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Abstract. Fixed-nuclei R-matrix calculations are performed at the equi-
librium geometry of carbon monoxide using the very large cc-pV6Z Gaus-
sian basis set. Results from a close-coupling model involving 27 low-lying
target states indicate the presence of three 2X* resonances at 10.1 eV
(width 0.1 eV), 10.38 eV (0.0005 ¢V) and 11.15 eV (0.005 ¢V), a 2A
resonance at 13.3 eV (0.1 eV) and two 2IT resonances at 1.9 eV (1.3
eV) and 12.8 eV (0.1 eV). These new results are in very good agreement
with many experimental studies but in contrast to a previous calculation
using a smaller cc-pVTZ basis set where we found only one 2XT reso-
nances at 12.9 eV. This is the first time that any theoretical study has
reported these high lying 257" resonances in agreement to experiment
and reported detection of a ?A resonance. Total, elastic and electronic
excitation cross sections of CO by electron impact are also presented.
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1 Introduction

The study of various processes involving collision of electrons with molecules is of
fundamental interest to many areas of science and technology. The cross sections
of these processes get significantly enhanced in certain narrow collision energy
range due to the formation of metastable anionic states, called resonances, which
are formed due to temporary capture of the colliding electron by the molecule.
Therefore, the resonances play an important role in processes such as dissociative
electron attachment (DEA) and their detection and characterization is a major
part of any electron-molecule collision study.

Resonances in low-energy electron collision with the CO molecule have been
studied by several groups in the past. A classic review of resonances in CO, along
with other diatomic molecule, was given by Schulz [1]. In addition, a compilation
of available cross sections of different processes in electron-CO collisions is given
by Itikawa [2]. Most of the works on CO have been directed towards the lowest
lying and well-known 2IT resonance at 1.6 eV and on the elastic and vibrational
excitation processes associated with it. In the low and intermediate energy range
there have been quite a few experimental [3-6] and theoretical [7-11] studies
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on electron impact electronic excitation of CO. However, there is very little
consensus among them on the presence and characteristics of the higher-lying
resonances.

Electron collision with CO can produce anionic fragments through the DEA
process as both C and O can form stable anions. Formation of these atomic
anions as result of electron collisions has indeed been observed for a long time
and their production cross sections has been measured by several groups [12—
17]. These cross sections show a broad peak in the 9 to 12 eV energy range. The
presence of a 2XT resonance at 10.04 eV has been established by Sanche and
Schulz [18] and is thought to contribute to this DEA peak. Furthermore, shape
resonances at 10.4 eV and 10.7 eV and Feshbach resonances at 11.3 eV and 12.2
eV were reported from experiments [1, 18, 19]; these may also contribute to DEA.

In the DEA process O~ ion production is favored and the cross section of
C~ ion is very weak. Therefore, recently there been attempts by experimental-
ists [17, 20, 21] to establish the nature of resonances through the measurement of
O~ angular distributions. However, these groups arrived at different conclusions
from the analysis of their results while using essentially the same experimental
technique of velocity time sliced imaging method. Newer and more precise mea-
surements made by Gope et al. [22] have helped to settle the above controversy
[23,24], but the problem calls for accurate theoretical calculations.

In our recent attempt [25] to study the higher lying resonances in CO, our
best model, close-coupling method with 50 target states represented using a cc-
pVTZ basis set, found only one 2X+ resonance at 12.9 eV in addition to the low-
lying 21T at 1.7 eV. In this study, we report on a similar fixed-nuclei calculation
but with a much larger cc-pV6Z basis set. Here, we find clear signatures of a
number of narrow resonances lying in the 10 to 13 eV range that are in great
agreement with previous experimental findings.

2 Theory

In this section, we describe the theory briefly. Details of the R-matrix method
and its implementation in the UK molecular R-matrix codes [26, 27] can be found
in the review article by Tennyson [28].

The R-matrix method, which is employed here, divides the space around
the electron+target system into an inner region, inside which the exchange and
correlation effects among all N +1 electrons is explicitly considered, and an outer
region, where the scattering electron is considered to be interacting with the
multipolar potential of the N-electron target. In the inner region the scattering

wavefunction, w,]cv 1 is represented using a close-coupling (CC) expansion:

I]CVJrl = AZaijkéﬁv(xl...xN)uij(xNJrl) —|— ZbikX?”rl(Xl-nXN«Fl)a (1)
iJ %

3

where x; are the space-spin coordinates of the electrons. The & in Eq. (1)
represents the wavefunction of the i-th target state, the u;; are the continuum
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orbitals representing the scattering electron and A is the anti-symmetrization
operator. The XlN 1 in the second term, are called L? configurations. These
configurations are constructed by occupation of the target molecular orbitals
(MOs) by all N +1 electrons. The a;jx and by, are variational parameters which
are obtained from the diagonalization of the scattering Hamiltonian [29].

