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Electronic excitation of carbon monoxide by low-energy electron impact
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Studies of the cross sections for electron-impact excitation of the valence states of carbon monoxide,
i.e., the a H, A 'll, a' X+, e'X, d'6, I'X, and D '6 states, have been carried out using the
Schwinger multichannel variational method. Both differential and integral cross sections are obtained
and compared with available experimental data. Reasonable agreement between the present results and

experiment is seen for most of the states, and some differences are discussed. Estimates of the total cross
section for electronic excitation of CO by low-energy electrons are provided.

PACS number(s): 34.80.6s

I. INTRODUCTION

Electronic excitation and subsequent dissociation of
carbon monoxide by low-energy impact play an impor-
tant role in the modeling of lasers, gas discharges, plas-
mas, and reentry physics [1—3]. However, the data base
of these excitation cross sections is still very fragmentary
[4,5]. For the valence electronic states of interest in this
work, only limited excitation functions for some states,
measured in either emission or metastable detection ex-
periments, are available [6—16]. Trajmar has reported
preliminary results for the angular distributions for exci-
tation of some valence electronic states at collision ener-
gies of 12.5 and 15 eV [17]. On the other hand, theoreti-
cal studies have so far been limited to low-order theories.
Chung and Lin reported cross sections for excitation of
several states of CO using the Born-Ochkur-Rudge
(BOR) approximation [18],as did Lee and McKoy using
the distorted-wave (DW) approximation [19]. These
theories are not in good agreement with each other nor
with experiment at low energies and are known to be sub-
ject to large uncertainties in this energy range.

We have formulated and exploited the Schwinger mul-
tichannel (SMC) variational method to determine the
cross sections for electron-molecule collisions [20—22].
Implementation on highly parallel computers of the com-
putational procedure for SMC calculations of these cross
sections [23] has greatly facilitated studies of both elastic
and electronically inelastic electron-molecule collisions.

I

II. THEORETICAL METHOD

The details of the SMC formulation have been given
before [20) and are not repeated here. Here we give only
a few key equations to facilitate subsequent discussions.
The full SMC scattering amplitude in the linear momen-
tum representation is given by

f' '(k„.,k„)=— g &s„~v~e. )(d-').„
m, n

x &e „ivis, ,),
where

(la)

Recently, we have reported electron-impact excitation
cross sections for the a 8,„(tr~tr*) state of ethylene
[24] and for the a A2 and A 'A2 states of formaldehyde
[25], and elastic static-exchange cross sections for a num-
ber of polyatomic molecules [26]. In this paper, we
present both integral and differential electron-impact ex-
citation cross sections of the valence states of CO, i.e., the
a II, 3 'Il, a' X+, e X, d 6, I 'X, and D '5 states.
These cross sections are compared with available experi-
mental data and the results of other calculations.

In the next section the theoretical methods used are
briefly summarized, while in Sec. III the numerical pro-
cedures are described. The results and discussion of these
results are presented in Sec. IV, and a summary and con-
clusions are given in Sec. V.

d =e
mt1 m

PH+HP PV + VP — + 4, (lb)

In Eq. (1), Sz is a product of a target eigenfunction and a
plane wave e' ', V is the interaction potential, N is an
(N+1)-electron determinant built on L trial functions,8 is the total energy minus the Hamiltonian of the sys-
tem, N is the total number of electrons in the target, P is
a projection operator on the open electronic channels of
the target, and Gt+, is the projected Green's function [20].

The integral cross section in the linear momentum rep-
resentation is given by

~' '(k, k )= „"I J lf' '(k, k )I'dk dk
k~

where k„.~r~ are directions of the outgoing (incoming)
plane waves. Transformation of the scattering amplitude
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fi~m, i~(kr kr)= f f ~i* (kr')f (kr'~kr)

X Y( (k„)dkr.dkr, (3)

from the linear momentum representation to the angular
momentum representation leads to the partial wave am-
plitude in the body-fixed frame,

wave amplitudes by the first Born approximation (FBA)
[27]. The full scattering amplitudes are then obtained by
combining the SMC and the FBA amplitudes.

