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In this work we report on a theoretical study on elastic electron collisions with ketenylidene radicals in the
low and intermediate energy range. Calculated differential and momentum transfer cross sections for thee−

−C2O collision are reported in the(1–500)-eV range. A complex optical potential composed by static, ex-
change, correlation-polarization plus absorption contributions, derived from a fully molecular wave function, is
used to describe the interaction dynamics. The Schwinger variational iterative method combined with the
distorted-wave approximation is applied to calculate scattering amplitudes. Comparison made between our
calculated cross sections with the theoretical and experimental results for elastice−−N2O collisions has
revealed remarkable similarity for incident energies equal to 20 eV and above. Also, two shape resonances
located at around 3 eV and 4.5 eV are observed and identified as due to the2P and the4P scattering channels,
respectively.
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I. INTRODUCTION

Electron-molecule collisions play an important role in the
physical and chemical processes involved in a number of
applications, such as lasers[1], gas discharges, plasmas[2],
and magneto-hydrodynamic power generation[3]. Interest in
electron collisions with highly reactive radicals has also
grown recently, in view of their importance in the develop-
ment of plasma devices as well as in the atmospheric and
astrophysical studies. In particular, the ketenylidenesC2Od
radical is an important reaction intermediate in interstellar
cloud formation[4–6] and hydrocarbon combustion[7–9].
There is also a growing interest in metal ketenylidene com-
plexes which can facilitate bond formation and cleavage in
organometallic chemistry[10–12].

The C2O radical was identified in a matrix isolation study
by Jacoxet al. [13] using an infrared spectroscopy. In its
ground electronic statesX3S−d, C2O was suggested to be an
asymmetric linear molecule. Devillers and Ramsay[14] ob-
tained the gas phase absorption spectrum of C2O using flash
photolysis. They observed a rotationally resolved spectrum
between 500 and 900 nm and assigned it to thea3P−

−X3S− transition. Spectroscopic constants for both states
were also obtained. More recently, Ohshima and Endo[15],
using a high resolution microwave spectroscopy, confirmed
the structure of the ground state of C2O.

Because of its application in a number of fields, the
knowledge of the electron-C2O collisional dynamics is cer-
tainly of interest. However, there are no such studies, either
experimental or theoretical, reported in the literature. Due to
its high chemical reactivity, it is very difficult to generate a
C2O radical beam to be interacted with an electron beam,
thus experimental studies on electron-C2O collisions would
be a very hard task. In the present work, we report on a
theoretical study on elastic electron-C2O collisions covering

a wide incident energy range. More specifically, differential
cross sections(DCS’s) and momentum transfer cross sec-
tions (MTCS’s) in the (1–500)-eV energy range are calcu-
lated and reported. The present study made use of a complex
optical potential to represent the electron-radical interaction,
whereas a combination of the Schwinger variational iterative
method(SVIM) [16,17] and the distorted-wave approxima-
tion (DWA) [18–20] is used to solve the scattering equations.
This procedure has already been applied to treat electron
scattering by a number of molecules[21–25] and radicals
[26–28] and has provided reliable DCS’s, integral cross sec-
tions (ICS’s), and MTCS’s over a wide energy range.

The organization of this paper is as follows. In Sec. II we
describe briefly the theory used and also some details of the
calculation. In Sec. III we present our calculated results.

II. THEORY AND CALCULATION

Details of the SVIM[16,17] and the DWA[18–20] have
already been presented previously, and will only be outlined
here. Within the fixed-nuclei framework, the electron-
molecule scattering dynamics is represented by a complex
optical potential,

VoptsrWd = VSEPsrWd + iVabsrWd, s1d

where theVSEP is the real part of the interaction potential
composed by the staticsVstd, the exchangesVexd and the
correlation-polarization contributionssVcpd whereasVab is
the absorption potential. In our calculation,Vst and Vex are
derived exactly from a restricted open-shell Hartree-Fock
sROHFd self-consistent-fieldsSCFd target wave function. A
parameter-free model potential introduced by Padial and
Norcross f29g is used to account for the correlation-
polarization contributions. In this model a short-range corre-
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lation potential between the scattering and target electrons is
defined in an inner interaction region and a long-range po-
larization potential in an outer region. The first crossing of
the correlation and polarization potential curves defines the
inner and outer regions. The short-range correlation potential
is derived using the target electronic density according to Eq.
s9d of Padial and Norcrossf29g. In addition, an asymptotic
form of the polarization potential is used for the long-range
electron-target interactions. Dipole polarizabilities are
needed to generate the asymptotic form ofVcp. Since there is
no experimental and/or theoretical values available in the
literature for the C2O radical, they were calculated in this
work at the single- and double-excitation configuration-
interactionsCISDd level of approximation. No cutoff or other
adjusted parameters are needed in the calculation ofVcp.

