the assumptions of the IP model may
often not be valid at low energies, it can still provide qual-
itative information about the effects of vibrational and ro-
tational energy on the cross sections in this region.

The impact-parameter method is described in detail in
paper I. Section II of this paper describes the data input
into the IP calculations. RKR (Rydberg-Klein-Rees?*)
and ab initio electronic structure data are combined and
fitted to obtain the best possible potential curves. The di-
pole transition matrix elements are obtained from ab initio
calculations. The Born calculations used to calibrate the
IP calculations are also presented in Sec. II. In Sec. III
the results of the dynamical calculations are presented.
Section IV discusses the results and Sec. V summarizes
the study.

II. INPUT DATA

A. Potential-energy curves and dipole transition
matrix elements

All potential-energy curves and transition dipole mo-
ments are fitted as described in paper I: the potential is
fitted to the available experimental and/or ab initio data
points by a cubic spline function and represented at small-
er R values by the functional form

V(R)=AR ~'exp(—BR) , (1)

where the parameters are determined by requiring that
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Eq. (1) reproduce the two innermost data points. For R
values larger than the spline-fit region, the potential has
the functional form

V(R)=Vy—CeR®—CszR?, ()

where V), is the experimental dissociation energy and the
parameters are determined by requiring Eq. (2) to repro-
duce the outermost potential data points. The cubic
spline function is fitted so that the first derivatives at the
left and right ends of the spline-fit range match the
derivatives of the functional forms of Egs. (1) and (2),
respectively.

Over the range of internuclear distances for which di-
pole transition moments are available, M ey (R) is fitted

by fourth-order Lagrange interpolation. For smaller
values of R, the dipole transition moment is assumed to
be constant and equal to the value at the smallest R value
for which data is available. For all of the transitions con-
sidered here, the dipole transition moments vanish asymp-
totically. M, 4 (R) is extended to large R values by fit-

ting the functional form
M,,iaf(R)=Cexp(—DR) (3)

to reproduce M, , f(R) at the two largest R values in the

interpolated region. Subroutines for generating the transi-
tion dipole moments and potentials used in this work are
available from the authors.

1. 0,

Transitions were considered from the ground electronic
state of O, (X 32 ) to three electronic states: the two
lowest states of 32,, symmetry (labeled B and E) and the
lowest state of 3II, symmetry. The potential curves for
these states are illustrated in Fig. 1.
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FIG. 1. Potential-energy curves for selected electronic states

of O,. The fits of the curves are described in Sec. I A 1.

For the X state, the RKR data compiled by Krupenie'
was used in the region from 0.9761 to 1.7915 A and the
results of Saxon and Liu®’ were used from 1.852 to 5.292
A. The Saxon-Liu results were shifted to have the experi-
mental asymptotic value at 10.584 A.

The RKR data for the B state! were used for values of
the internuclear separation between 1.33515 and 2.57557
A. The results of Saxon and Liu*® were used from 2.646
t0 5.292 A. The ab initio points were shifted to have the
experimental asymptotic value at 10.584 A. From 0.953
to 1.270 A the results of Redmon and Diffenderfer?® were
used. The points were adjusted to match the interpolated
RKR data at 1.376 A.

No RKR data are available for the 3II, and E states so
the fits were to gb initio data. For the zHu state, the data
points at 0.953 A and at 1.376—2.646 A were taken from
Ref. 26 and the points in the range 0.995—1.312 A were
taken from Buenker and Peyerimhoff.?”?% The ab initio
points were shifted to match the experimental asymptote
and to fit smoothly from 1.312 to 1.376 A.

For the E state, the data points of Ref. 26 were used in
the range from 0.953 to 3.175 A and the results of Saxon
and Liu®> were used from 3.440 to 5.292 A. The ab initio
points were shifted to match the experimenta] asymptote
at 10.584 A and to match each other at 3.175 A.

All three excited-state curves exhibit either a shoulder
or a local well jn the potential-energy curves between
1.111 and 1.164 A. These features are the result of avoid-
ed crossings, where the electronic wave function changes
character. For example, the B-state wave function
changes from a state of Rydberg character to the left of
the shoulder to one of valence character to the right of the
shoulder.