For scattering by a dipole potential, the scattering am-
plitude can be evaluated analytically in the FBA. In the
linear momentum representation the FBA amplitude is
given by [28]

where Y1 is a spherical harmonic. The integral cross
section in the angular momentum representation is given
by

D (k„—k„)fFBA(k k ) (5)

o™(k,k )

max I max 1
I 1 I

Ifr', ( (kr, kr)l'.
1=0 m = —11'=0 m'= —1'

(4)

where D is the transition dipole moment and kr~r l
is the

incoming (outgoing) wave vector. In the angular momen-
tum representation the FBA amplitude becomes

fi"'",i (kr kr)

=16iDi( —1) [(21 +1)(21'+1)]'
crF contains all the partial wave contributions, while
0 p is the integral cross section truncated at partial
wave l =l,„. The SMC differential cross section can be
obtained from either Eq. (1) or Eq. (3). The procedure is
straightforward and we will not give details here.

For electric-dipole-forbidden transitions, the interac-
tion potential is of short range and hence an L expan-
sion of the trial scattering function in the SMC procedure
would be adequate to describe the low partial waves
which are the dominant contributions to the cross sec-
tions at the energies of interest here. However, such an
L expansion is not adequate for the higher partial waves
that must be included for dipole-allowed transitions. For
such dipole-allowed transitions an obvious strategy is to
obtain the lower partial wave scattering amplitudes using
the SMC approach and to approximate the higher-partial

I

l l' 1 l 1

( /) 000 m m m m

where

X Y(" (D)It ((kr, kr ), (6)
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[2(p+j)+31"
with p = l if kr )kr, p = I' if kr )kr, and ~=k & /k &,
where k & (k & ) is the smaller (larger) of kr and k„.

Combination of the SMC and FBA amplitudes gives
the scattering amplitude for dipole-allowed transitions,

max 1 max 11 I

f (kr'~kr)=f" (kr'~kr)+ g g X X [A~m', im(kr'~kr) fi~m', im(kr'~kr)l~t'~ (kr')~i~(kr) .
1=0 m = —11'=0 m'= —1'

(8)

der (k, k„)
(10)

The above procedure for calculating cross sections for
dipole-allowed transitions has also been used recently by
Rescigno and Schneider [29]. The convergence of this
procedure is quite fast, as will be seen below.

III. CALCULATIONS

In this study all target states are approximated by
single-configuration wave functions. The ground-state
wave function was obtained at the SCF level using

The combined differential cross section may be obtained
by

«(kr'~kr) "r dasinPdPdy coM zfcoM(k k )
2

dQ kr 8m

(9)

where a, P, and y are Euler angles. The corresponding
integral cross section is given by

I

Dunning's (9s5p)/[5s3p] set [30] augmented by addition-
al s, p, and d Gaussian functions for a total of 84 contact-
ed Gaussians. The exponents of the additional Gaussian
functions are given in Table I. This large basis set is not
necessary for describing the target states at the SCF level
but is needed for constructing the scattering wave func-
tion. The ground-state SCF energy in this basis at the in-
ternuclear distance of 2.132 a.u. was —112.778 a.u. ,
compared to the Hartree-Fock limit of —112.786 a.u.
[31]. The ground-state dipole moment was —0. 122 a.u. ,
which is in good agreement with the Hartree-Fock limit
of —0. 108 a.u. [31]; the corresponding experimental
value is 0.044 a.u. [32]. The wave functions for the excit-
ed states were obtained using the improved virtual orbital
(IVO) approach [33] in the same basis set and at the same
internuclear distance. The vertical excitation energies
are compared to the experimental values [34—36] in
Table II, and good agreement is seen. For the dipole-
allowed X 'X+~A 'H transition, our calculated dipole
transition moment at the internuclear distance of 2.132
a.u. is 0.653 a.u. , compared to the value 0.754 a.u. of
Chantranupong et al. , obtained from a large
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TABLE I. Exponents of additional Cartesian Gaussian func-
tions.

