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Abstract

®

CrossMark

In this second part of a two part paper (first part: Zawadzki et al (2020 J. Phys. B: At. Mol.
Opt. Phys. 53 165201)) we present differential scattering cross sections for excitation of
several Rydberg electronic states of carbon monoxide by electron impact. The first part
concerned the low-lying valence states of CO. In the present study cross sections are obtained
experimentally using low-energy electron energy-loss spectroscopy and theoretically using the
R-matrix method. Incident electron energies range from near-threshold of 12.5 eV to 20 eV
while the scattering angles range from 20° to 120°. The R-matrix calculations use three
distinct close-coupling models and their results are compared to available experimental and
theoretical cross sections. The overall comparison leads to significantly improved description

of the excitation cross sections for this target.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Carbon Monoxide is the most abundant molecule after H, and
is one of the main components of the atmosphere of Venus
and Mars (Campbell ef al 2011). In optical spectroscopy the
2¥—1I comet-tail bands of CO, at the wavelength of 438 nm,
are most prominently observed in the astrophysical phenom-

* Author to whom any correspondence should be addressed.

0953-4075/22/025201+12$33.00

ena (Huber and Herzberg 1950) dealing with comets. In addi-
tion, CO is used in discharges for various applications (Sakurai
and Yokoyama 2000). CO is also used in fuel gas mixtures with
hydrogen and other gases for industrial and domestic heating
(Ghenai 2010) and chemically in the manufacture of a variety
of chemicals such as acids, esters and alcohols (Nakano et al
2009) as well as in fuel cells (Kaltschmitt and Deutschmann
2012).

© 2022 |OP Publishing Ltd  Printed in the UK
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In a previous paper designated as (I) (Zawadzki et al 2020),
we investigated the differential electron impact excitation of
the lower lying valence a’Il, a’3%" and A'II electronic states
of CO from a near-threshold incident electron energy (E) of
6.3 eV to an incident energy of 20 eV and for electron scat-
tering angles (0) of 10° to 120°, using a well-tested high-
resolution electron spectrometer. In that paper, the electron
energy loss spectra of CO were unfolded to extract the com-
ponent full-electronic excitation (i.e. summed over all vibra-
tional levels) of the above valence electronic bands. In this
follow-up paper designated as (II) we extend the study of the
electronic excitations of the valence bands in (I) to the b>2 ™,
¥, B!'ET, C'Y* and E'II Rydberg electronic states. Here
the Ej range is from 12.5 eV to 20 eV for the same range of 6.
The excitation of the electronic states observed in our spectra,
whose energy loss span was from 5.75 eV to 11.75 eV, covered
the excitation of the 2’1, a* ST, d°A, 3%, 'S, DA, AL,
b*L T, B'ET, 3T, 'S and E'II electronic states. How-
ever, unfolding these spectra systematically resulted in unfold-
ing groups of these states: a’Il, a’S T, A 4 3% + 'S
+ D'A, A'TL B’2TF, BIXT, 321, C!'S" and E'IT compo-
nents, i.e. summations of state cross sections where individual
separation of their excitation was not possible.