The transiton dipole moments used in the cross-section
calculations are plotted in Fig. 2. These are all fits to the
ab initio results of Ref. 26, which are similar to those of
Ref. 28. For the X-to-B and X-to-*II, transitions, the ab
initio data were available from 0.953 to 2.646 A; for the
X-to-E transition the ab initio data were available from
1.111 to 2.249 A. The dipole transition moment changes
rapidly with increasing internuclear distance in the region
of the avoided crossing. This type of behavior is not
unexpected since the electronic wave function changes
character rapidly in this region.

2. S,

The S, molecule is isoelectronic to O,, so the same tran-
sitions were considered: from the ground electronic state

32 to the two lowest states of 33, symmetry
(B and 2) and the lowest state of 3II, symmetry (B").
The potential curves for these states are illustrated in Fig.
3.

For the X state, the RKR data of Brabson and Volk-
mar® were used in the range from 1.5870 to 2.5456 A.
The RKR data?®® for the B state were used in the range
from 1.8093 to 3.0554 A, and the ab initio results of Ref.
26 were used in the range from 1.640 to 1.799 A. The ab
initio points were shifted to match an extrapolation of the
RKR data at 1.799 A. The 2 337 and B"°Il, states used
the results of Ref. 26 in the range from 1. 588 to 3.969 A.
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FIG. 2. Dipole transition moments in atomic units as a func-
tion of internuclear distance R for transitions from the X 3%,
state of O, to the B33 state (solid line), to the E33; state
(long-dashed line), and to the 1°II, state (short-dashed line).
The curves are interpolations of ab initio data as described in
Sec. IIA1. (An atomic unit of dipole moment is equal to
2.54177 Debye.)

The results for the 233, were shifted to reproduce the ex-
perimental dissociation energy asymptotically and the
B'-state results were shifted to reproduce the experimen-
tal dissociation energy at 3.969 A.

No evidence of avoided crossings in the B and B”
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FIG. 3. Potential-energy curves for selected electronic states
of S,. The fits of the curves are described in Sec. IIA 2. The
zero of energy is the minimum of the ground electronic state.
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FIG. 4. Dipole transition moments in atomic units as a func-
tion of internuclear distance R for transitions from the X *=;
state of S, to the B3Z, state (solid line), to the 23Z, state
(long-dashed line), and to the B’ °II, state (short-dashed line).
The curves are interpolations of ab initio data as described in
Sec. IIA2. (An atomic unit of dipole moment is equal to
2.54177 Debye.)

states was found in the region of the potential below 10
eV, but the 233, state exhibits a local well above the dis-
sociation limit much like the E state of O,. The equilibri-
um geometries of the B and X states of S, are more-nearly
equal than those of O,, so the energy of the S, B state at
the X-state equilibrium geometry lies below the B-state
dissociation limit.

The transition dipole moments used in the cross-section
calculations are plotted in Fig. 4. All were fits to the ab
initio results of Ref. 26. For the X-to-B transition, ab ini-
tio data were available from 1.693 to 3.969 A; for the
X-to-B" transition, the data extended from 1.588 to 3.969
A; and for the X—too-232u" transition, the data extended
from 1.588 to 2.910 A.

B. Minimum impact parameter

In the impact-parameter method, a nonzero by is used
as the lower limit in the integration of the transition prob-
ability over initial impact parameter to prevent divergence
of the cross section.!"!3 The minimum impact parameter
is determined by requiring that the results of the impact-
parameter method agree with those of the Born approxi-
mation (BA) at higher energies (800 eV in the present ap-
plication). For comparison of the BA and IP results at
very high energies the following approximations are
made: rotational and vibrational states are treated as be-
ing degenerate and the Franck-Condon approximation is
assumed to be valid. Within these approximations, the
cross sections calculated are for purely electronic transi-
tions summed over all final vibrational and dissociative
states, and the IP method reduces to the method as origi-
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TABLE I. Minimum impact parameters and transition energies.

