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We report cross sections for collisions of low-energy electrons with carbon dioxide obtained by the
Schwinger multichannel variational method. Elastic cross sections are obtained in the
static-exchange-plus-polarization approximation. We pay particular attention to the position of the
2Pu resonance and to the strong enhancement in the integral cross section near zero energy, both
prominent features whose accurate treatment requires an accounting for polarization effects. To
include such effects in the resonant symmetry, we use an objective and physically motivated
criterion to construct a set of configurations that accurately accounts for polarization while avoiding
overcorrelation. In addition, we study the origin of the nonisotropic behavior of the elastic
differential cross section at very low energies and conclude that it is caused by significant
contributions from vibrationally excited CO2. Cross sections from threshold to 50 eV for excitation
of the 3Su

1 , 1Du , 3Du , 3Su
2 , and 1Su

2 states that arise from the (1pg˜2pu) transition are
presented for the first time. ©1999 American Institute of Physics.@S0021-9606~99!01633-5#

I. INTRODUCTION

Collisions of low-energy electrons with carbon dioxide,
both elastic and inelastic, play an important role in planetary
atmospheres, gas lasers, and low-temperature plasmas.1

Since the first measurements of the total cross sections for
electron–CO2 collisions were reported in 1927,2,3 several
studies of low-energy total and elastic4–28 and vibrationally
inelastic29–49 scattering have been published. To our knowl-
edge, there have been no measurements of cross sections for
electronic excitation of CO2 by low-energy electrons, and
only one calculation, for intermediate energies.50

We have formulated and exploited the Schwinger multi-
channel~SMC! variational method51–53 to obtain the cross
sections for collisions of low-energy electrons with several
molecules. For example, we have reported elastic cross sec-
tions for CF4,

54 PH3,
55 and AsH3,

55 and electronically inelas-
tic cross sections for H2O,56 H2CO,57 CO,58 CH4,

59 and
SiH4.

60 Here, we report elastic and inelastic cross sections
for electron scattering by CO2. In our elastic scattering stud-
ies, we pay particular attention to two features of the elastic
integral cross section whose accurate description requires in-
clusion of polarization effects.16,21,23 The first is the well-
known 2Pu resonance near 3.8 eV, which static-exchange
calculations generally place about 2 eV too high. The domi-
nant partial wave of this resonance has not been conclusively
identified.16,18,21,24,38,61,62The second is the strong enhance-
ment in the cross section near zero energy. This enhancement
has generally been ascribed to the presence of ans-wave
virtual state.63–66This explanation implies that the scattering
should be isotropic at low energies. However, the measured
differential cross sections12 show significant forward scatter-
ing. To date, there has been no satisfactory explanation of
this inconsistency. In the present study, we show that this
discrepancy between theory and experiment can be resolved

by recognizing that the measured values contain contribu-
tions from vibrationally excited states, whose elastic cross
sections are forward peaked.

We also report integral and differential cross sections for
electronic excitation of CO2. Results of both a three-channel,
two-state calculation (X 1Sg

1 ,3Su
1) and a nine-channel, six-

state calculation (X 1Sg
1 ,3Su

1 ,1Du ,3Du ,3Su
2 ,1Su

2) are pre-
sented. All of these excited states arise from the (1pg

˜2pu) transition and are valence in nature. Calculations in
which a large number of open channels is included are quite
demanding computationally, and the high-performance com-
puting provided by massively parallel computers facilitates
such applications.

In Sec. II our theoretical approach is briefly summarized.
Section III describes the computational procedure, and Sec.
IV contains our results and discussion. Concluding remarks
are given in Sec. V.

II. THEORETICAL METHOD

The SMC method has been fully described else-
where,51–53 and here we simply present some of its key fea-
tures. The variationally stable expression for the scattering
amplitude is

f ~km ,kn!52
1

2p (
i j

^Sm~km!uVux i&

3~A21! i j ^x j uVuSn~kn!&, ~1!

whereA21 is the inverse of the matrix representative of the
operator

A~1 !5 1
2~PV1VP!2VGP

~1 !V

2
1

N11 F Ĥ2
N11

2
~ĤP1PĤ!G , ~2!
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with Ĥ the total energy minus the Hamiltonian of the system,
N the total number of electrons in the target,P a projection
operator onto the open electronic channels of the target, and
GP

(1) the projected free-particle Green’s function. The func-
tions Sm andSn in Eq. ~1! are the interaction-free solutions,
i.e.,

Sm~km!5Fm~r1 ,...,rN!exp~ ikm•rN11!, ~3!