Experimental work on differential cross sections (DCSs)
for excitation of the Rydberg electronic states of CO, was made
initially by Mazeau et al (1975) who measured relative DCSs
for excitation of the bX" and B'S" states. Swanson et al
(1975) reported relative differential excitation functions for
the b>X ", B! T, C'E™, 311, E'T at 6 of 45°. Allan (1989)
also reported relative excitation functions for the b3¥. ", BIX. "
and X" states using a trochoidal spectrometer at extreme
0 values of 0° and 180°. Middleton et al (1993) determined
DCSs for excitation of the a3IT, a* YT, dPP*A + X + 'Y~ +
DA, A'TL b3S, B'ET, 38, C'SF + 311 and E'11 states
of CO at E values of 20eV, 30 eV, 40 eV and 50 eV at 0 values
of 10° to 90°, using unfolded electron energy loss spectra fol-
lowing the scheme used similarly by Cartwright et al (1977)
for differential electron impact excitation of N,. Note that the
DCSs for individual and summed excitations were presented.
Zobel et al (1995) measured DCSs for excitation of the b>L T,
B'S", C'S7, and E'II Rydberg states of CO at various inci-
dent E values from 0.1 eV to 3.7 eV above threshold. Zobel
et al (1996) followed this by similar work on the a’Il, 2%+,
d3A and A'TI valence states at various incident Eq values from
0.1eV to 3.7 eV above threshold for 6 values from 20° to 140°.
Zetner et al (1998) measured DCSs at the E values of 10 eV,
12.5 eV and 15 eV for 6 values of 9° to 134° and compared
their results with those of Zobel et al (1995) and obtained very
good agreement in these comparisons.

The reader is strongly referred to the most recent and com-
prehensive review of electron impact cross sections for CO
by Itikawa (2015) which covers total scattering cross sections,
elastic scattering cross sections, integral and momentum trans-
fer scattering cross sections, rotation and vibrational exci-
tation and electronic excitation cross sections for the a’Il,
233t b3t AL B!IXt, CITT and E'T states as well as

ionization cross sections of CO; Itikawa thus updates ear-
lier reviews given by Brunger and Buckman (2002) and Tra-
jmar et al (1983) for electron scattering from CO. Itikawa
(2015) also gives recommended values of integral elastic,
momentum transfer, excitation and ionization cross sections
for CO. As was found in (I) (Zawadzki et al 2020) there
existed a paucity of full-electronic state cross sections for
excitation of the Rydberg states of CO over an extended
energyrange to be of use for comprehensive data for model-
ing studies. With this situation in mind we have decided to
study the CO energy loss spectrum for the higher lying Ryd-
berg states too and for energies ranging from near threshold
(in this case 12.5 eV) up to 20 eV. The experimen-
tal method used is identical to that described in (I)
(Zawadzki et al 2020). The DCSs here were taken for the
byt 38T, B!'ST, C'ST and E'TI Rydberg electronic states
for Ey values of 12.5 eV, 15 eV, 17.5 eV and 20 eV for 0
values of 10° to 120°. The experimental results are similarly
compared to present more sophisticated R-matrix calculations
for excitation of these Rydberg states. The present experimen-
tal and theoretical approaches are described in the following
sections.

2. Experimental approach

The experimental method used here had already been detailed
in (I) (Zawadzki et al 2020). Thus only a brief account of
the experiment will be given here. The apparatus has been
described in earlier papers (Khakoo er al 1994, Varela et al
2015, Ralphs et al 2013). The electron spectrometer has been
well-tested and has 2.54 cm titanium cylindrical lenses with
double hemispheres both in the monochromator and analyzer.
The device operates with a resolution of 33 meV to 40 meV
with an incident electron current of 7 to 10 nA. The analyser
could be rotated about the collision center over the 6 range
up to 120°. The angular resolution was 2.5°, full-width at half-
maximum, and was housed in a shielded vacuum chamber with
aresidual magnetic field of ~2 mG. The chamber ran at a base
pressure of 1 x 1077 torr and typically rose to 4 x 107° torr
when CO gas was admitted via a collimated aperture gas target
source into the system at a drive pressure of 0.8 torr. This colli-
mated source of CO could be rotated in and out of the collision
region to determine accurate electron scattering backgrounds
(Hughes et al 2003). The spectrometer was baked by biaxial
heating wire, which did not contribute to the magnetic field in
the chamber, to a temperature of ~100 °C to stabilise the spec-
trometer surfaces over a long term. Electron energy loss spec-
train the energy loss range of —0.150eV sweeping to 0.150eV
and then jumping to 5.750 eV and sweeping to 11.750 eV
(step size 6.36 mV/bin) were taken using multichannel scaling
methods as described in (I) (Zawadzki et al 2020). Typically
a minimum of two energy loss spectra were taken at any Ej
and 6. These spectra were fitted using linear and non-linear
least-squares fits using algorithms obtained from numerical
recipes (Press et al 1988), with Franck—Condon based elec-
tronic state envelopes as well as individual (vibrational) lines
and using steps discussed in detail in (I) (Zawadzki et al 2020).
The Franck—Condon factors used are listed in table 2 of (I)
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Table 1. Vertical excitation energies of the Rydberg electronic excited states of CO studied in
this work; experimental data are from (Huber and Herzberg 1979). The columns UKRmol and
UKRmol+ contain data generated by the model constructed in paper I (Zawadzki et al 2020).
The UKRmol model used the active space (6, 3, 3, 0) and a compact basis set cc-pV6Z while
UKRmol+ used the active space (6, 2, 2, 0) and the basis set cc-pVQZ. Models 7330 and 9440,
which were constructed in this work, both used the same diffuse atomic basis set aug-cc-pVQZ
and active spaces (7, 3, 3, 0) and (9, 4, 4, 0) respectively.

