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Electronic excitation of CO by positron impact
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We report calculated cross sections for the electronic excitation of carbon monoxide by positron impact. The
calculations were carried out with the Schwinger multichannel method and included six collision channels,
namely the ground (X IS*) and five electronically excited (A 1, 1'S™ and D 'A) states. Present calculated
excitation cross sections to the A 'IT state did not present any resonant features, being in this sense consistent
with previous calculations for the isoelectronic nitrogen molecule. The experimental a H excitation cross
section of N, presented a resonantlike structure which would also be expected in the A gl exc1tat10n of CO.
We discuss possible reasons for the disagreement between experiment and theory.
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I. INTRODUCTION

The development of high resolution (AE~25 meV
FWHM) beam of positrons using the highly efficient buffer-
gas positron accumulation technique (modified Penning-
Malmberg trap) helped further the study of positron physics
[1-3]. The bright low-energy monochromatic positron beam
allows experimentalists to perform highly sophisticated scat-
tering experiments where measurements of state-resolved ab-
solute cross sections for electronic or vibrational excitations
are possible. This experimental breakthrough finds useful ap-
plications in several other areas such as material science,
atomic physics, plasma physics, and mass spectroscopy [4].
Moreover, they serve as a strong motivation for the theorists
to extend their calculations to investigate in more detail the
finer aspects of the scattering process in order to better un-
derstand the experimental findings and the underlying physi-
cal facts.

Recently, Surko and his collaborators performed a series
of highly precise experiments on the electronic excitation of
Ar, CO,, H,, and N, in the energy range from 5 to 30 eV
[2]. Perhaps the most interesting experimental finding was a
striking near-threshold enhancement in the a 'II excitation
cross section of nitrogen. Even though the authors did not
discuss the nature of the observed structure, the fact that it
may be a core-excited shape resonance is quite relevant [5].
Even though vibrational Feshbach resonances have been ob-
served in low-energy positron collisions against polyatomics
[6], it is generally accepted that the inherent repulsive nature
of the static positron-target interaction seems to prevent the
formation of legitimate shape resonances [7]. As a matter of
fact, ab initio e*-N, scattering calculations [8—10] did not
reproduce the conspicuous resonant-like structure and the
reasons for such discrepancy between theory and experiment
are not well understood.

It should be recalled, however, that the occurrence of
electron-molecule shape resonances is often associated with
a low-lying virtual orbital leading to a metastable ion state.
The incident electron may be trapped either in the field of the
target ground state (potential scattering shape resonance) or
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in the field of some excited parent state (core-excited shape
resonance). As a result, molecules with similar electronic
structures usually present similar resonant features. This is
indeed the case of the isoelectronic nitrogen and carbon
monoxide molecules, whose electronic structures differ
mostly due to the heteronuclear character of the latter. Both
systems present well-known °II shape resonances in the
electronically elastic scattering channel associated with the
virtual 27 orbitals. Since such analogy is not restricted to
electron scattering, positron-impact excitation of carbon
monoxide turns out to be a very attractive problem. In prin-
ciple, a core-excited shape resonance noticeable in e*-N,
collisions could also be expected to occur in the e*-CO sys-
tem. We have therefore taken up the task of investigating the
electronic excitation of CO theoretically, closely following
the procedure used in previous work on nitrogen [8,9].

II. THEORY

We have calculated cross sections for the electronic exci-
tation of CO to the A 'TI, I 'S~, and D 'A states by positron
impact using the Schwinger multichannel method (SMC).
Formal aspects of this approach are discussed in detail else-
where [11-13]. Hence, we present no details here, but a few
working expressions for the sake of completeness. The scat-
tering amplitude is given by

fk kf 2 <Skf| V|Xm d_ mn<Xn| V|Sk (1)
where
Dy = Xl A X (2)
and
AW =QHQ + PVP - VGYV. (3)

In the above expressions, Sj; is a solution of the unperturbed
Hamiltonian (molecular Hamiltonian plus the Kinetic energy
operator for the incident positron); V is the interaction poten-
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tial between the incident positron and the molecular target;
|x,) is a configuration state, i.e., an (N+1)-particle varia-
tional trial function (the product of a target state and a pos-
itron scattering orbital). P and Q are, respectively, projection
operators onto energetically open and closed electronic states
of the target,

open

pP= 2 |(I)1(Fla ,FN)><(DI(;1’ 7FN)
l

; (4)

with
Q=1-P. (5)

Finally, H is the collision energy minus the full scattering
Hamiltonian and GE;') is the free-particle Green’s function
projected onto P space.