Fm being an eigenstate of the target. Thex i(r1 ,r2 ,...,rN11)
are basis functions—(N11)-electron configuration state
functions—in which the total trial scattering wave function is
expanded. We have previously shown that, as in the original
Schwinger method, the SMC trial wave function need not
satisfy scattering boundary conditions; thus, square-
integrable functions such as Cartesian Gaussians may be
used to construct thex i . In fact, if the orbitals inx i are
expanded in Cartesian Gaussian functions, all integrals
needed in the construction of the matrix elements in Eq.~1!
can be evaluated analytically, except those arising from the
VGP

(1)V term. These terms are evaluated using a quadrature
scheme that is particularly well suited for implementation on
distributed-memory parallel computers.67

As mentioned in Sec. I, an accurate description of the
scattering at low energies requires the inclusion of polariza-
tion effects. A detailed description of our treatment of the
polarization effects is presented elsewhere.68 Here we only
outline the important features. For the resonant symmetry,
overcorrelation tends to occur if all virtual excitations of the
target are included to describe polarization. A more effective
approach is to restrict the closed-channel configurations to
those contributing the most to polarization. Schneider and
Collins69 have noted that the target response in resonant
symmetry can be mostly accounted for by ‘‘radial correla-
tion,’’ or symmetry-preserving excitations. In a linear mol-
ecule such as CO2, this corresponds to thesg˜sg , su

˜su , pg˜pg , and pu˜pu excitations. However, em-
ploying all configurations of the form (rg˜qg)np, where
rg is an occupied orbital,qg a virtual orbital of the same
symmetry, andnp a p virtual orbital, results in overcorrela-
tion of the target. This problem is solved by constructing a
valencelike virtual orbitalp̃ and including only configura-
tions of the form (rg˜qg)p̃. p̃ is constructed by using a
cation Fock operator to obtain the virtual orbitals. For the
study of the2Pu symmetry of CO2, we use a14 Fock op-
erator to preserve the equivalence of the twopg orbitals.

For the nonresonant2Sg symmetry, the underlying phys-
ics is different,68,69 and all dipole-allowed excitations are
needed to represent this type of polarization. Unfortunately,
such a description leads to many thousands of configurations
for even modest-sized basis sets. To reduce the size of the
calculation, a small set of ‘‘polarizing’’ orbitals is
generated68 such that only excitations into these orbitals are
necessary to describe polarization. For a componentxm of
the dipole operator and occupied orbitalf i , the polarizing
orbital is defined as

f i ,m5Ni ,m(
j

f j^f j uxmuf i&, ~4!

where the sum runs over virtual orbitals andNi ,m is a nor-
malization factor. In order to maintain an orthogonal set of
virtual orbitals, we Schmidt orthogonalize the polarizing or-
bitals constructed for different target orbitals among them-
selves, then Schmidt orthogonalize the remaining virtual or-
bitals to the polarizing orbitals.

III. CALCULATIONS

All calculations are carried out at the experimental C–O
internuclear distance of 2.9144 a.u. In the calculation of elas-
tic cross sections, we include polarization effects only in the
2Sg and 2Pu symmetries; in the other symmetries—2Su ,
2Pg , 2Dg , and2Du—including polarization results in mini-
mal changes in the cross sections, so the static-exchange re-
sults are used. Several Cartesian Gaussian basis sets are em-
ployed in our work to ensure convergence of the cross
sections. These Gaussian basis sets consist of a set of
valence-type functions augmented by a set of diffuse and
polarization functions. The valence-type set is Dunning’s
(9s5p)/@5s3p# for both carbon and oxygen,70 and the latter
set is given in Table I. Because several calculations are per-
formed, each with a different purpose, three sets of diffuse
and polarization functions are used. Note that we use the full
set of six Cartesiand Gaussians for each exponent. The2Pu

calculation uses basis I, which gives a self-consistent field
~SCF! energy of2187.698 29 a.u. The static-exchange cal-
culation uses basis II, which gives a SCF energy of
2187.698 76 a.u. Basis II contains more diffuse and polar-
ization functions to enable a better description of the higher
partial waves, whose contributions become important at

TABLE I. Diffuse and polarization functions used in the present calculation.
These functions are added to the (9s5p)/(5s3p) basis of Dunning.a