Transition bo (A) AE,,‘i,,, ¥ (eV)
0, X—B33; 0.921 8.741
X—>E33; 0.138 10.315
X—1°%11, 0.247 10.403
S, X—B33] 0.974 4.700
X—23%37 2.424 7.480
X—B", 2.28x 1016 6.429

1

nally formulated by Hazi.! At sufficiently high energy

the IP cross sections become

27Tfa,af
E[AE,y, |

bO ' AEa,af I
(2E)!?

o (E)~ In , @

where AE, 4 > is the transition energy between electronic
states, E is the electron translational energy, and f, o » is

the electronic oscillator strength, which is related to the
dipole transition moment by

2m
3#2e?

| Moo (R.)|

fa,-af = | AEa‘-af | (5)

ApAg 8i

The sum is over projections of the initial and final elec-
tronic angular momentum along the body-fixed axis, m
and e are the mass and charge of the electron, # is
Planck’s constant, and g; is the degeneracy of the initial
electronic state. In the Franck-Condon approximation
My, f(R) is assumed to be a slowly varying function of R

and is evaluated at a fixed R value, the equilibrium
geometry R, of the ground electronic state in this case.
For a given transition at a fixed translational energy E,
faa ’ and AE,, . are known and the right-hand side of

Eq. (4) is equated to the calculated BA cross section and
solved to obtain by.

The input required for the Born-approximation calcula-
tions consists of the transition energy AEa,.a o the atomic

basis functions, the transformation matrix for construct-
ing the molecular orbitals, and the transition density ma-
trix. The details of the Born calculations are as described
by McCurdy and McKoy.2! The transition energy is ob-
tained from the fits to the potential curves and is the ver-
tical transition energy at R,, and the electronic structure
information is obtained from multiconfiguration self-
consistent-field (MCSCF) calculations.?® The minimum
impact parameters obtained from these calculations are
presented in Table I along with the transition energies
AEg;.q = All by’s were evaluated at E=800 eV. For O,,

all were evaluated at R, =1.207°1°\ and for S,, values of
by were evaluated at R, =1.889 A.

III. RESULTS

First, the vibrational dependence of the electron-impact
cross sections was examined. In these calculations the ro-
tational levels were assumed to be degenerate and the
cross sections for excitations to bound and dissociative
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states were calculated from Egs. (31) and (40) of paper L,'*
respectively. These equations represent the IPV
(bound—bound) and IPVD (bound—dissociative) exten-
sions to the original IP method.!! The effect of rotational
excitation is discussed in Sec. ITI C.

A. O,

Excitation to the B33 state of O, is predominantly
dissociative. Figures 5 and 6 present the cross sections for
excitation to bound states and the dissociative continuum,
respectively. Dissociation is favored for this state because
its potential in the region of the ground-state equilibrium
geometry is repulsive and the overlap of the resultant con-
tinuum wave function with the ground-state vibrational
wave function is better than its overlap with the bound vi-
brational energy levels of the excited electronic state. As
the initial vibrational energy is increased, the vibrational
wave function becomes more diffuse and its overlap with
the bound-state wave functions of the excited electronic
state improves, causing a large enhancement in this cross
section. Near threshold, the dissociative cross sections
also increase with increasing initial vibrational energy,
mainly because the energetic threshold is decreased as v;
is increased. However, they gradually decrease with in-
creasing initial vibrational energy for higher energies.
The IP results for v; =0 agree well with those computed
by Chung and Lin® using the Born-Ochkur approximation
and with the experimental results of Wakiya.”

The cross sections for dissociation through the lowest
311, state are shown in Fig. 7. These cross sections are
typically 20 to 30 times smaller than those for dissocia-
tion through the B, state, largely because of the smaller
transition dipole matrix elements (see Fig. 2).

The interpretation of the cross sections for excitation to
the second excited *=; state (the E state) is complicated
by the local well in the potential-energy curve above the
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FIG. 5. Cross sections a:,:"af (E) in units of cm? vs electron

translational energy E for electron-impact excitation from the
ground electronic state of O, to bound vibrational states of the
B state. The solid, short-dashed, and long-dashed curves are for
initial vibrational states v; =0, 1, and 2, respectively.
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FIG. 6. Cross sections 0:_"”/ (E) multiplied by a factor of 10'7

in units of cm? vs electron translational energy E for electron-
impact dissociation from the ground electronic state of O,
through the B state. The solid, short-dashed, and long-dashed
curves are for initial vibrational states v; =0, 1, and 2, respec-
tively. The dots are the Born-Ochkur results of Chung and Lin
(Ref. 8) and correspond to v;=0. The plus sign is Wakiya’s ex-
perimental cross section for dissociation from the v;=0 state
(Ref. 7).