Center

Carbon

Oxygen

Center of Mass

Type

S

d
S

d

Exponents

0.61 32
0.045 84

1.5,0.75,0.3
0.11384
0.085 48

1.7,0.85,0.34
0.9,0.3

configuration-interaction calculation [37]. The corre-
sponding value derived from experiment is 0.669 a.u.
[38].

The cross sections for the X 'X+ ~a II and
X 'X+~A 'II excitations are obtained from a five-
channel calculation (counting the degenerate II com-
ponents separately) Be.low the singlet state threshold,
the singlet state was included as a closed channel in this
calculation. The excitation cross section for the a II
state from a three-channel calculation differs only slightly
from the corresponding result of a five-channel calcula-
tion. This agreement between the cross sections from
three- and five-channel calculations stems partly from the
large energy gap (about 3.5 eV) between the excitation
thresholds. The results from the five-channel calculation
will be presented in the next section.

The X 'X+ —+ A 'lI excitation is the only dipole-
allowed transition considered here, and the FBA must be
used to include the higher partial wave contributions to
the cross section. We included partial waves with m 2
(due to the limitations of the basis set) and l ~4, 5, or 6
from the SMC calculation, with contributions from
higher l and m taken from the FBA. The cross sections
obtained with the different l cutoffs for the SMC contri-
bution agreed within 1% or better with each other. We
included partial waves up to m =2 and 1=5 from the
SMC calculation in the results reported below.

For the other cross sections, the X 'X+, a' X+, e X
d 6, I 'X, and D '6 states were coupled, resulting in a
nine-channel calculation. These excited states all arise
from the (m~n') excitation and can be expected to be
strongly coupled. The excitation energies of the d 6 and
D '6 states, i.e., 8.84 and 10.14 eV, were used as the com-
mon thresholds for the triplet and singlet states, respec-
tively. The threshold energy of the d 5 state is about the
average of those of the a' X+ and e X states, while the
threshold energy of the D '6 state is only 0.43 eV above

that of the I 'X state. We tested other common thresh-
old energies and observed minor effects on the physical
cross sections.

The variational trial wave functions for the SMC are
taken as linear combinations of spin-adapted (N+1)-
electron Slater determinants. These determinants were
constructed by antisymmetrizing the product of a target
wave function and a scattering orbital, the latter being an
IVO orbital. All the IVO's were used in building Slater
determinants. To obtain converged results, a number of
basis sets were tried. We kept the Dunning basis set
fixed, and tested the convergence of the scattering basis
by adding several additional Gaussian functions at a time
and repeating the entire scattering calculation. This pro-
cedure was continued until the cross sections from suc-
cessive basis sets were with a few percent of one another.
The final set of additional Gaussian functions used is
given in Table I.

In these calculations it was important to monitor the
condition number of the matrix d „when solving the
system of linear equations associated with Eq. (1). Nu-
merical techniques previously described [25,39), based on
singular-value decomposition, were used to eliminate in-
stabilities associated with poor conditioning.

IV. RESULTS AND DISCUSSION

A. a II state

The excitation cross section for this state is shown in
Fig. 1. For comparison, the results of three experimental
measurements are also plotted in the same figure.
Brongersma, Boerboom, and Kistemaker reported abso-
lute values for their measured integral cross section [6].
The relative excitation function of Newman, Zubek, and
King, which was measured in a metastable-detection ex-
periment [7], is normalized to the maximum value of our
calculated cross sections. The cross sections of Ajello
were derived from emission experiments [8]. All four
cross sections show a rapid rise in the threshold region, in
qualitative agreement with one another. The calculated
excitation function shows a maximum around 10.5 eV,
about 4.5 eV above threshold. The data of Newman, Zu-
bek, and King show a maximum in the cross sections at 9
eV, while that of Ajello peaks at 10.5 eV. Beyond this
maximum, all three excitation functions decrease slowly
and are in qualitative agreement with one another; all
show characteristics of singlet-to-triplet excitation. At
higher electron energies, the values of Newman, Zubek,
and King seem too high, partly due to the contribution of

TABLE II. Vertical excitation energies for CO (eV).