At the boundary of the inner region sphere, the R-matrix is calculated from
the boundary amplitude of the inner region wavefunctions and the R-matrix
poles. The R-matrix is then propagated outwards and matched to analytical
asymptotic scattering functions. From this matching the K-matrix is calculated
as a function of scattering energy. The K-matrix is a key quantity and other
scattering observables can be obtained from this.

In the following section we use two quantities, the eigenphase sum and the
time-delay, to detect and fit the resonances. The fitting of eigenphase sum to the
Breit-Wigner form yields the resonance position and width, which is done auto-
matically by the module RESON [30] in the UKRmol codes. On the other hand,
the time-delay is fitted to a Lorentian function through the module TIMEDEL
[31,32] to get the same resonance parameters.

3 Calculation and Results

As in the previous paper [25] (hereafter referred as paper-I), here we report on
R-matrix calculation at the equilibrium geometry of CO, Req = 2.1323 ag. As
mentioned above, we use the UK molecular R-matrix codes (also called UKRmol
codes) [26, 27, 33] for the scattering calculations. The necessary target molecular
orbitals are obtained from MOLPRO [34] using the largest supported cc-pV6Z
basis set which has no augmented diffused functions. The calculations were per-
formed in the Cy, point group since neither MOLPRO nor the Gaussian version
of the UKRmol codes can use the full C, symmetry of CO molecule. However,
the target and resonant states in the Cs, symmetry can be clearly correlated
with their C,,, counterparts. Therefore, these states are reported below in C.,
Ssymimetry.

3.1 Target results

The target molecular orbitals necessary in R-matrix calculations are obtained
from MOLPRO using the state-averaged complete active space (CAS) self-consistent-
field (SCF) method. We used the LQUANT option available in MOLPRO CASSCF
program to specify the L, quantum number and hence obtained the target states
in Cy, symmetry. A total of 27 low lying target states in C., symmetry were
computed. These are: 4 ' X+, 21X~ 51T, 2 'A 435+ 33X~ 53] and
2 3A. In terms of Cy, assignments this amounts to 41 target states once the
degenerate states of IT and A symmetry states are accounted for. The CASSCF
active space is the same as in paper-I, where 10 valence electrons are distributed
freely over 10 valence orbitals. The active space configuration is defined as:
(1a1 - 20,1)4 (3(11 - 60,1, 1b1 - 3b1, lbg - 3b2)10.
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Table 1. The CASSCF ground state energy (in Ej), the lowest 11 vertical excitation
energies (in eV) and ground state dipole moments (1 in D) of CO calculated using
cc-pV6Z basis set. The target results using cc-pVTZ basis set are also included for
comparison. The experimental data are from Nielsen et al.[35]

State cc-pVTZ cc-pV6Z Expt
X TXT _112.8565508 -112.8599842
131 6.31 6.43 6.32 (a®IT)
135+ 8.39 8.36 8.51 (a'3X7T)
1t 8.83 8.97 8.51 (A1)
13A 9.23 9.22 9.36 (d®A)
1357 9.60 9.60 9.88 (¢®*X7)
1ty 9.97 9.95 9.88 (I1'X7)
1A 10.00 10.00 10.23 (D'A)
235" 12.90 10.39 10.40 (b3 XT)
215t 13.76 11.16  10.78 (B'X™)
2811 12.29 11.34
2T 13.72 11.84
M 0.291 0.238 0.122

Table 1 presents the target ground state energy (in E}), vertical excitation
energies to lowest 11 states (in eV) and the ground state dipole moment (in
Debye) for the cc-pV6Z basis set. It also includes the target results from paper-I
obtained with cc-pV'TZ basis set along with the experimental values as reported
by Nielsen et al.[35] for the purpose of comparison. As can be seen the in the
Table the first seven excitation energies in both cc-pVTZ and cc-pV6Z basis
sets are in excellent agreement with each other and also to the experimental
values. However, if we compare the 23X+ state, which is designated as b3 X+ in
spectroscopic notation, the CASSCF value of 10.39 eV with cc-pV6Z basis set is
very close to the experimentally determined value of 10.4 eV, while that in case
of cc-pVTZ basis set is 12.9 eV. Similarly, the energy for 2! X+ state from the
cc-pV6Z basis set is in much better agreement with experiment than that from
the cc-pVTZ basis set. Notwithstanding the above argument, it may be pointed
out that the vertical excitation energies of the first four target states obtained
using the much lower cc-pVTZ basis set are slightly closer to the experimentally
estimated values than those from the larger cc-pV6Z basis set. This might happen
given that the excitation energies are obtained by finding the difference between
the absolute energies of the ground state and the excited states. Of course, the
absolute energies of all the states calculated with cc-pV6Z basis set are smaller
than those calculated with the cc-pVTZ basis set, as to be expected from a
variational method. Moreover, the theoretically calculated ground state dipole
moment of CO is twice that of the experimental value despite use of the large
cc-pV6Z basis set. We assign this difference to our use of the CASSCF method.
In order to obtain accurate dipole moments close to the experiments, one would
need to calculate highly correlated wavefunctions as obtained in multi-reference
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configuration interaction methods. However, we did not pursue this aspect as it
was not the purpose of this work.