Although the main features of the absorption effects are
known, taking these effects into account in anab initio treat-
ment of electron-molecule scattering is very difficult. For
instance, close-coupling calculations would require all dis-
crete and continuum open channels to be included in the
open-channelP space, which is computationally unfeasible.
In view of the difficulties, the use of the model absorption
potential seems to be presently the only practical manner to
account for absorption effects into electron-molecule scatter-
ing calculations. In this work, a modified version of the
quasi-free-scattering model(QFSM), version 3 of Stasze-
wskaet al. [30], is used to represent the absorption effects.
The first version of the QFSM absorption potential derived
by Staszewskaet al. [31] in 1983 is nonempirical, which
simulates the effect of all open inelastic channels(excitation
and ionization) on the elastic scattering. Its derivation was
based on the model originally proposed in nuclear physics by
Goldberger[32] and the target was treated as a free-electron
gas. Due to the free-electron-gas treatment, it is very difficult
to incorporate true target structure and properties into this
model. In a subsequent paper[30], the authors proposed two
modified semiempirical versions of QFSM in which some
target properties, such as the ionization potential and average
excitation energy, were incorporated. Despite its semiempir-
ical nature, no adjusted parameters are required in the calcu-
lation of the absorption potential. Therefore, it can be used
for predictive purposes rather than just for correlation and
interpolation of a existing data base. The semiempirical ver-
sions of the QFSM absorption potential are given by

VabsrWd = − rsrWdsTL/2d1/2s8p/5k2kF
3dHsa + b − kF

2dsA + B + Cd,

s2d

where

TL = k2 − VSEP, s3d

A = 5kF
3/sa − kF

2d, s4d

B = − kF
3s5sk2 − bd + 2kF

2d/sk2 − bd2, s5d

and

C = 2Hsa + b − k2d
sa + b − k2d5/2

sk2 − bd2 . s6d

In Eqs.s2d–s6d, k2 is the energysin Rydbergsd of the incident
electron,kF the Fermi momentum, andrsrWd the local elec-
tronic density of the target.Hsxd is a Heaviside function
defined byHsxd=1 for xù0 andHsxd=0 for x,0. Accord-
ing to version 3 of QFSM of Staszewskaet al. [30],

asrW,Ed = kF
2 + 2s2 D − Id − VSEP s7d

and

bsrW,Ed = kF
2 + 2sI − D d − VSEP. s8d

HereD is the average excitation energy andI is the ioniza-
tion potential. The average excitation energy is a parameter
and can be definedf31g as

FIG. 1. DCS’s for elastice−−C2O scattering at(a) 3 eV and(b)
5 eV. Solid line, present rotationally summed results; dashed line,
calculated results fore−−N2O scattering[36]. The experimental
results fore−−N2O scattering are as follows: open squares, Kita-
jima et al. (ANU group) [39]; full circles, Kitajima et al. (SU
group) [39]; open circles, Johnstone and Newell[38].

TABLE I. Calculated properties of C2O.

Present Brownet al. [35]

Energy(hartree) 2150.512058 2150.510065

rCC (bohr) 2.5908 2.5772

rCO (bohr) 2.1448 2.1205

Dipole momentsDd 1.381 1.380

a0 (a.u.) 27.3512

a2 (a.u.) 13.2130

IP (eV) 12.0
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D = 2kC0uz2uC0l/a0, s9d

whereC0 is the ground-state wave function of the target and
a0 the spherical part of the dipole polarizability. In 1991,
Jain and Balujaf33g have shown that for a number of mol-
ecules, the calculated value ofD is very close to the ioniza-
tion potential. Therefore, in the present study, the value of
the first ionization potential calculated within a single-
excitation CI level of approximation is used as the average
excitation energy.