State

a II
~ 3y+
3g

d 6
a III
r 'r-
D'b

Present results

6.00
7.94
9.71
8.84
9.52
9.71

10.14

Experiment

6.3
8.4
9.7
9.2
8.35
9.9

10.4

Reference

35
35
35
35
34
35
36
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FIG. 1. Integral cross sections (excitation functions) for the

X '2~a H electronic excitation of CO. The solid line is the

present result, the short-dashed line is the result of Ref. [6], the

medium-dashed line is the result of Ref. [8], and the long-

dashed line is the result of Ref. [7].

FIG. 3. Differential cross sections for the X '2~a 'H excita-
tion of CO at impact energies (a) 12.5 eV; (b) 15 eV; (c) 20 eV;
(d) 30 eV. The solid lines are the present results, and the dots
are the measurements of Ref. [17].

higher-lying metastable states, as will be discussed fur-
ther. Our excitation function agrees well with that of
Ajello in shape and, at higher energies, in magnitude, but
the two curves are significantly different in the near-
threshold region. However, the error in the measurement
of Ajello is estimated to be as large as 75% in magnitude,
so this disagreement may not be significant.

The a H state has also been studied by Chung and Lin

[18] in the BOR approximation and by Lee and McKoy
[19] in the DW approximation. The BOR cross sections
of Chung and Lin are too small compared to the mea-
surements of Ajello between 10 and 30 eV, i.e., 50%
smaller at 10 and 30 eV and 30%%uo smaller at 20 eV. The
DW cross sections of Lee and McKoy are in good agree-
ment with Ajello's measurement at 30 eV but are as much
as 40% larger at 20 eV.

The differential cross sections at selected energies are
shown in Figs. 2 and 3. The experimental measurements
of Trajmar at 12.5 and 15 eV [17] are also shown in Fig.
3. The agreement between theory and experiment is en-

couraging. Near threshold the calculated differential

cross sections are fairly isotropic, rejecting the character
of low partial waves. With increasing electron energy,

backward scattering becomes more pronounced, as seen
frequently for singlet-to-triplet excitation.

9. A'0 state

The integral excitation cross section for this state is
shown in Fig. 4, along with the experimental data of Ajel-
lo [8] and of Mumma, Stone, and Zipf [9]. The excitation
functions of Ajello were measured in an emission experi-
ment and given on an absolute scale. Mumrna, Stone,
and Zipf measured electron-impact excitation cross sec-
tions for the lowest five vibrational levels of the A 'H

state. For comparison, we plot the sum of these vibra-
tional excitation cross sections in Fig. 4. All three curves
show a broad maximum around 25 eV, in rough agree-
ment with one another. The two sets of experimental
measurements are in good agreement with each other
above 18 eV. Our calculated excitation function lies be-

tween these two sets of experimental measurements in the
near-threshold region, but is much too large at higher en-

ergies. However, comparison of our calculated
differential and total cross sections with experimental
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FIG. 2. Present differential cross sections for the X '2~a 'H

excitation of CO at impact energies (a) 6.5 eV; (b) 7 eV; (c) 8 eV;

(d) 10 eV.

FIG. 4. Integral cross sections for the X 'X~ A 'H excitation

of CO. The solid line is the present result, the short-dashed line

is the result of Ref. [8], and the long-dashed line is the result of
Ref. [9].
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C. a' X+, e X,andd h, states

Our calculated integral cross sections for these three
states are shown in Fig. 6. These transitions are dipole

(a):' ~ (b)
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Q

M

m

1 I I I I I f I I 1 I I i 1 I 1 I 1 I I I I i I I I I I i I I I I

0 60 120 180 0 60 120 180
Scattering Angle (deg)

FIG. 5. Same as Fig. 3 but for the X 'X~ A 'lI excitation of
CO.

measurements suggests that the magnitude of our excita-
tion function is reasonable.