State Experiment UKRmol UKRmol+ Model 7330 Model 9440
B!yt 10.78 11.16 10.70 10.48 10.45
Cclyt 11.40 14.93 16.95 11.13 10.70
b3xt 10.40 10.39 9.90 9.63 9.48
jixnt 11.30 14.25 20.70 10.15 10.24
E'll 11.53 11.84 14.68 11.17 13.31

Table 2. Present experimental DCS, ICS and MTCS for excitation of the b>XT state in units of

1078 ¢cm?/sr and cm?.

Ey (eV)

A 12.5eV Error 15eV Error 17.5eV Error 20 eV Error
10 0.507 0.134 0.330 0.083 0.345 0.096
15 0.584 0.136 0.481 0.124 0.304 0.075 0.337 0.092
20 0.510 0.114 0.368 0.091 0.293 0.069 0.298 0.078
25 0.493 0.114 0.324 0.083 0.235 0.058 0.300 0.081
30 0.441 0.104 0.325 0.084 0.231 0.057 0.286 0.078
40 0.430 0.109 0.287 0.080 0.252 0.068 0.243 0.072
50 0.345 0.083 0.227 0.060 0.243 0.062 0.233 0.065
60 0.321 0.075 0.205 0.053 0.243 0.061 0.226 0.062
70 0.332 0.078 0.210 0.055 0.246 0.062 0.227 0.062
80 0.253 0.062 0.179 0.048 0.256 0.066 0.189 0.054
90 0.202 0.050 0.224 0.061 0.243 0.063 0.202 0.058
100 0.185 0.046 0.191 0.053 0.277 0.074 0.267 0.078
110 0.193 0.049 0.238 0.067 0.289 0.078 0.270 0.080
120 0.165 0.042 0.265 0.075 0.371 0.100 0.324 0.097
ICS 3.38 0.89 3.28 0.86 3.49 0.92 3.44 0.90

MTCS 2.71 0.71 3.37 0.89 3.94 1.04 3.73 0.98

(Zawadzki et al 2020). During the course of the fittings, the
resulting analysis of the spectra were also corrected for trans-
mission effects using He conventional electrostatic energy loss
spectra and N, electron time-of-flight energy loss spectra (see
discussion in I) and using these to normalise our transmission-
corrected energy loss spectra to the elastic scattering peak in
these spectra taken along with the inelastic spectra. The elastic
peak was normalised to the elastic scattering DCSs of Gib-
son et al (1996) in turn to obtain normalised DCSs for the
inelastic features. As discussed in I, the Gibson et al (1996)
DCSs were chosen because they nicely covered the E, range
of the present measurements and could be accurately interpo-
lated for all the present E and 6 values, as well as being in very
good agreement with the corrected elastic DCSs of Tanaka
et al (1978) (that were corrected by Trajmar et al (1983) for
He normalisation). The normalised inelastic scattering DCSs
comprised of the a’II, a*%1, A + 3L + I'S™ + D'A,
A'IL BYT, B'ST, 3%, C'S* and E'II components, where
the summations refer to states which could not be separated
in the fitting. The valence a’Il, a*X" and A'II DCSs were

presented in (I) Zawadzki et al (2020). The present work thus
deals selectively with the excitation of Rydberg states b*%+,
B'Y, i*%t, 'St and E'IT .