Atom Function type Basis I Basis II Basis III

Carbon s 0.061 32 0.061 32 0.05
0.01 0.02

0.01
0.004

p 0.045 0.045 0.05
0.015 0.02

0.007

d 1.5 1.5 1.097
0.75 0.75 0.318
0.3 0.3 0.09

0.05

Oxygen s 0.113 84 0.113 84 0.065
0.026
0.013
0.0052

p 0.08 0.08 0.08
0.026
0.0091

d 1.7 1.7 1.426
0.85 0.85 0.4134
0.34 0.34 0.117

0.12

aReference 70
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higher energies. The2Sg calculation used basis III, which
has extras andp functions to ensure an accurate description
of the low-energy region. The SCF energy for this basis is
2187.696 18 a.u. The near-Hartree–Fock limit for CO2 is
2187.699 58 a.u.71

The three- and nine-channel calculations of the electron-
impact excitation cross sections are performed with basis I.
For the (1pg˜2pu) valence excited states of interest
here, we use the improved virtual orbital~IVO! approx-
imation,72,73 in which the excited orbital (2pu) is
determined as an eigenfunction of a Hamiltonian contain-
ing the potential produced by the unrelaxed
@1sg

21su
22sg

23sg
22su

24sg
23su

21pu
41pg

3# core built from the
ground state orbitals. The vertical excitation energies are
compared to other calculated74,75and measured76,77results in
Table II. Configurations associated with channels other than
the ground and (1pg˜2pu) states, whether open or closed,
are excluded in the three- and nine-channel calculations. The
representation of polarization effects is thus less complete
than in the calculation of the elastic cross section.

All the states arising from the (1pg˜2pu) transition
are formed by taking appropriate linear combinations of ex-
cited configurations, since the degeneracy of thep orbitals
precludes a single-configuration description. In constructing
3Su

1 , two such configurations, or channels, are necessary,
meaning that a calculation coupling theX 1Sg

1 and 3Su
1

states requires three channels. Similarly, nine different chan-
nels are necessary to form theX 1Sg

1 , 3Su
1 , 3Su

2 , 1Su
2 ,

1Du , and 3Du states. The1Su
1 state that nominally arises

from the (1pg˜2pu) transition is of mixed Rydberg-
valence character and is omitted in the present study because
its accurate description requires going beyond the IVO
model.

Only s, p, andd molecular orbitals can be formed from
the nuclei-centereds, p, and d Gaussians included in our
basis sets. Because the ground state symmetry is1Sg

1 and the
overall electronic symmetry is conserved, our calculations
will include components of the total electronic wave function
only up through2Dg,u . This is not expected to affect much
the quality of the elastic results or, in general, that of the
inelastic results, because the large angular momentum barrier
in the entrance channel experienced byf ~leading partial
wave l 53! and higher-m orbitals will preclude 2F and
higher-L components from contributing strongly to low-
energy scattering. A possible exception in the inelastic case
is resonantly enhanced scattering via the (1pu)3(2pg)2 2Fu

configuration. Our expectation is that any such resonant fea-
tures would be weak, but it should be borne in mind that they
are excluded from the outset in our calculations.

IV. RESULTS AND DISCUSSION

A. Single-channel calculation

Figure 1 shows both our static-exchange~SE! and static-
exchange-plus-polarization~SEP! elastic integral cross sec-
tions, along with measured values of Ref. 28. Clearly, our SE
results do not place the2Pu resonance at the correct position,
nor do they reproduce the enhancement near zero energy.
Similar SE results were reported by Morrisonet al.,16 Luc-
chese and McKoy,21 and Gianturco and Stoecklin.23

FIG. 2. Elastic electron scattering cross sections for CO2. Solid line—
present SEP results; long dashed line—model-potential calculation of Ref.
18; short dashed line—SEP calculation of Ref. 16; solid line with open
circles—SEP calculation of Ref. 23; closed circles—measured elastic cross
section of Ref. 5; open squares—measured total cross section of Ref. 8;
open triangles—measured elastic cross section of Ref. 12.

TABLE II. Comparison of calculated vertical excitation energies with other
theoretical and experimental results.

State

Vertical threshold~eV!