Previous calculations of the cross sections for this state
were done by Chung and Lin [18]and by Lee and McKoy
[19]. A peak value of 1.4X10 ' cm at 20 eV was ob-
tained by Chung and Lin, and 2.2X10 ' cm at 20 eV
was obtained by Lee and McKoy. These results are con-
siderably larger than both our calculated cross sections
and the experimental measurements.

Differential cross sections at selected energies are
shown in Fig. 5, along with the experimental measure-
ments of Trajmar at 12.5 and 15 eV [17]. The strong for-
ward scattering seen in this figure is typical of a dipole-
allowed transition. The agreement between theory and
experiment is fair at 12.5 eV and quite good at 15 eV,
especially beyond 30' scattering angle. In the forward
direction, however, our results are considerably lower
than the experimental measurements, especially at 12.5
eV. This may be partly due to the difference between the
theoretical and experimental threshold energies. The
threshold energy used here is 1.17 eV higher than the ex-
perimental value for this excitation, making the higher
partial wave contributions relatively less important and
thus leading to less-pronounced forward scattering. This
effect is expected to be particularly significant for a
dipole-allowed transition. It should be noted that the cal-
culated differential cross section at 15 eV is in better
agreement with the measurements at 12.5 eV in the for-
ward direction. On the other hand, if we extrapolate the
experimental differential cross sections and integrate over
scattering angles, the resulting integral cross sections will
be greater than our calculated integral cross sections and
thus considerably larger than the experimental measure-
ments of Ajello [8] and of Mumma, Stone, and Zipf [9].
This suggests that either the measured excitation func-
tions are too small or the differential cross sections of
Trajmar [17] are too large, especially in the forward
direction. Additional comments on the magnitude of the
A '0 cross sections will be made later.

O

0.4
I

C)

X
X
0

0.0
10 15 20 25 30

forbidden, and the integral cross sections are relatively
small. For the e X and d 6 states, the typical charac-
ter of singlet-to-triplet excitation is seen, i.e., the excita-
tion function rises to a broad maximum and then de-
creases slowly with increasing electron energy. The max-
imum is at about 18 eV for each state. For the a' X+
state, however, a double-hump structure is seen. The
second hump, located at 20 eV, is broad and similar to
the maxima for the e X and d 6 states. The origin of
the first peak, located at 13.5 eV, is not quite clear. Nei-
ther the differential cross section nor the partial wave
decomposition shows resonance structure in this energy
range. This maximum is probably due to coupling be-
tween this state and the 'X+ state, although further stud-
ies will be needed to confirm this.

The integral cross sections for the a' X+ and d b,

states have also been calculated by Chung and Lin [18]
and by Lee and McKoy [19]. For the a' X+ state, a peak
value of 1.5X10 ' cm at 12 eV was obtained by the
former authors, while a peak value of 0.3 X 10 ' cm at
20 eV was obtained by the latter authors. The result of
Chung and Lin seems too large, as suggested by Land [2];
the result of Lee and McKoy is in reasonable agreement
with ours. For the d b. state, peak values obtained were
0.014X10 ' cm at 18 eV by Chung and Lin and
0.032X10 ' cm at 20 eV by Lee and McKoy. Both re-
sults are considerably smaller than the present values. In
these comparisons, we should bear in mind that neither
the BOR approximation nor the DW approximation
should be reliable at low energy.