dissociation limit (see Fig. 1). The potential barrier is 1.5
eV above the local minimum, and the well supports six
quasibound states, which will appear as resonances in the
elastic cross section for collision of two O atoms. We
have performed stabilization®® calculations to determine
the locations of the quasibound states of this potential.
Because this local well in the E state lies almost directly
above the equilibrium geometry of the X state, there is a
large overlap between the vibrational wave functions of
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FIG. 7. Cross sections U‘,,z‘faf (E) multiplied by a factor of 10'7

in units of cm? vs electron translational energy E for electron-
impact dissociation from the ground electronic state of O,
through the 13[, state. The solid, short-dashed, and long-
dashed curves are for initial vibrational states v;=0, 1, and 2,
respectively.
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the ground state and the quasibound states. Therefore,
most of the transitions from the X state go to these quasi-
bound states of the E electronic curve, and there will be
very little direct dissociation. However, dissociation from
these quasibound states can occur by tunneling. The con-
tribution of these quasibound states to the dissociation
cross section is determined by the competition between ra-
diative relaxation to the X state and tunneling predissocia-
tion. )

The radiative lifetimes of these states have been ob-
tained from the Einstein A factors and are calculated to
be on the order of 10™!%s. The predissociation tunneling
lifetimes can be obtained from the resonance linewidths,
which are, in turn, estimated from the Gamow formula.>!
The predissociation tunneling lifetimes are calculated to
range from 0.04 s for the lowest quasibound state to 1077
s for the third quasibound state. Thus radiative deexcita-
tion will be the predominant process for the three lowest
quasibound states, and they will not contribute to the dis-
sociation cross section.

The cross sections for excitation to these quasibound vi-
brational states of the E state are presented in Fig. 8. The
resonances that occur because of the three upper quasi-
bound states are much broader (i.e., the linewidths are
larger and the predissociation lifetimes are of the magni-
tude or shorter than the radiative lifetime) so they should
contribute to the dissociation cross sections. Therefore
contributions for final energies above the first three quasi-
bound states were included in the calculations of the dis-
sociation cross sections shown in Fig. 9. The experimen-
tal cross section of Wakiya’ for excitation to bound elec-
tronic states in the energy range from 9.7 to 12.1 eV from
v; =0 is also shown. The state or states responsible for
the transition in this energy range is not definitely known,
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FIG. 8. Cross sections az_iuf (E) multiplied by a factor of 10!’

in units of cm? vs electron translational energy E for electron-
impact excitation from the ground electronic state of O, to
quasibound vibrational states of the E state. The solid, short-
dashed, and long-dashed curves are for initial vibrational states
v; =0, 1, and 2, respectively. The plus sign is Wakiya’s experi-
mental cross section for excitation to bound electronic states in
the energy region from 9.7 to 12.1 eV (Ref. 7). It is believed to
be dominated by optically allowed transitions, especially to the
E 337 state (see Ref. 7).
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FIG. 9. Cross sections 0',,; f(E) in units of cm? vs electron

translational energy E for electron-impact dissociation from the
ground electronic state of O, through the E state. The solid,
short-dashed, and long-dashed curves are for initial vibrational
states v; =0, 1, and 2, respectively.

but it has been suggested that the E state contributes a
significant amount to this cross section. The experimental
cross section is about 2.5 times lower than the IP results.
The discrepancies may be the result of a breakdown in the
IP method.

The cross sections for bound-state excitation decrease
with increasing initial vibrational state while the dissocia-
tive cross sections are greatly enhanced. The dissociative
cross sections from the ground vibrational level are 10 to
20 times smaller for the E state than those for the B state,
but for the v; =2 state they are only smaller by a factor of
2.
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FIG. 10. Cross sections a.,l,‘ f(E) multiplied by a factor of

10" in units of cm? vs electron translational energy E for
electron-impact excitation from the ground electronic state of S,
to bound vibrational states of the B state from initial vibrational
states v; =0—4. The solid and short-dashed curves which have
the higher threshold energies and are larger at high energy are
for v;=0 and 1, respectively. The long-dashed curve is for
v;=2 and the other solid and short-dashed curves are for v;=3
and 4, respectively.
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FIG. 11. Cross sections 0:_"“/ (E) in units of cm? vs electron

translational energy E for electron-impact dissociation from the
ground electronic state of S, through the B state from initial vi-
brational states v;=0—4. The cross sections are monotonically
increasing functions of v; at all energies.