This work

Previous calculation Experiment

Ref. 74 Ref. 75 Ref. 76 Ref. 77

1Du 9.95 8.38 9.43 8.41 8.4–8.6
3Du 9.13 7.83 9.02 8.1
3Su

1 8.53 7.35 8.65 4.89
3Su

2 9.73 8.24 9.42 8.3
1Su

2 9.73 8.27 9.42 6.53 8.3

FIG. 1. Elastic scattering cross section for CO2. Solid line—static-
exchange-plus-polarization results; dashed line—static-exchange results;
circles—measured vibrationally elastic cross section of Ref. 28.
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Figure 2 shows an expanded view of our SEP elastic
integral cross section and compares it with other elastic and
total integral cross sections, both measured and calculated.
Our results, along with those of Morrisonet al., who explic-
itly included a polarization potential, and those of Lynch
et al.,18 who implicitly included polarization effects in their
continuum multiple-scattering model~CMSM!,78 demon-
strate the importance of polarization in the region of the
shape resonance and at very low energies. On the other hand,
Gianturco and Stoecklin,23 who described polarization using
a density functional approach, placed the2Pu resonance near
the correct position but failed to describe correctly the be-
havior of the cross section near zero energy. The magnitude
of our cross section at the peak of the resonance at 3.8 eV is
too high for two reasons: First, we have neglected nuclear
motion, which would broaden the resonance and reduce its

peak value accordingly; second, we do not use a correlated
target. Meyeret al.79 and Ghoseet al.80 have shown that a
correlated target is required to represent polarization effects
fully.

Figure 3 shows the symmetry components of our calcu-
lated elastic integral cross section. At higher energies, we
find two resonances. The first occurs in2Sg symmetry and
leads to a rapid rise in the cross section between 10 and 15
eV, with a maximum at about 17 eV. Similar behavior is
seen in the calculations of Lynchet al.18 and of Gianturco
and Stoecklin.23 Tronc et al.,37 in their study of vibrational
excitation, observed a peak at 10.8 eV which they interpreted
as the2Sg shape resonance predicted by Lynchet al.18 There
is obviously a large difference between the energies of the
maximum in the calculated2Sg fixed-nuclei elastic cross
section and of that seen in the vibrational excitation cross
section of Troncet al.37 However, a fit of our calculated2Sg

eigenphase sum to a Breit–Wigner form plus a low-order
polynomial for the background yields a resonance position of
13.4 eV and a width of 8.2 eV. These values are similar to
those obtained by Gianturco and Lucchese.24 The large dif-
ference between the resonance energy and the location of the
maximum in the cross section is due to the significant back-
ground phase shift, which is close to 3p/4 near the resonance
energy, leading to a highly asymmetric profile with a mini-
mum below and a maximum above the resonance position
~see Fig. 3!. A resonance position of 13.4 eV makes it much
more likely that this feature is indeed responsible for the
resonant enhancement seen in the measured vibrational exci-
tation cross sections.37 A SCF calculation using a minimal
basis set, whose virtual orbital energies correlate roughly
with resonance positions, places asg orbital at 12.9 eV.

The second high-energy resonance is a broad2Su reso-
nance around 34 eV, which again was observed at about the
same energy in the calculations of Lynchet al.18 The vibra-
tional excitation cross section of Tronc37 showed this reso-
nance at 30 eV. The minimal-basis virtualsu orbital lies at
34 eV.

FIG. 3. Symmetry components of the electronically elastic scattering cross
section for CO2.

FIG. 4. Eigenphase sum in2Pu symmetry near the resonance energy. The
circles are the calculated points; the line is a fit toD(E)520.209
20.177E12 tan21@0.116/(3.780-E)#. ~The factor of 2 in the arctangent
term arises from the twofold degeneracy of the resonance.!

FIG. 5. Calculateds-wave eigenphases in2Sg symmetry. Solid line—
present result; dashed line—calculation of Ref. 63.
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At lower energy, the well-known2Pu resonance is
prominent ~Figs. 2 and 3!. Our SEP calculation correctly
locates the resonance position. A fit of the2Pu eigenphase
sum to the Breit–Wigner form plus a low-order polynomial
representing the background yields 3.78 eV for the resonance
positionEr and 0.23 eV for the widthG ~Fig. 4!. As in most
recent studies, we find that thef-wave dominates the reso-
nance.