3. Theory

As in paper (I), the theoretical results reported here are
based on R-matrix calculations using both the standard UKR-
Mol code (Carr et al 2012) and the newer heavily upgraded
UKRMol+ code (Masin et al 2020). While the UKRMol
code can only use Gaussian type orbitals (GTOs) to repre-
sent the continuum functions and allow stable calculations for
smaller R-matrix sphere size of radius up to a = 15 Bohr,
the UKRMol+ code can use both GTOs and B-splines and
therefore allows R-matrix spheres of arbitrarily large radii.
This capability of UKRMol+ code has significant advantage
over the UKRMol code in that it can be used to study larger
molecules, molecules at longer bond lengths and for calcula-
tions that use diffuse atomic basis functions to represent Ryd-
berg electronic states of target molecule. This later capability
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Table 3. Present experimental DCS, ICS and MTCS for excitation of the B'X7 state in units of

10~ '8 cm?/sr and cm?.

Ep (eV)
A 12.5eV Error 15eV Error 17.5eV Error 20 eV Error
10 3.37 1.25 1.47 0.28 1.30 0.247
15 2.68 0.85 2.20 0.51 0.994 0.189 0.882 0.168
20 1.40 0.45 1.36 0.30 0.815 0.155 0.779 0.148
25 1.24 0.25 0.981 0.167 0.615 0.117 0.780 0.148
30 0.716 0.136 0.863 0.147 0.574 0.109 0.811 0.154
40 0.439 0.083 0.611 0.104 0.653 0.124 0.664 0.126
50 0.299 0.057 0.440 0.075 0.497 0.094 0.662 0.126
60 0.258 0.049 0.400 0.068 0.444 0.084 0.454 0.086
70 0.231 0.044 0.328 0.056 0.391 0.074 0.404 0.077
80 0.194 0.037 0.418 0.071 0.255 0.048 0.263 0.050
90 0.132 0.025 0.338 0.057 0.269 0.051 0.318 0.060
100 0.148 0.028 0.423 0.072 0.377 0.072 0.356 0.068
110 0.159 0.030 0.461 0.078 0.380 0.072 0.303 0.057
120 0.211 0.052 0.401 0.068 0.298 0.057 0.336 0.064
ICS 4.12 0.99 6.26 1.52 5.19 1.25 5.59 1.34
MTCS 2.55 0.61 4.56 1.10 4.37 1.05 4.74 1.14
Table 4. Present experimental DCS, ICS and MTCS for excitation of the C!s* state in units of
10~ '8 cm?/sr and cm?

Ep (eV)
A 12.5eV Error 15eV Error 17.5eV Error 20 eV Error
10 1.49 0.51 1.24 0.31 1.70 0.396
15 0.490 0.162 1.11 0.21 0.749 0.171 1.386 0.249
20 0.353 0.084 0.68 0.13 0.486 0.088 0.962 0.173
25 0.234 0.045 0.451 0.086 0.377 0.068 0.589 0.106
30 0.167 0.032 0.320 0.061 0.323 0.058 0.488 0.088
40 0.167 0.032 0.217 0.041 0.371 0.067 0.349 0.063
50 0.095 0.018 0.191 0.036 0.367 0.066 0.544 0.098
60 0.077 0.015 0.184 0.035 0.342 0.062 0.409 0.074
70 0.090 0.017 0.152 0.029 0.310 0.056 0.294 0.053
80 0.088 0.017 0.145 0.028 0.252 0.045 0.210 0.038
90 0.052 0.010 0.155 0.029 0.239 0.043 0.212 0.038
100 0.048 0.009 0.131 0.025 0.188 0.034 0.325 0.059
110 0.048 0.009 0.122 0.023 0.195 0.035 0.353 0.064
120 0.068 0.013 0.098 0.019 0.151 0.027 0.273 0.049
1CS 1.24 0.34 2.46 0.61 3.46 0.76 4.75 1.15
MTCS 0.870 0.235 1.77 0.48 2.76 0.74 4.08 1.10