In the present implementation of the method, the target
ground state is described with a single-determinant Hartree-
Fock (HF) wave function. On the other hand, excited states
are given by linear combinations of singly excited determi-
nants, the so-called single-excitation configuration interac-
tion (CIS) approximation. As a result, the SMC scattering
wave function is written as

N,

open

0
V=3 S0l + X D,
! k m=1 n

+ X Db, (6)
P>Nupen q
with
NHS
(Dj= E ajad)w ]Z 1. (7)
a=1

In the expressions above, ®; are targets states, i=0 being
the ground state, ¢’ are positron scattering orbitals, cf;) are
variational coefficients, while N, and N,, are, respectively,
the number of energetically open electronic collision chan-
nels and the dimensions of the active space used in CIS
expansions. In Eq. (7), ¢,, are singly excited Slater determi-
nants, a;, are the variational coefficients of the CIS calcula-
tion, and the products ®;¢;; correspond to the configurations
denoted by Y,, in Eq. (1). The first term in the right-hand side
of Eq. (6) is the so-called static approximation, in which the
target is kept frozen in the ground state. Excited open colli-
sion channels are included in the second term, while the third
accounts for polarization effects (closed-channel or Q space).
Excited states belonging to the P (open-channel) space are
always described with the CIS approximation, according to
Eq. (7), while those belonging to the Q space may be de-
scribed at either improved-virtual-orbital (IVO) [15] or CIS
levels.

If the trial basis set is able to expand the interaction re-
gion (that is, if 2,,|x,.){xm/=1 where V is nonzero), the
wave function in Eq. (6) would be expected to accurately
describe correlation effects (polarization, virtual positronium
formation), electronic excitation, and competition among
open and closed collision channels. However, the truncated
free-particle Green’s function, Ggf) in Eq. (3), cannot account

PHYSICAL REVIEW A 72, 062715 (2005)

TABLE 1. Cartesian Gaussian basis set XE;L:Nlmn(x—Ax)l
X(y=A,)"(z—A,)" exp(-a|r-A[?).

Center Type Exponent

C S 5240.6353, 782.2048, 178.35083, 50.815942,
16.823562, 6.175776, 2.418049, 0.511900,
0.156590, 0.05, 0.02

C p 18.84180, 4.159240, 1.206710, 0.385540,
0.121940, 0.045, 0.01

C d 1.50, 0.75, 0.30

o S 10662.285, 1599.7097, 364.72526, 103.65179,
33.905805, 12.287469, 4.756803, 1.004271,
0.300686, 0.10, 0.03

0] p 34.856463, 7.843131, 2.308269, 0.723164,
0.214882, 0.06, 0.02

0] d 1.70, 0.85, 0.34

cMm? S 0.010, 0.003

CM p 0.09, 0.03, 0.01

CM d 09,03

Chargeless dummy center placed on the center of mass.

for the positronium (Ps) formation channel, which is ne-
glected in the present implementation of our theory.

III. COMPUTATIONAL ASPECTS

The Cartesian Gaussian basis set used for both bound
state and scattering calculations are presented in Table I. It is
a[11s/7p] variant of a basis set given by Dunning [14], also
being similar to the basis set used by Lima [16]. The unoc-
cupied orbitals were calculated within the IVO framework
[15] (out of the 5o orbital). The ground state HF wave func-
tion provided an electronic energy of —135.292 802 Hartree.
The nuclei were held fixed at the experimental equilibrium
distance of the ground state (R=2.132a,) [17] throughout the
collision (fixed-nuclei approximation). Due to limitations in
the computer codes, the molecule was treated as belonging to
the C,, point-group symmetry.

We have performed six-channel (6C) calculations includ-
ing excitations to the A T, 1'S", and D 'A states, plus the
elastic channel, X IS* In CIS expansions, the active space
was composed by 50— 2, and 17, ,— 2, single exci-
tations. Calculated excitation thresholds are shown in Table
II along with experimental results [19]. We mention in pass-
ing that the somewhat large discrepancy observed for the
A I threshold (13.1%) is well understood. Due to the re-
duced active space, only one single excitation is found to

TABLE II. Excitation thresholds (in eV) for the six-state CIS
approximation.