Below 10 eV, the2Sg component of our cross section
decreases to a minimum~the small oscillations are numerical
artifacts!, then, near zero energy, shows the sharp rise seen
experimentally. Morrison63 attributed this enhancement to an
s-wave virtual state. This hypothesis has been confirmed by a
number of studies.64–66 The scattering length of the virtual
state can be calculated from thes-wave eigenphase. Figure 5
compares ours-wave eigenphase with that of Morrison, and
Table III compares our calculated scattering length with
other results.63,65,66,81,82

Although thes-wave virtual state can account for the
observed enhancement of the integral cross section near zero
energy, the measured differential cross sections~DCSs! ex-
hibit strong forward peaking that cannot be explained by this
mechanism, suggesting that we have neglected some other
mechanism~s! that can produce forward scattering at low en-
ergies. Ordinary dipole scattering can be ruled out because
CO2 does not have a permanent dipole. Quadrupole scatter-
ing can also be ruled out because it leads to isotropic cross
sections.83,84 Another possible mechanism, scattering due to
the instantaneous dipole moment resulting from zero-point
motion, also cannot explain this DCS feature; although a
quantitative description of this effect is not possible in a
fixed-nuclei approximation, since the interaction time is
comparable to the vibrational period at low collision ener-
gies, it can readily be demonstrated that the effect is too

small to explain the observed forward peaking.
Another possible explanation is significant population of

vibrationally excited states that on average have a bent ge-
ometry and thus a dipole moment that can lead to forward
scattering. Hayashi and Nakamura85 pointed out that CO2
cross sections appear to depend on temperature. They pro-
posed that the ground and vibrationally excited levels have
different cross sections, with the temperature dependence of
the observed cross section merely reflecting the change in
relative population. Indeed, a significant portion of CO2 ex-
ists in vibrationally excited states at temperatures common in
measurements. The percentage of CO2 molecules in the
(0110) state, i.e., one quantum in the bending mode, has
been estimated to be 8.4% at 335 K and 21.9% at 520 K.86,87

The (0110) state should possess a dipole moment and thus a
different elastic DCS than the ground state. The measured
DCS would represent the weighted average of the DCSs of
the ground state, the (0110) state, and other vibrationally
excited states. Our hypothesis is that the forward scattering
observed in the measured DCSs arises from these vibra-
tionally excited states. To test this hypothesis, we have cal-

FIG. 6. Differential cross sections at~a! 0.155 eV and~b! 1.05 eV. Solid
line with squares—present result; triangles—measurement of Ref. 12. The
dashed line in~b! shows the present result without correction for vibrational
excitation; see the text for discussion.

TABLE III. Scattering length of thes-wave virtual state.

Author
Scattering

length (a0) Method

Present 24.51 SMC calculation in the static-
exchange-plus-polarization
approximation

Morrisona 26.17 Coupled-channel calculation with
model static-exchange-plus-
polarizationpotential

Singhb 27.2 Derived from momentum transfer
cross sections

Fabrikantc 26.8 to 27.2 Calculation using effective-range
theory
and the Born approximation

Estrada and
Domcked

27.82 Described the virtual state using
a parametrizedmodel based
on the projection-operator
formalism
of Feshbach with an optical
potential

Morgane 24.95 R-matrix calculation

aReference 63.
bReference 81.
cReference 82.
dReference 65.
eReference 66.
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culated elastic cross sections for the three lowest vibra-
tionally excited states of CO2, namely (0110), (0200), and
(0220), while including a correction to account for the dipo-
lar scattering. Since we are employing the fixed-nuclei ap-
proximation, and since, as noted above, the collision energy
is too low for that approximation to be fully justified, we do
not attempt a detailed average over nuclear positions; rather,
a single bent geometry is used to represent each vibrationally
excited state. Specifically, the calculations are performed at
the ground state equilibrium C–O bond length and the re-
spective rms O–C–O bond angles.88 The population-
weighted average of the DCSs for these vibrationally excited
states and the ground state is then computed. Our results are
not expected to be quantitative because of the limitations just
mentioned, including the breakdown of the adiabatic ap-
proximation. Figure 6 shows our calculated DCSs at 0.155
and 1.05 eV, along with the measured results of Kochem
et al.12 We assume the population distribution at 520 K, the
temperature inside the gas tube in the measurements of
Kochemet al.At this temperature, the population of the low-
est four states of CO2 is 69.4%~0,0,0!, 21.9% (0,11,0), 2.0%

(0,20,0), and 3.5% (0,22,0). These four states account for
96.8% of the population.89

At 0.155 eV, our DCS exhibits significant forward peak-
ing and good qualitative agreement with the measured result.
These results indicate that the forward-scattering enhance-
ment observed in the elastic DCS of CO2 is due to contribu-
tions from vibrationally excited states. At 1.05 eV, the agree-
ment is not as good; our DCS shows only slight forward
peaking. However, our DCS without the correction for vibra-
tionally excited states, shown as a dashed line in Fig. 6~b!, is
in fact backwardpeaked, and the correction to the forward-
scattering cross section is of the same order of magnitude as
the observed forward peaking. Fully testing this hypothesis
will require going beyond the adiabatic approximation.