To our knowledge, there have been no experimental
measurements of the excitation functions for these transi-
tions. However, since carbon monoxide is isoelectronic
with N2 and there are close correspondences between
their valence electronic states [40], it may be fruitful to
compare the valence electronic excitations of CO to those
of N2. The a' X+, e X, and d 6 states of CO corre-
late with the A X„+, 8' X„, and 8' A„states, respec-
tively, of N2. The excitation functions for these states of
Nz derived from the measurements of Cartwright et al.
[41] show maxima around 17 eV impact energy, with
maximum values of about 0.21, 0.122, and 0.343X10
cm, respectively. These values are similar to the cross

Impact Energy (eV)

FIG. 6. Integral cross sections for X '2~a' 'X+ (solid line),

e X (short-dashed line), and d b, (long-dashed line) excita-
tions of CO.
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sections of Fig. 6 for the corresponding states of CO.
We show differential cross sections for these three exci-

tations at selected energies in Figs. 7—9, along with some
experimental data of Trajmar [17]. The differential cross
sections for the a ' X+ state show relatively strong
scattering in the forward direction at lower energies; with
increasing impact energy, scattering in the backward
direction becomes more pronounced, as is typical of
singlet-to-triplet excitations. A local maximum is seen
around 90' scattering angle at all energies, indicating sub-
stantial dm wave scattering. Indeed, the partial wave
composition shows dominant I =1 and 2, m = 1 partial
waves in the outgoing channel at all energies considered.
The agreement between theory and experiment for this
state is quite good, especially at 15 eV. For the e X
state, the differential cross sections are zero at 0' and 180'
scattering angles, as expected for X++ X transitions
[42]. For the d b, state, our calculated differential cross
sections seem too small and flat.

D. I 'X and D '6 states

As possible higher-lying metastable states, these two
states have been studied in a number of experiments
[10—16]. Among the early experiments, the most
rigorous was due to Wells, Borst, and Zipf [14]. They lo-
cated a metastable threshold at 9.5+0.4 eV and deter-
mined the state's lifetime to be 97+15 ps. They also gave
an excitation function and estimated the peak cross sec-
tion to be 0.03 X 10 ' cm at 15 eV. The uncertainty of
this estimate may be as large as a factor of 3 in magni-
tude, and the assignment was also uncertain, with possi-
bilities being I '2 or D '5 or both. Wells, Borst, and
Zipf proposed that the assignment could be made clear
through further lifetime analyses. A recent experiment of
this type was performed by Mason and Newell [16]. In
this experiment, similar properties for the metastable
state were observed, but it was found that lifetime
analysis alone was not enough to make the assignment
certain. Through comparisons among experiments and
between experimental results and limited theoretical cal-
culations [18,19], Mason and Newell concluded that the
I 'X state is most likely the metastable state in question.

We have performed calculations for these two transi-
tions and show the integral excitation cross sections in

(a) (b)

I

CO

0

(d)

0

0
0

I

60
Sca

120 180 0 60
ttering Angle

120 180

(deg)

FIG. 8. Differential cross sections for the X 'X~e 'X exci-
tation of CO at electron-impact energies (a) 12.5 eV; (b) 15 eV;
(c) 20eV; (d) 30eV.

Fig. 10. Since the transitions from the ground state to
these two excited states are both dipole forbidden and the
excitation energies are relatively high, the cross sections
are quite small. For comparison, we include the mea-
sured excitation function of Mason and Newell [16] in the
same figure. This excitation function is relative, and the
maximum was assumed to be 0.03X10 ' cm at 16 eV,
as estimated by Wells, Borst, and Zipf. The vertical exci-
tation energies in our calculation are 9.7 and 10.14 eV for
the I '2 and D '6 states, respectively; both values are
close to the measured threshold for the metastable state.
Although the peak cross sections for the I 'X and D 'b,
states are, respectively, a factor of 1.9 and a factor of 3.2
larger than that for the measured excitation function
(0.03 X 10 ' cm ), both calculated excitation functions
are similar to the measured one in shape. Considering
the large uncertainty in the measurement (about a factor
of 3 in magnitude as estimated by Wells, Borst, and Zipf),
the metastable state seen experimentally can be either
I 'X or D '5 or both states according to our calcula-
tion. A similar conclusion was reached by Wells, Borst,
and Zipf, as noted above. Further experimental informa-
tion, such as differential cross sections, is needed to clari-
fy this assignment.