has proved to be useful for the present study which involves
excitation to higher lying Rydberg states. Below, we discuss
the scattering model used in the UKRMol calculation that
employs a compact basis set including high angular momen-
tum polarisation functions and two different models for the
UKRMol+ calculation that employ a diffuse basis set.

3.1. UKRmol model

This model, which uses the large cc-pV6Z basis set but without
augmentation of diffuse functions, was originally developed to
study Feshbach resonances of CO molecule at its equilibrium
bond distance of R = 2.1323ay (Dora and Tennyson 2019)
and recently this has been extended to calculate the potential

energy curves of several resonant states of CO™ anion (Dora
and Tennyson 2020). This basis set was adequate to describe
the valence as well as low lying Rydberg states of the target
molecule, see table 1, and gave excellent results for resonance
parameters as a function of bond distance, calculated in the R
range from 1.7 ag to 2.38 ay (Dora and Tennyson 2020). How-
ever, for higher lying Rydberg states (in particular the ?X7
and C' X7 states) the calculated vertical excitation energies are
too high (by 2.95 eV and 3.53 eV, respectively) in comparison
to the experimental (adiabatic) values.

Here we briefly present the scattering model used in this
calculation; details about this can be found in the above men-
tioned papers. The scattering wave function was represented
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Table 5. Present experimental DCS, ICS and MTCS for excitation of the E'II state in units of

10~ '8 ecm?/sr and cm?.

Ep (eV)
6¢) 12.5eV Error 15eV Error 17.5eV Error 20 eV Error
10 1.84 0.35 0.963 0.173 1.23 0.222
15 1.05 0.21 1.06 0.20 0.695 0.125 0.934 0.168
20 0.675 0.135 0.760 0.144 0.606 0.109 0.867 0.156
25 0.488 0.098 0.609 0.116 0.488 0.088 0.818 0.147
30 0.345 0.069 0.399 0.076 0.352 0.063 0.535 0.096
40 0.252 0.050 0.286 0.054 0.393 0.071 0.423 0.076
50 0.187 0.037 0.209 0.040 0.409 0.074 0.367 0.066
60 0.119 0.024 0.197 0.038 0.356 0.064 0.234 0.042
70 0.059 0.012 0.156 0.030 0.263 0.047 0.221 0.040
80 0.034 0.007 0.175 0.033 0.233 0.042 0.201 0.036
90 0.026 0.005 0.131 0.025 0.231 0.041 0.255 0.046
100 0.035 0.007 0.112 0.021 0.248 0.045 0.223 0.040
110 0.042 0.008 0.125 0.024 0.248 0.045 0.181 0.033
120 0.065 0.013 0.188 0.036 0.225 0.031 0.257 0.046
ICS 1.81 0.43 3.11 0.73 3.76 0.83 3.89 0.91
MTCS 1.07 0.26 2.57 0.60 3.21 0.71 3.27 0.77
Table 6. Present experimental DCS, ICS and MTCS for excitation of the j*>* state in units of
10~'8 cm?/sr and cm?.