Figure 7 shows our calculated elastic DCSs along with
measurements of Registeret al.,7 Kanik et al.,14 Tanaka
et al.,27 Gibson et al.,28 and calculated values of Morrison
et al.,16 where available. At 4 and 10 eV, our calculated
DCSs show a single minimum at about 100°, as do the mea-
sured values. At higher energies, our results agree well with

FIG. 7. Differential cross sections for elastic electron scattering by CO2 at energies of~a! 4 eV, ~b! 10 eV,~c! 20 eV, and~d! 50 eV. Solid line—present result;
dashed line—calculation of Ref. 16; open triangle—measurement of Ref. 7; closed triangle—measurement of Ref. 27; open square—measurement of Ref. 28
~ANU!; open circle—measurement of Ref. 28~Flinders!; open diamond—measurement of Ref. 14.
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the measurements in both magnitude and angular depen-
dence.

The momentum-transfer cross section~MTCS! is shown
in Fig. 8 along with the experimentally derived values of

Lowke et al.,4 Shyn et al.,5 Registeret al.,7 Tanakaet al.,27

and Gibsonet al.28 Between 10 and 30 eV, our calculated
MTCS is in fair agreement with the values of Registeret al.7

and of Tanakaet al.27 The small discontinuity near 19 eV is
due to the changeover in2Sg symmetry from SEP results at
lower energies to SE results. Some of the differences be-

FIG. 8. Momentum-transfer cross section fore2 – CO2 collisions. Experi-
mentally derived values are from Refs. 4~dashed line!, 5 ~open triangle!, 7
~open square!, 27 ~closed square!, and 28~open circle!; the solid line is the
present calculation.

FIG. 9. Three-channel calculation of theX 1Sg
1
˜

3Su
1 integral cross sec-

tion. The circles are the DW results of Ref. 50.

FIG. 10. Three-channel calculation of theX 1Sg
1

˜

3Su
1 differential cross section at~a! 8.8 eV, ~b! 13

eV, ~c! 17.5 eV,~d! 28 eV, and~e! 40 eV. Solid line:
present calculation. Dashed line: DW results of Ref. 50
at ~d! 30 eV and~e! 40 eV.
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tween our calculated values and those derived from experi-
ment may arise from uncertainties in the extrapolation of the
measured DCSs to 180°.

B. Three-channel calculation

We begin our discussion of the cross sections for elec-
tronic excitation of CO2 with the results of a three-channel,
two-state calculation which includes only the ground state
(X Sg

1) and the lowest-lying excited state (3Su
1) as open

channels. This three-channel calculation may provide a rea-
sonable estimate of the cross section at impact energies for
which the3Su

1 state is the only one accessible. Such thresh-
old excitation cross sections are needed in many applications
and can be difficult to measure.

Figure 9 shows the three-channel integral cross section
for excitation of the (1pg˜2pu)3Su

1 state of CO2. The
only other reported3Su

1 excitation cross sections are those of
Lee and McKoy,50 who used the distorted-wave~DW!
approximation90,91 to calculate the integral and differential
cross sections at 30, 40, and 50 eV. Their results are also
shown in Fig. 9. The integral cross section shows a pro-
nounced peak near 17.5 eV collision energy, which is due to
the 2Pg overall symmetry. Since the excited state symmetry
is Su

1 , the peak is associated with apu scattering orbital
in the exit channel, i.e.,3Su

132pu˜
2Pg . Partial wave

analysis shows, moreover, that the dominant contribution

is from l 53 in the exit channel. These features are con-
sistent with an assignment of the 17.5 eV peak as a
core-excited shape resonance having the configuration
@1sg

21su
22sg

23sg
22su

24sg
23su

21pu
41pg

32pu
2#. As noted in

Sec. III, the same configuration could also give rise to a2F
resonance not representable in our basis set. At higher ener-
gies, our results agree well with the DW results.