B. S,

In S, the B-state potential curve in the region of the
equilibriuin geometry for the X state lies below the disso-
ciation limit of the B state; therefore, excitation to bound
states predominates. The B-state excitation cross sections
are shown in Figs. 10 and 11. The cross sections for tran-
sitions to bound states are 2 to 3 orders-of-magnitude
larger than the dissociation cross sections. Unlike the O,
X-to-B case, the vibrational dependence of the bound-

‘state cross sections is very weak and the dissociation cross

sections are greatly enhanced as v; is increased. Again,
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FIG. 12. Cross sections 0‘::“/ (E) multiplied by a factor of

10" in units of cm? vs electron translational energy E for
electron-impact dissociation from the ground electronic state of
S, through the B” state from initial vibrational states v; =0—4.
The solid and short-dashed curves which have the higher
threshold energies and are smaller at high energy are for v;=0
and 1, respectively. The long-dashed curve is for v;=2 and the
other solid and short-dashed curves are for v;=3 and 4, respec-
tively.
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FIG. 13. Cross sections U:’,iaf (E) multiplied by a factor of
10'7 in units of cm? vs electron translational energy E for
electron-impact excitation from the ground electronic state of S,
to quasibound vibrational states of the 233, state from initial
vibrational states v; =0—4.

the smaller cross sections are caused by poor overlap be-
tween the initial vibrational wave function and the final
wave function for nuclear motion, and larger cross sec-
tions result from the wave functions for higher initial vi-
brational quantum numbers being more diffuse and over-
lapping better with the final wave function.

The cross sections for dissociation through the B’ state
are shown in Fig. 12. These cross sections display only a
weak dependence upon initial vibrational state. Compared
to the cross sections for the O, X-to-1 3Hu transition, the
S, cross sections have a much earlier threshold, rise to an
earlier peak (only 2 eV above threshold), then decrease
more rapidly for higher energies.

Excitation to the 233 state of S, is very similar to the
excitation to the E state of O,. The 233 state has a lo-
cal well with its minimum almost directly above the X-
state minimum; therefore, most of the electron-impact ex-
citation to this state is to the nine quasibound levels of the
local well. As for the O, E state, the contribution of these
quasibound states to the dissociation cross section is deter-
mined by the competition between the predissociation tun-
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FIG. 14. Cross sections 0"; f(E) in units of cm? vs electron

translational energy E for electron-impact dissociation from the
ground electronic state of S, through 233, state from initial vi-
brational states v; =0—4. The cross sections are monotonically
increasing functions of v; at all energies. The solid curve which
is smaller at high energy is for v;=0. The short-dashed curve
which is larger at high energy is for v;=1. The long-dashed
curve is for v;=2 and the other solid and short-dashed curves
are for v; =3 and 4, respectively.

neling and radiative deexcitation. The lifetimes for
predissociation tunneling range from 10!7 s for vr=0 to
6x10~7 s for vr=35. The radiative lifetimes for these
states are all approximately 5x 10~ s; therefore, excita-
tion to the six lowest quasibound states is considered non-
dissociative. The cross sections for excitation to the
lowest six quasibound states are presented in Fig. 13 and
those for dissociation through the 233 state are shown
in Fig. 14. The dissociative cross sections are more than 4
orders-of-magnitude smaller than the cross sections for
excitation to the quasibound states, but they show rela-
tively greater enhancement with increasing v;.

C. Rotational effects

The effect upon the excitation cross sections of increas-
ing the initial rotational state was investigated for excita-
tions from vibrational levels of the X states of O, and S,.

TABLE II. Cross sections for dissociation of O, by electron impact for v; =0.