Since C2O is an open-shell target, the coupling of the
incident electron with the two unpaired 2p electrons of the
target leads to two spin-specific scattering channels, namely,
the doubletsS=1/2d and quartetsS=3/2d couplings. The
main difference between the doublet and quartet scattering
channels would reflect on the treatment of the electron-
exchange term in the potential operator. On the other hand,
contributions such asVst,Vcp, andVab are calculated in the
present study using the target electronic density and some
molecular properties, such as ionization potential, dipole po-
larizability, etc. Thus, they are not explicitly dependent on
the spin couplings.

Further, the spin-specific Lippmann-Schwinger(LS)
equation is solved using the SVIM. In principle, this scatter-
ing equation for elastice−−C2O scattering should be solved
with the full complex optical potential. Nevertheless, a tre-
mendous computational effort would be required, particu-
larly due to the large number of coupled equations involved,

which makes such calculations practically prohibitive. On
the other hand, our calculation has revealed that the magni-
tude of the imaginary part(absorption) of the optical poten-
tial is considerably smaller than its real counterpart. So, it
can be treated as a perturbation. Therefore, in the present
study, the LS scattering equations are solved using SVIM
considering only the real part of the optical potential. In the
SVIM calculations, the continuum wave functions are single-
center expanded as

x
kW
±,SsrWd = s2/pd1/2o

lm

sidl

k
xklm

±,SsrWdYlmsk̂d, s10d

where the superscriptss+d and s2d denote the incoming-
wave and outgoing-wave boundary conditions, respectively,
S is the total spin of theselectron + targetd system, and

Ylmsk̂d are the usual spherical harmonics. The absorption part
of the T matrix is calculated via the DWA as

Tabs= ikx f
−uVabuxi

+l. s11d

In the present work, we have limited the partial-wave ex-
pansion ofT-matrix elements up tolmax=50 andmmax=16. A
Born-closure procedure is used to account for the contribu-
tion of higher partial-wave dipole components to scattering
amplitudes. In order to avoid the divergent behavior of the
DCS’s in the forward direction, nuclear-rotational dynamics
is treated explicitly.

FIG. 2. Same as Fig. 1 except at(a) 10 eV and(b) 15 eV. Stars,
experimental data fore−−N2O scattering of Marinković et al. [37].

FIG. 3. Same as Fig. 2 except at(a) 20 eV and(b) 30 eV.
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Within the adiabatic-nuclear-rotation(ANR) framework,
the spin-specific rotational scattering amplitude is expressed
as

f jmj← j0mj0

S = k jmju fSu j0mj0
l, s12d

where u jmj l are the rigid-rotor wave functions andf sSd the
spin-specific fixed-nuclear electron scattering amplitude in
the laboratory framesLFd. Accordingly, the spin-specific
DCS’s for the rotational excitation from an initial levelj0 to
a final level j is given by

S ds

dV
DS

s j ← j0d =
kf

k0

1

s2j0 + 1d o
mjmj0

u f jmj← j0mj0

S u2, s13d

wherekf andk0 are the final and initial linear momenta of the
scattering electron, respectively.

Moreover, the spin-specific rotationally unresolved DCS’s
for elastice−−C2O scattering are calculated via a summation
of rotationally resolved DCS’s

S ds

dV
DS

= o
j=0

S ds

dV
DS

s j ← j0d. s14d

Finally, the spin-average DCS’s for elastice−−C2O scat-
tering is calculated using the statistical weight for doublet
(2/6) and quartet(4/6) scattering channels, as

S ds

dV
D =

1

6
F4S ds

dV
DS=3/2

+ 2S ds

dV
DS=1/2G . s15d

In the present study a standard triple-zeta-valence basis
set [34], augmented by onessa=0.0438d, one psa
=0.0438d, and three dsa=2.88, 0.72, and 0.18d uncon-
tracted functions for a carbon atom and ones sa=0.0845d,
onep sa=0.0845d, and threed sa=5.12,1.28, and 0.32d for
an oxygen atom, is used for the calculation of the SCF wave
function of the target. The results of some calculated proper-
ties are summarized in Table I, where the SCF results of
Brown et al. [35] are also shown for comparison.