Figure 10 shows the calculated DCSs for excitation of
the 3Su

1 state at selected energies, along with the DW
results50 at 30 and 40 eV. At 8.8 eV, where3Su

1 is the only
energetically accessible state, the DCS peaks in both the for-
ward and the backward direction. Partial-wave analysis
shows that both thes andp waves contribute strongly in this
region. At 17.5 eV, near the maximum in the integral cross
section, the DCS shows both forward and backward peaking,
with minima at 70° and 130° and a maximum at 110°. The
dominant contribution in this energy region is thef-wave
from the 2Pg symmetry; however, contributions from other
partial waves are also significant, and the observed pattern is
not typical off-wave scattering. At higher energies, both our
results and the DW results show significant backward scat-
tering, as is common for singlet̃triplet excitations, al-
though at lower scattering angles the two sets of results ex-
hibit different angular patterns. Our partial-wave analysis
indicates that thep, d, andf waves all contribute significantly
in this energy region.

FIG. 11. Nine-channel calculation of the integral cross
sections for~a! X 1Sg

1
˜

3Su
1 , ~b! X 1Sg

1
˜

1Du , ~c!
X 1Sg

1
˜

3Du , ~d! X 1Sg
1
˜

1Su
2 , and ~e! X 1Sg

1

˜

3Su
2 . Circles represent DW results of Ref. 50 and

squares represent Born results of Ref. 50.
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C. Nine-channel calculation

In this section, we discuss the results of nine-channel,
six-state calculations of cross sections for excitation of the
3Su

1 , 3Su
2 , 1Su

2 , 1Du , and 3Du states that arise from the
1pg˜2pu transition in CO2. Coupling among these five
states can be expected to be strong since they arise from the
same elementary electronic transition.

Our calculated integral cross sections for electron-impact
excitation to these states are shown in Figs. 11~a!–11~e!.
These cross sections are all dominated by two peaks, one at
12–13 eV and the other near 28 eV, both due to the2Pg

symmetry component.~Again, it should be noted that2F and
higher components are not present in the calculation.! In the
three-channel calculation of the3Su

1 cross section discussed
above, a single peak, also due to2Pg symmetry, is seen at
17.5 eV. This qualitative change in the3Su

1 cross section
clearly reflects strong coupling among the five electronically
excited states included in the multichannel study. We also
note that the magnitude of the cross section for the3Su

1 state
is larger in the three-channel case than in the nine-channel
case below 22 eV, while at higher energies, the nine-channel
results are larger.

To gain insight into the composition of the two peaks in
the integral cross sections of Fig. 11, we carried out partial-
wave analyses of the associated scattering amplitudes. The
first peak in the cross sections is associated with thep-wave

( l 51) in the exit channel, while the second peak is associ-
ated with thef-wave (l 53).

The DW integral cross sections for the3Su
1 and the3Du

states are also shown in Figs. 11~a! and 11~c!, respectively.
For both states, the DW results are smaller than those of the
present calculation. For the1Du state, Lee and McKoy50 re-
ported two sets of cross sections: the DW results and the
Born cross section. As seen in Fig. 11~b!, our results are
quite different from the Born cross section except at 50 eV.
The DW integral cross section for this state is two orders of
magnitude larger than our results and the Born results. As
Lee and McKoy noted, such a large difference between the
DW and Born results is unusual. Comparison with the
present results provides further indication that the DW re-
sults for this state are too large.

The DCSs for excitation of the3Su
1 state are shown in

Fig. 12~a!. Comparing with the three-channel results in Fig.
10, we see that both sets of results exhibit somewhat similar
structures, although their magnitudes differ. An examination
of the three-channel and nine-channel DCSs at their respec-
tive resonance energy regions shows that the DCS at 17.5 eV
in the three-channel calculation has a similar shape to the
DCS at 28 eV in the nine-channel calculation. As mentioned
earlier, both peaks are predominantly composed of thef
wave (l 53) in the2Pg symmetry. At 40 eV, both the three-
channel and the nine-channel results, as well as the DW re-

FIG. 12. Nine-channel calculations of the differential
cross sections for electron energies of 13 eV~solid
line!, 28 eV ~short dash!, and 40 eV~long dash! for ~a!
X 1Sg

1
˜

3Su
1 , ~b! X 1Sg

1
˜

1Du , ~c! X 1Sg
1
˜

3Du , ~d!
X 1Sg

1
˜

1Su
2 , and ~e! X 1Sg

1
˜

3Su
2 . Circles with

solid line in ~c! represent DW results of Ref. 50 at 40
eV.
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sults, show the backward peaking often seen in
singlet̃ triplet transitions. At scattering angles below 120°,
both our three-channel and nine-channel DCSs are fairly flat,
while the DW DCS has several features.