Ep (eV)
6¢) 12.5eV Error 15eV Error 17.5eV Error 20 eV Error
10 0.459 0.087 0.168 0.030 0.129 0.023
15 0.201 0.040 0.250 0.047 0.141 0.025 0.108 0.019
20 0.106 0.021 0.185 0.035 0.101 0.018 0.085 0.015
25 0.043 0.009 0.145 0.028 0.068 0.012 0.066 0.012
30 0.041 0.008 0.090 0.017 0.063 0.011 0.050 0.009
40 0.031 0.006 0.076 0.014 0.058 0.010 0.058 0.010
50 0.016 0.003 0.039 0.007 0.053 0.009 0.045 0.008
60 0.018 0.004 0.039 0.007 0.039 0.007 0.046 0.008
70 0.023 0.005 0.030 0.006 0.037 0.007 0.037 0.007
80 0.018 0.004 0.020 0.004 0.027 0.005 0.036 0.006
90 0.012 0.002 0.015 0.003 0.022 0.004 0.035 0.006
100 0.008 0.002 0.013 0.003 0.018 0.003 0.039 0.007
110 0.011 0.002 0.013 0.003 0.019 0.003 0.036 0.006
120 0.014 0.003 0.015 0.003 0.016 0.003 0.032 0.006
1CS 0.447 0.107 0.512 0.120 0.549 0.121 0.519 0.122
MTCS 0.249 0.060 0.275 0.065 0.346 0.076 0.444 0.104

by close-coupling expansion using 27 low-lying states of CO
molecule. These states, in C..,, symmetry, are the lowest 4
states of '3, 2 of 127, 4 of 3%, 3 of 3%, 5 of 'TL, 5 of
31, 2 of ' A and 2 of 3A. The target molecular orbitals (MOs)
needed for this calculation were obtained from MOLPRO
package (Werner et al 2012) using the complete active space
self-consistent-field (CASSCF) method using the cc-
pV6Z Gaussian basis set. The active space corresponds
to configurations generated by distributing 10 valence
electrons in 10 valence MOs keeping the core elec-
trons closed—in C,, symmetry this is defined as:
(la;=2a)* Ba,—6ay, 1b1-3by,1b,-3b,)'°.  An R-matrix
sphere of radius 12ay and continuum orbitals (represented
using Gaussian type functions (Faure et al 2002)) with

partial waves up to ¢ = 4, have been used in the scattering
calculation.

3.2. UKRmol+ model

The target models used in this work were constructed as an
extension of the CASSCF model used in our previous work
(Zawadzki et al 2020) which used the full valence active space
(1a;-2a;)* (3ar-6a;, 1b;—2by, 1by,—2b,)' or (6, 2, 2, 0) and
cc-pVQZ atomic basis.

In this work we performed calculations with two differ-
ent models. An accurate description of Rydberg excited states
requires inclusion of diffuse atomic basis functions and the
corresponding Rydberg-like MOs in the active space. In this
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Figure 1. DCS and ICS, MTCS for electron impact excitation of the b> > ¥ state. Legend: solid red circles, present experiment; solid blue
triangles, (Zobel et al 1995); solid purple squares, (Middleton et al 1993); solid black line, UKRMol+ 9440 model; staggered dashed red
line, UKRMol+ 7330 model; small dashed line, UKRModel; brown line-connected diamonds, recommended ICSs of Itikawa (2015).

work we have used the aug-cc-pVQZ GTO basis and con-
structed two different target models.

In both cases the CASSCEF target orbitals were obtained
from MOLPRO (Werner et al 2012) using the above described
GTO basis, the corresponding active spaces and state aver-
aging procedure with equal weights. The averaging included
a total of 10 C,, states: 1-3 'A;, 1-2 'By, 1-2 'B,, 1-3
3A, which correspond to several low lying valence states and
the five C.., Rydberg states investigated here. The averaging
included both degenerate components of the II states.

3.2.1. Model 7330. The first model, called ‘UKRmol+
7330’, includes in the active space the additional orbitals 7a;
(3s0), 3b; (3pm) and 3b, (3po) which are essential for descrip-
tion of the basic configurations of the Rydberg states of interest

(Zawadzki et al 2020). Concretely the active space has the
form (1a;-2a;)* (3a-7a;, 1b;—-3by, 1b,—3b,)!°.