In the R-matrix calculations the relative energy positions of different excited
states with respect to the ground state is very important. Since resonances are
often closely associated with a parent target state [36], getting correct target
positions is of tremendous importance to get resonance positions correctly. In
the paper-I we found a very narrow Feshbach resonance lying extremely close
to the 23X target state at 12.9 eV and therefore we assigned the later to be
its parent. In the present calculation we get this target state very close to the
experimental value of 10.4 eV, therefore we expect this resonance to be near
to 10.4 eV. It is known from experiments that the b3X+ (23X ) state of CO
has Rydberg character. In the present calculation with cc-pV6Z basis set, which
includes higher angular momentum basis functions upto i-functions (I = 6), the
Rydberg nature of the state is represented correctly.

3.2 Scattering results

Table 2. Positions (and widths) of the resonances as detected by the RESON module
in fitting of eigenphase sums and by the TIMEDEL module in fitting of the time-delays.
All quantities are in eV.

Symmetry RESON TIMEDEL

A1 10.1019 (0.1126) 10.0924 (0.1277)
10.3850 (0.00049) —
11.1579 (0.0048) 11.1576 (0.0047)
13.2969 (0.0977) 13.2916 (0.1310)

2As 13.3135 (0.1641) 13.2823 (0.1456)

By 1.8744 (1.2916) —
12.8306 (0.0889) 12.8302 (0.0891)

In the following we present the results obtained from the close-coupling (CC)
scattering calculation using the above mentioned 27 target states. Here, we do
not explore on calculations with different scattering models such as the static-
exchange and static-exchange with polarization models, as these are unsuitable
for describing the higher lying resonances that are associated with excited target
states. Such studies has been already performed previously in paper-I where
extensive testing with respect to basis sets, molecular orbitals, R-matrix radius,
etc. has been performed.

In the present CC calculation an R-matrix sphere of radius a = 12 aq is
used and the continuum functions, appropriate for this radius [37], using partial
waves upto ¢ < 4 are included. The necessary occupied and virtual target molec-
ular orbitals are obtained from MOLPRO by doing the state-averaged CASSCF
calculation for the 27 target states which carry equal weights.
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The positions and widths of the resonances that are found in this study are
listed in Table 2. We have used both the eigenphase sum and the time-delay to
find the resonance parameters. Table 2 contains the fitted resonance parameters
from both RESON and TIMEDEL programs. As can be seen in the Table both
the methods give almost identical values in most of the cases. To show the
resonances obtained in the calculation we provide the eigenphase sum and the
time-delay plots as a function of scattering energy.

Figure 1 shows the eigenphase sum and the time-delay for the 2B, symmetry.
2B; and 2By symmetry results are identical as these constitute the two degen-
erate parts of the 2IT symmetry. The lowest lying 2IT resonance is well-known
from many experiments and theoretical calculations. In our calculation the po-
sition of this resonance is found by RESON to be at 1.87 eV with a width of
1.29 eV, while TIMEDEL missed this resonance. Most of the experiments report
the position of this resonance to be at 1.6 eV. It is worth pointing here that in
our previous work using the cc-pVTZ basis set we obtained this resonance at
1.73 eV, which is lower than the present value and closer to the experimentally
reported data. We can explain this on the basis that the R-matrix method relies
on the difference between the target and scattering states energies. Although
each part is variational and gives lower absolute energies for both the target and
scattering states, the difference between them can lead to resonances moving to
higher energy as the basis set is improved. This behaviour has also been observed
in other studies [38]. In addition to the lowest one we find a higher energy 211
resonance lying at 12.83 eV with a narrow width of 0.1 eV. This can be seen in
both the eigenphase sum and the time-delay plots.