FIG. 4. Same as Fig. 2, except at(a) 50 eV and(b) 100 eV. Open
triangles, experimental data fore−−N2O scattering of Leeet al.
[36].

FIG. 5. Same as Fig. 4, except at(a) 300 eV and(b) 500 eV.

FIG. 6. MTCS’s for elastice−−C2O scattering. Solid line,
present rotationally summed results; dashed line, calculated results
for e−−N2O scattering[36].
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III. RESULTS AND DISCUSSION

In Figs. 1–5 we show our calculated spin-averaged DCS’s
(rotationally summed) for elastice−−C2O scattering in the
(1—500)-eV energy range. Since no experimental or other
theoretical results for this target are available in the litera-
ture, we use the calculated[36] and measured[36–39] results
for elastice−−N2O collisions to compare with our data. This
procedure is adopted because N2O is probably the molecule
most similar to C2O. Thus, we expect that it may provide
some insight of the dynamics for the elastice−−C2O colli-
sion. At 20 eV and above, the calculated DCS’s for electron
scattering by C2O and N2O are remarkably similar, both
qualitatively and quantitatively. This good agreement seems
to indicate that the small difference in size(two electrons)
between the C2O and N2O are not relevant for their interac-
tion with relatively fast electrons. Also, the good agreement
between the calculated and experimental DCS’s fore−

−N2O scattering may provide some indications of the reli-
ability of the present study. On the other hand, at lower in-

cident energies the DCS’s fore−−C2O scattering are consid-
erably larger than those ofe−−N2O collisions. This is
probably due to the fact that the dipole moment of C2O
(1.381 D in the present calculation) is considerably larger
than that of N2O (0.6585 D) [36]. It is well known that the
dipole interaction is dominant in electron-molecule scatter-
ing at low incident energies.

In view of the possible unreliability of the DCS’s near the
extremely forward direction due to the use of the ANR ap-
proximation, we avoid showing the calculated values of
ICS’s. On the other hand, the calculation of the MTCS’s is
less affected and so their reliability is still held. The spin-
averaged MTCS’s for an elastice−−C2O collision, calcu-
lated in the(1—500)-eV range, are shown in Fig. 6. Again,
comparison is made with the calculated results fore−−N2O
scattering[36]. On qualitative aspects, two sharp resonance
features located at 3.0 and 4.4 eV, respectively, are clearly
seen in the MTCS’s for elastice−−C2O collisions. In con-
trast, only one resonance centered at around 2.0 eV is seen in
the MTCS’s fore−−N2O scattering. In fact, the resonance
centered at around 3.0 eV is identified(see Fig. 7) as due to
the4P scattering channel and that located at 4.4 eV is due to
the 2P symmetry. The resonance seen in the data for thee−

−N2O scattering is also due to the2P symmetry. The shift of
about 1.4 eV in the resonance features in C2O is originated
by the different exchange potential operator used in the
doublet- and quartet-coupling scattering calculations. It is in-
teresting to note that the effects of this difference only appear
significantly near the resonance region. The quantitative
comparison between the MTCS’s for electron scattering by
C2O and N2O has revealed very good agreement for incident
energies above 20 eV which again confirms the fact that the
C2O radical and N2O molecules are quite similar for fast
electrons. As in DCS’s, at lower energies, the MTCS’s for
e−−C2O collision are significantly larger than those of N2O,
except in the resonance region of N2O.

The appearance of two resonance features in the spin-
averaged MTCS’s in elastice−−C2O collision, due to the
different spin couplings, is indeed very interesting. This fact
is also highly relevant because shape resonance constitutes
an important mechanism for electron-impact vibrational ex-
citation of molecules. Since different spin couplings can al-
ways occur in both natural and artificial environments such
as reactive plasmas, where both low-energy electrons and
open-shell species are present, they may be important to de-
termine the properties of these environments.
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FIG. 7. Partial MTCS’s for elastice−−C2O scattering for the(a)
dashed line,2S scattering channel; solid line,2P scattering channel;
and short-dashed line,2D scattering channel;(b) dashed line,4S
scattering channel; solid line,4P scattering channel; and short-
dashed line,4D scattering channel.
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