There has been no previous calculation of the cross sec-
tion for the X 'X ~I 'X transition. Calculations for
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FIG. 7. Same as Fig. 3 but for the X '2~a' 'X+ excitation of
CO.

FIG. 9. Same as Fig. 3 but for the X'X~d b, excitation of
CO.
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FIG. 10. Integral cross sections or X 'X~I 'X (solid line)
and D '6 (dashed line) excitations of CO. The dots are the ex-
perimental measurements of Mason and Newell, Ref. [16], for
an unassigned higher-lying metastable state of CO.

the X 'X+~D '5 transition were done by Chung and
Lin [18] and by Lee and McKoy [19]. The integral cross
sections of both calculations are about a factor of 5 larger
than ours and thus are much larger than the observed
metastable excitation function.

The differential cross sections are very distinct for
these two states, as seen in Figs. 11 and 12. The
differential cross sections for the D '6 state are fairly flat
and unstructured at lower energies but show some back-
ward scattering and structures at higher energies. The
differential cross sections for the I '2 state are zero at 0'
and 180' scattering angles, reflecting the X++ X selec-
tion rule [42]. Such differential cross sections, if mea-
sured, can aid in identifying the metastable state in ques-
tion. It is also interesting to note that the ratio of the
triplet to the singlet cross sections is about 3 for both X
and 6 states. The same ratio was observed for the forbid-
den transitions from the ground state to the a A2 and
A ' A 2 states of formaldehyde [25].

E. Total electronic excitation cross section

The sum of the integral excitation cross sections for all
the valence states studied here is plotted in Fig. 13. For
comparison, the recommended total electronic excitation

FIG. 12. Same as Fig. 8 but for the X 'X~D '6 excitation of
CO.

cross section of Kanik, Trajmar, and Nickel [43] is plot-
ted in the same figure. The latter is obtained by subtract-
ing measured elastic, vibrationally inelastic, and ioniza-
tion cross sections from the measured total cross section
and by empirical estimates. Several points may be made
about this comparison. First, good agreement between
the present and the estimated total excitation cross sec-
tion is seen below 12 eV. Since the excitation to the a II
state dominates below 10 eV, this good agreement may
suggest that both the magnitude and the shape of the cal-
culated excitation function for this state are reasonable at
these energies. Second, our calculated total excitation
function is almost always below the estimated one (except
for one point at 10.5 eV). Finally, the calculated total ex-
citation function is considerably smaller than the estimat-
ed one above 15 eV. This is certainly due in part to the
neglect of excitations to the Rydberg states.

V. SUMMARY AND CONCLUSIONS

We have carried out ab initio calculations of the cross
sections for electron-impact excitation of the valence
states of carbon monoxide using the SMC method. Both
differential and integral cross sections were obtained.
The integral cross sections were compared to various ex-
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FIG. 11. Same as Fig. 8 but for the X'X~I'X excitation
of CO.
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FIG. 13. Total electronic excitation cross section of CO. The
solid line is the present result including all valence excitations;
the dashed line is the result recommended by Kanik, Trajmar,
and Nickel (Ref. [43]).
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perimental excitation functions, and reasonable agree-
ment was found. The differential cross sections were
compared to the absolute measurements of Trajmar at
12.5 and 15 eV, and fairly good agreement was found for
the a II, A 'II, and a' X+ states, although the agree-
ment for the D 6 was poor. While there have not yet
been any measurements of the differential cross sections
for the e X, I 'X, and D 'b, states, the X differential
cross sections were found to be zero at 0' and 180',
correctly reflecting the X+~X selection rule. In addi-
tion, the total electronic excitation cross section in the
low-energy range was estimated. The present calculation
illustrates that such quantities can be obtained fairly easi-
ly in the low-energy range using ab initio methods.
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