E (eV) T,x=0 300 600 1000

X-B 10 5.7(—17)* 5.7(—17) 5.7(—17) 5.8(—17)
15 7.4(—17) 7.5(—=17) 7.5(—17) 7.5(—17)

20 8.2(—17) 8.3(—17) 8.3(—17) 8.3(—17)

X-1n ' 12 6.2(—19) 6.4(—19) 6.4(—19) 6.4(—19)
) 15 7.4(—19) 7.6(—19) 7.7(—19) 7.7(—19)

20 7.2(—19) 7.4(—19) 7.4(—19) 7.5(—19)

X-E 12 3.9(—19) 7.9(—19) 8.3(—19) 8.4(—19)
15 8.1(—19) 1.4(—18) 1.4(—18) 1.4(—18)

20 8.0(—19) 1.3(—18) 1.4(—18) 1.4(—18)

#Numbers in parentheses are powers of 10.
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TABLE III. Cross sections for dissociation of S, by electron impact for v; =0.

E (eV) T0t=0 300 600 1000
X—B 6 2.11(—20)* 2.07(—20) 2.07(—20) 2.07(—20)
10 2.82(—20) 2.83(—20) 2.83(—20) 2.85(—
15 3.02(—20) 3.03(—20) 3.03(—20) 3.05(—20)
20 2.82(—20) 2.82(—20) 2.82(—20) 2.84(—20)
X-II 6 2.33(—18) 3.26(—18) 3.38(—18) 3.42(—18)
10 1.69(—17) 1.69(—17) 1.70(—17) 1.70(—17)
15 1.14(—17) 1.14(—17) 1.14(—17) 1.14(—17)
20 8.58(—18) 8.63(—18) 8.63(—18) 8.64(—18)

2Numbers in parentheses are powers of 10.

The cross sections for bound-to-bound and bound-to-
continuum transitions were computed from Egs. (29) and
(38) of paper 1, respectively. The method treats the dia-
tomic molecule as a symmetric top, with spin conserved.
Thus there are no transitions allowed between multiplet
levels. The effect of changing initial rotational states is
expected to be much smaller than the effect of increasing
the vibrational state. Within the IP method, only transi-
tions in which the rotational quantum number j changes
by +1 are allowed. Therefore increasing j; does not
change the transition energy appreciably, and the thresh-
old energy for excitation changes only slightly. The main
effect of increasing j; is to increase the effective potential
by the centrifugal term j(j +1)/2uR? The increase in
the potential is larger for smaller R, so the potential well
and the vibrational wave function for a given level v; are
shifted to larger internuclear distances and changed in
shape slightly. However, changing j; is a small perturba-
tion on the wave function compared to changing v;.

Cross sections have been calculated for initial vibration-
al state v;=0 as a function of translation energy E and
rotational temperature T, for all of the dissociative tran-
sitions considered. These are shown in Tables II and III.
The cross sections reported in Secs. III A and III B, which
assume degeneracy of the rotational states, agree with
those computed at T,,;=0 K using Egs. (29) and (38) of
paper L.'3 Further calculations were performed to test the
rotational dependence of v;=1 and 2 and the same quan-
titative trends were observed.

For O, the dissociation cross sections for the X-B and
X-II transitions show very little dependence upon the ro-
tational temperature. However, for the X-E transitions
the cross sections increase by almost a factor of 2 as the
rotational temperature is increased from 0 to 300 K. This
is caused by the centrifugal potential decreasing the bound
nature of the E-state potential as j, is increased and mak-
ing the effective potential more repulsive, thereby creating
better overlap between the initial and continuum wave
functions. Since the X-to-E transition contributes very
little to the total v; =0 dissociative cross section, no rota-
tional enhancement will be seen; however, for v;=2 the
X-to-E transition contributes 30% to 40% of the total
dissociation cross section and a slight enhancement will be
seen.

The rotational effects are very similar for S,: the cross
sections for both the X-B and X-II dissociative transitions

show very little dependence upon rotational temperature,
but the cross section for the X-to-E dissociative transition’
shows a large enhancement. For S, the X-to-2 dissocia-
tive cross sections are much smaller than those for the
X-to-Il transitions for v;=0—4; however, a large rota-
tional enhancement will be seen for the total dissociation
cross sections for these v; (ranging from a factor of 2 to a
factor of 8 for v; =0 and v; =4) as the rotational tempera-
ture is increased from 0 to 1000 K.

IV. DISCUSSION

In the IP method it is assumed that the contributions
from large impact parameters dominate the cross section.
The minimum impact parameter excludes small b where
the transition probabilities have unphysical divergent
behavior. The extremely small value of b, for the
X-to-B'' transition in S,, therefore, reduces the confidence
in the reliability of the IP method for this transition at
low to intermediate energies.