State Experiment CIS
A'TI[18] 8.4 9.5
1'37[19] 9.9 9.9
D 'A[19] 10.5 10.3
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FIG. 1. Integral cross section for the electronic excitation to the
A 11 state of CO by positron impact. Solid line: Total cross section
(summed over all symmetries). Also shown are the partial cross
sections. Short dashed line, 2, symmetry; dotted-dashed line, 711
symmetry; long dashed line, 2A symmetry.

contribute to each degenerate component of the A 'TI state.
As a result, the CIS expansion is equivalent to the IVO ap-
proximation (for A IH” states only). In previous calcula-
tions for N, [8,9], it was necessary to take linear combina-
tions of 30, and 40, orbitals in order to well reproduce the
experimental electronic excitation spectrum. The HF ap-
proximation is known to give rise to an overly compact 30,
orbital for nitrogen because the interaction that pushes 2a,
and 30, orbitals apart from each other is missing due to the
symmetry constrain [20]. As a result, 30, and 1, orbitals
become interchanged. Fortunately, this drawback does not
occur in the CO molecule because its heteronuclear character
allows proper interaction between 4o and 5o orbitals (these
are equivalent to 20, and 30, in nitrogen, respectively).

IV. RESULTS AND DISCUSSION

In previous publications [8,9] the occurrence of spurious
(numerical) resonantlike structures in SMC calculations was
discussed. In short, they may take place due to nearly linear-
dependent configurations in the variational trial set, which
lead to very small potential matrix elements, V,,
=(x,J|(PVP+QHQ)|x,). Once the d,,, matrix in Eq. (2) has
to be inverted according to Eq. (1), these nearly zero matrix
elements give rise to numerical resonances (bumps) in the
scattering amplitude. Fortunately, this problem can be over-
come by removing the troublesome configurations, as de-
scribed in Refs. [8,9]. Essentially, an advantage is taken from
the fact that only spurious resonances survive in the first
Born approximation (FBA), thus allowing the identification
of physical resonances. In present 6C calculations, such nu-
merical features were found in the excitation cross sections
to the 7'S™ and D 'A states. These were successfully re-
moved and the higher partial waves of the resulting scatter-
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FIG. 2. Integral cross section for the electronic excitation to the
1'3" state of CO by positron impact. Solid line: Total cross section
(summed over all symmetries). Also shown are the partial cross
sections. Dotted-dashed line, *II symmetry; long dashed line, 2A
symmetry.

ing amplitudes were improved by combining the SMC ap-
proach (/=<2) with the FBA (/=3) [8,9] for the the A 'IT and
D 'A states. The 'S™ state was calculated only with the
SMC approach (/<5) since the FBA does not contribute in
this case.

In Figs. 1-3, we present integral excitation cross sections
to the A 1H, 1 12_, and D 'A states, respectively. The sym-
metry decomposition of the cross sections is also shown. The
structure noticed around 19.5 eV in the cross sections is due
to the threshold of an extra collision channel. Out of six
states composing the CIS active space, only five were treated
as open channels (counting the degeneracies of A T and
D 'A states). The sixth electronic state was always treated as
belonging to Q space, even though it should be open above

Integral cross section (units of af)
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FIG. 3. Integral cross section for the electronic excitation to the
D 'A state of CO by positron impact. Solid line: Total cross section
(summed over all symmetries). Also shown are the partial cross
sections. Short dashed line, 2, symmetry; dotted-dashed line, Rl
symmetry; long dashed line, *A symmetry.
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FIG. 4. Differential cross sections for the electronic excitation to the A 'II state of CO by positron impact at 11, 14, 18, and 20 eV. Long
dashed line, present results without the closure procedure (SMC only); solid line, present relsults with the closure procedure (SMC

+FBA).

19 eV. The most relevant feature noticed in the present re-
sults is the structureless A 'TI excitation cross section. This
behavior is consistent with previous calculations for N, [8,9],
but it again raises the question about the nature of the near-
threshold structure observed in the experimental a ll_lg exci-
tation cross section of nitrogen. From the theoretical stand-
point, it could be claimed that present calculations (as well as
those for N,) do not take nuclear motion and the Ps forma-
tion channel into account. However, the presence of an extra
electronic channel (namely, Ps formation) would either
shorten the resonance lifetime, if it was strongly coupled to
the resonant state, or hardly affect the resonance, if the cou-
pling was weak. As a result, the Ps formation channel would
not be expected to give rise to a core-excited shape reso-
nance. In a similar fashion, nuclear motion should also
broaden resonant features due to the inclusion of vibrational
excitation (or dissociation) exit channels. Such resonance
broadening associated with the improvement of fixed-nuclei
cross sections is always observed in electron scattering cal-
culations. In this sense, the absence of resonances in our
calculations should not be credited to the lack of vibrational
motion.