The total and elastic cross sections from the 2IT (?B;+2By) symmetry is
presented in Figure 2 and the dominant electron impact electronic excitation
cross sections in Figure 3. These figures show the effect of the 2II resonances
on different cross sections. The lowest 2II resonance causes a huge increase in
the total and elastic cross section while the higher 2IT resonance has very little
effect on these cross sections.

The eigenphase sum and the time-delay plots for the 2A; and 2A, symmetries
are shown together in Figure 4. For the 2A; symmetry we find four resonances at
10.1 eV (width 0.1 eV), 10.385 eV (width 0.00048 eV), 11.158 eV (width 0.0048
eV) and 13.29 eV (0.1 eV); while for the 2A, symmetry we find a single resonance
at around 13.3 eV (width 0.1 eV). Both the ?A; and %A, scattering calculations
find a common resonance at around 13.3 eV with a width of approximately 0.1
eV. Therefore, we assign them to be the two components of a >A resonance. The
first three 24; resonances at 10.1 eV, 10.385 eV and 11.158 eV are assigned to
be of 2X+ symmetry in the natural C., symmetry of CO molecule. The second
and third 2X* resonances are very narrow and lie extremely close to the 2 3 X+
and 2 ' X7 target states, respectively. We assign these target states to be their
respective parents. With this the binding energy of the second 2X 7 resonance
with respect to its parent 2 32X+ state would be 0.001 eV, while that of the third
23* resonance with respect to its parent 2 ' X% state would be 0.006 eV. All



Electron collisions with CO 7

8 T T T T T T
7 .
6L OF | .
S 51 1
B
° 4 . N . . | . . . .
2,0 12.5 13 13.5 ]
=
c
\B)
D
&
2 L ]
O | | | | | |
0 2 4 6 8 10 12 14
100 T | T | T | T 1500 T T T T | T T T T | T
80
S 1000 |- -
S 60
D
S
[\8)
S 40
\B) L
£ 500 F
=
20
0 0 o=, . . IS
12 12.5 13
E (eV) E (eV)

Fig. 1. 2B; symmetry: the upper panel shows the eigenphase sum and the lower shows
the time-delay as a function of scattering energy. The inset in the upper panel clearly
shows the second 21T resonance at 12.83 eV.
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Fig. 2. Total and elastic cross sections for 2By +?By (*IT) symmetry. The inset shows
the effect of the second 2IT resonance on the cross sections clearly.
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Fig. 3. The dominant electron impact excitation cross sections for 2B1+2Bz (*IT) sym-
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Fig. 4. Eigenphase sum (upper) and time-delay (lower) plots for both 2A; and %A
symmetries. The vertical dashed lines indicate the excitation thresholds for the 2 3 X7

and 2 ' X7 target states.
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these resonances are clearly seen in the Figure 4 where we have also marked the
parent target states.

The effect of the 25+ and 2A resonances can be seen in the total and elastic
cross sections shown for 2A; symmetry in Figure 5. The dominant electron im-
pact excitation cross sections for 2A; symmetry is shown in Figure 6. Similarly,
the Figure 7 shows the total and elastic cross sections, and Figure 8 shows the
dominant electron impact excitation cross sections of CO in the ?A, symmetry.
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Fig. 5. Total and elastic cross section for 2A; symmetry. The insets show the effect of
the resonances on the cross sections.

4 Conclusion

We have undertaken an R-matrix study using a very large basis set of cc-pV6Z
to identify higher energy resonances in electron scattering with carbon monox-
ide molecule. Our fixed-nuclei calculation at the equilibrium geometry of CO
indicate the presence of three 2X* resonances, one A resonance and one 217
resonance in the energy range of 10 eV to 14 eV, in addition to the low-lying 2T
resonance near 2 eV. The presence of a number of resonances above 10 eV has
been reported by many experiments, however, this is the first theoretical study
to identify them clearly. The large cc-pV6Z basis set employed here effectively
represents the Rydberg like target states of CO and therefore helps in getting the
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Fig. 6. The dominant electron impact excitation cross sections for 2A; symmetry.
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Fig. 8. The dominant electron impact excitation cross sections of CO in the ?Ay sym-
metry.
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Rydberg resonances in CO correctly. All these high energy resonances have very
narrow widths and therefore can have longer lifetimes to result in dissociation
giving anionic fragments. It is our purpose to study the DEA process from these
resonances and we are already computing resonance parameters as a function of
internuclear distance.

The work clearly shows the need to use extended basis sets to accurately
represent both highly-excited target states and the associated resonances. This
presents something of a challenge to R-matrix calculations due to the require-
ment that the target wavefunction must be entirely enclosed by the R-matrix
sphere. However, we note the development of a new UK R-matrix code based
on the use of B-splines for the continuum basis [39] which facilitates the uses of
greatly extended inner regions.
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