To estimate the possible contributions to the cross sec-
tion from small impact parameters, an alternative treat-
ment of the small b region was tested. Instead of assum-
ing the contribution from this region is negligible, the
contribution is assumed to be a constant for this range of
impact parameters and the cross section is approximated
by

=IP py_ =IP « i
G (E)_a,,0+27rf30 db bP™(b,E) ,

where
& b =mb 4P (bo,E) @)
We adjusted b, to make & F(E) agree with the BA cross
section at 800 eV. A measure of the importance of the re-
gion between b=0 and b, is then glven by the ratio of
a,I,P to . The ratio of & "IP to o'f gives an estimate of

the error in o'¥(E) due to the treatment of small impact-
parameter contributions to the cross section. The value
obtained for b, was generally less than a factor of 2 larger
than b, and the errors were usually less than 50%.

A source of quantitative errors in the present descrip-
tion of the X-to-B" transition in S, is the potential-energy
curve used for the B” state. The B” curve of Fig. 3 does
have a slight shoulder near 2.5 A that is not an artifact of
the ﬁttmg procedure, but previous experimental®®3? and
theoretical®* evidence indicates that the B"' state should be

(6)
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slightly bound. Previous (although not definitive) ab ini-
tio calculations®* have obtained a minimum in this curve
near 2.2 A at an energy only 0.5 eV below the dissociation
limit. In any event, it is very likely that the accessible
portion of the B’ potential (near the equilibrium
geometry of the X state) does lie above the dissociation
limit (of the B'' state) so that electron-impact dissociation
will still dominate over excitation to bound states of the
well. The shape of the potential will change, thereby
changing the quantitative values of the dissociation cross
section; most notably the threshold energy should be shift-
ed to lower energies. However, the qualitative predictions
that the B’ state will be the major route for electron-
impact dissociation will remain the same.

One further complication that arises in both the O, and
S, systems is predissociation by nonadiabatic mechanisms.
In O, the B state is known to be perturbed by the 1°II,
state,>>36 and, similarly, the S, B state is perturbed by the
B" state. In both cases the coupling arises from spin-
orbit interactions.!®33373% The IP method does not ac-
count for predissociation by nonadiabatic mechanisms.
For the O, system, the cross sections for excitation to
bound states of the B state are small and predissociation
will not contribute significantly to the dissociation cross
sections. For S, the cross sections for excitation to the
bound states are larger than the dissociation cross . sec-
tions, and predissociation could make a non-negligible
contribution to the observed dissociation cross section.
Nonadiabatic predissociation could also be important in
the E 32, state of O, and the 233 state of S, since the
13II,, state also crosses these X states. However, much
less is known about these states (compared to the B states)
so it is difficult to estimate the importance of nonadiabat-
ic predissociation for them.

V. SUMMARY

Electron-impact cross sections have been calculated for
excitation to bound energy levels of excited electronic
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states and for dissociation through excited electronic
states of O, and S, using the impact-parameter method.
The cross sections were the most strongly influenced by
the magnitude of the transition dipole moment and the
overlap of the initial vibrational wave function with the
final wave function for nuclear motion. The overall disso-
ciation cross sections were often sensitive to the initial vi-
brational state, but they were nearly independent of the
temperature characterizing the thermal distribution of ini-
tial rotation states. The major route for electron-impact
dissociation of the O, ground state at intermediate
translational energies (i.e., 5—20 eV above threshold) via
dipole-allowed transitions is through the B33, state.
The X-to-B dissociation cross sections are only weakly
dependent upon the initial vibrational state. Although the
cross section for the X-to-II, transition does show signi-
ficant enhancement with increasing v;, its contribution to
dissociation is small; therefore, the total dissociation cross
sections show little dependence upon initial vibrational
state.

The major dipole-allowed contribution to the cross sec-
tion for electron-impact dissociation of the S, ground vi-
brational level of the X state comes from transitions to the
B" 11, state. The B'-state cross sections are only slight-
ly enhanced with increasing v;, but the cross sections for
dissociation through the B33, state increase significantly
and for v;=2 are similar in magnitude to the X-to-B"
dissociation cross sections. Therefore, for S,, the IP
methods predict considerable vibrational enhancement of
the overall dissociation cross section.
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