A question could also be raised about the role of polariza-
tion effects, poorly described in our calculations. In prin-
ciple, polarization effects would be expected to shift (to-
wards lower energies) core-excited shape resonances already
noticed in close-coupling calculations, but not to give rise to
such resonances. On the other hand, further inclusion of
closed channels could give rise to Feshbach resonances,
which would not be present in simple close-coupling calcu-
lations. This would be a plausible explanation for the dis-
crepancy between theory and experiment, but it is not pos-
sible to come to a conclusion about the origin of the near-
threshold enhancement in the electronic excitation of
nitrogen based on our results. In addition, the experimental
structure seems rather broad (>1 eV) in comparison with the
widths observed in electron-scattering Feshbach resonances
(typically, fractions of eV [21]), and the present level of de-
scription of the Q space does not allow the assignment of a
parent state. On the other hand, our structureless cross sec-
tions could be understood on the basis of the interplay be-
tween polarization effects and Ps formation, in case the ex-
perimental feature was related to the latter, since the Ps
formation threshold leading to a “IT ion is 10.2 eV [20].
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FIG. 5. Differential cross sections for the electronic excitation to the 'S state of CO by positron impact at 11, 14, 18, and 20 eV. Solid

line: present results without the Born closure (SMC only).

Though the experimental points are somewhat sparse, hin-
dering a more precise assignment of the location of the fea-
ture, the a IHg excitation cross section seems to peak be-
tween 10 and 11 eV [2]. Hence, it is possible that virtual Ps
formation could enhance the cross section just below the
threshold, and that loss of probability (to the Ps channel)
could then make it smaller above the threshold. Such behav-
ior would not be observed in our close-coupling calculations
because the lack of polarization does not allow a proper de-
scription of virtual Ps. If this picture is correct, improving
the closed-channel space would not remedy the absence of
flux in the Ps channel above the threshold, but it would be
expected to describe the rise of the cross section below the
Ps threshold. For carbon monoxide, the Ps formation thresh-
old associated with a °II jon is also very close to 10.2 eV
[20], and the same behavior would be expected in the exci-
tation to the A 'IT state.

Finally, we mention in passing that the broad structure in
the excitation cross section to the / 'S~ state (Fig. 2) should
not be assigned to a resonance. Besides being rather broad,
such a structure has a very small magnitude and should be
strongly affected by the inclusion of polarization effects. Fi-
nally, we present in Figs. 4—6 the related differential cross
sections (DCS) at selected energies for the sake of complete-

ness. In Figs. 4 and 6 comparison is made between DCS
obtained with and without the closure procedure, in which
higher partial waves are calculated with the FBA [8,9]. At
low scattering angles, where the contribution of higher par-
tial waves is expected to be more important, there is remark-
able improvement.

V. CONCLUSIONS

We have reported calculations for positron-impact excita-
tion to the A 'TI, 1'S™, and D 'A states of CO. Present six-
channel calculations resulted in structureless cross sections
for excitation to the A 'TI state, which is consistent with
previous calculations for N,. Our results do not elucidate the
origin of the structure experimentally observed in the all_[g
excitation cross section of nitrogen, a feature that would also
be expected in the A 'TI channel of CO. Since the inclusion
of extra competing collision channels should not give rise to
resonances, we do not expect that the absence of Ps forma-
tion and vibrational excitation channels would be responsible
for the lack of near-threshold structures in our results. On the
other hand, a thorough description of polarization effects
could give rise to such structures if they were resonant in
nature or related to the onset of Ps formation associated with
’I1 ions. The inclusion of polarization effects (through a
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FIG. 6. Differential cross sections for the electronic excitation to the D 'A state of CO by positron impact at 11, 14, 18, and 20 eV. Long
dashed line, present results without the closure procedure (SMC only); solid line, present results with the closure procedure (SMC+FBA).

large Q space with virtual excitations out of the 27 orbital) is
presently under way in our group, in order to check this
assumption.
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