The DCSs for excitation of the1Du , 3Du , 1Su
2 , and

3Su
2 states are shown in Figs. 12~b!–12~e!, respectively. The

DW DCS for excitation of the3Du state at 40 eV is also
shown in Fig. 12~c!. For this state, the two sets of DCSs have
similar magnitudes at low scattering angles, although their
shapes differ. Our results exhibit stronger backward scatter-
ing than the DW results, with our DCS being about twice as
large as the DW DCS at 180°. For the1Du state, the DW
cross section at 40 eV is about two orders of magnitude
larger than the present result. For the3Su

2 and 1Su
2 states,

the DCSs vanish at 0° and 180°, as required by theS1

˜S2 selection rule.92 We also find that the ratio of the
triplet to singlet cross sections is about three for both theSu

2

and Du states. A similar ratio was observed for the transi-
tions from the ground state to thea 3A2 andA 1A2 states of
formaldehyde57 as well as for the transitions from the ground
state to theI 1S2 ande 3S2 states, and to theD 1D anda 3D
states, of carbon monoxide.58

The large change in the3Su
1 cross section in going from

the three-channel to the nine-channel coupling scheme indi-
cates that the coupling among states arising from the 1pg

˜2pu transition is strong. A calculation that includes all
open channels is impractical because the number of channels
becomes large even at moderate energies. On the other hand,
going beyond the nine-channel approximation would include
electronic transitions not arising from the 1pg˜2pu transi-
tion, whose coupling to the states arising from this transition
may be weaker, resulting in smaller changes in the cross
sections than were seen in going from the three- to the nine-
channel approximation. Whether this is so can only be tested
by further, more extensive calculations.

V. SUMMARY

We have employed the SMC variational method to cal-
culate elastic cross sections fore– CO2 collisions in the SEP
approximation. Comparisons with measured values are gen-
erally good. Our description of polarization effects enables
us to place the2Pu resonance at the correct position without
empirical adjustment. The dominant component of the reso-
nance is found to be thef wave. We have also confirmed the
existence of a virtual state near zero energy.

We have proposed a resolution to an apparent conflict
between theory and experiment in the shape of the elastic
DCS at low energies: The presence of thes-wave virtual
state near zero energy implies isotropic DCSs, while the
measured DCSs show strong forward scattering. We suggest
that the forward scattering arises from significant population
of vibrationally excited states of CO2 that are on average
bent and therefore have a dipole moment, resulting in en-
hanced forward scattering. Contributions from these vibra-
tionally excited states are significant at typical experimental
temperatures.

The SMC variational method was also used to calculate
cross sections for electronically inelastic electron–CO2 col-

lisions leading to states arising from the (1pg˜2pu) tran-
sition. Results were reported for a two-state calculation
(X 1Sg

1 ,3Su
1) and a six-state calculation

(X 1Sg
1 ,3Su

1 ,1Du ,3Du ,3Su
2 ,1Su

2).
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2E. Brüche, Ann. Phys.~Leipzig! 83, 1065~1927!.
3C. Ramsauer, Ann. Phys.~Leipzig! 83, 1129~1927!.
4J. J. Lowke, A. V. Phelps, and B. W. Irwin, J. Appl. Phys.44, 4664
~1973!.

5T. W. Shyn, W. E. Sharp, and G. R. Carignan, Phys. Rev. A17, 1855
~1978!.

6C. Szmytkowski and M. Zubek, Chem. Phys. Lett.57, 105 ~1978!.
7D. F. Register, H. Nishimura, and S. Trajmar, J. Phys. B13, 1651~1980!.
8J. Ferch, C. Masche, and W. Raith, J. Phys. B14, L97 ~1981!.
9K. R. Hoffman, M. S. Dababneh, Y.-F. Hsieh, W. E. Kauppila, V. Pol, J.
H. Smart, and T. S. Stein, Phys. Rev. A25, 1393~1982!.

10Ch. K. Kwan, Y.-F. Hsieh, W. E. Kauppila, S. J. Smith, T. S. Stein, M. N.
Uddin, and M. S. Dababneh, Phys. Rev. A27, 1328~1983!.

11O. Sueoka and S. Mori, J. Phys. Soc. Jpn.53, 2491~1984!.
12K.-H. Kochem, W. Sohn, N. Hebel, K. Jung, and H. Ehrhardt, J. Phys. B

18, 4455~1985!.
13C. Szmytkowski, A. Zecca, G. Karwasz, S. Oss, K. Macia¸g, B. Marink-
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