The scattering calculations based on this model employed
a mixed B-spline (BTO) and GTO description of the contin-
uum (Masin et al 2020). The GTO part of the continuum basis
used exponents optimized for radius of 10 Bohr. The B-spline
basis comprised of 12 functions covering the radial range from
9 Bohr up to the R-matrix radius of 20 Bohr. Angular momenta
up to / = 5 were included in both parts of the continuum basis.
The deletion thresholds for orthogonalization of the continuum
were set to 1075,

3.2.2. Model 9440. The second model, called ‘UKRmol+
9440°, included additional 4 orbitals in the active space but
keeps the first 4 orbitals of a; symmetry doubly occupied and
has the form (1a1—4al)8 (5a1-9a,, 1b;—4b;, 1by—4b,)°.
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In this model the continuum basis employed only GTOs.
Their exponents were optimized for radius of 18 Bohr and
angular momenta up to / = 4. R-matrix radius of 20 Bohr
was used for the scattering calculation. We used quad pre-
cision to compute all molecular integrals (Masin et al 2020)
which allowed us to retain the whole continuum basis and
thus ensure accurate description of the continuum up to the
R-matrix boundary.

3.3. Comparison of target models

A comparison of the experimental and our calculated ver-
tical excitation energies from the different target models is
shown in table 1. In general the calculated results differ signif-
icantly with respect to each other with the smallest differences
observed between models 7330 and 9440.

It is seen by comparing the UKRmol+ and model 7330
results that the vertical energies for the states b>X " and B!XH,
corresponding to occupation of the 3so orbital, are not sig-
nificantly affected by the extension of the active space and
inclusion of the diffuse functions in the atomic basis. There-
fore those states probably have a dominant valence character.
For all the other states the extension of the UKRmol+ mod-
els to models 7330 or 9440, which are more appropriate for
description of Rydberg states, dramatically improves the ver-
tical excitation energies and brings them down by several eV, in
case of the j-state even by more than 10 eV, closer to agreement
with experiment.

The C-state and j-state energies in both compact models
UKRmol and UKRmol+ are in the worst disagreement with
the experimental data, and are most improved in model 7330,
suggesting that these two states have the strongest Rydberg
character from the states studied here.
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Figure 3. DCS and ICS, MTCS for electron impact excitation of the >3 state. Legend same as figure 1.

The vertical energies for model 7330 are less than 1 eV
away from the experimental ones with exception of the j-state
energy which is about 1.15 eV smaller than the experimen-
tal reference. Model 9440 is not in a better agreement with
the experiment than model 7330. However, the choice of the
active space affects the scattering calculations too and will be
investigated below. Given the limitations of our approach to
modelling electronic structure we consider models 7330 and
UKRmol to be in a good agreement with experiment.

Description of the Rydberg states by the compact valence
UKRmol+ model is clearly inadequate and therefore this
model needs to be reconsidered in the future as a viable method
to use for modelling impact excitation of CO Rydberg states.

4. Results and discussion

Our experimental results are summarised in the tables 2—6.
They are compared with our present R-matrix calculations and

the results of other available experiments and theoretical mod-
els. Figure 1 shows the DCS, ICS and MTCS for the elec-
tron impact excitation of b>% 1 (2 3% T) state of CO. Figure 2
shows the DCS, ICS and MTCS for the B! (2 I'S7T) state.
Figure 3 shows the DCS, ICS and MTCS for the ? X1 (332 ™)
state. Figure 4 shows the DCS, ICS and MTCS for the C'¥ "
(3 'L ™) state. Figure 5 shows the DCS, ICS and MTCS for
the excitation of the E'II (2 'II) state. Tables 2—6 display
the experimental DCS, ICS and MTCS for the excitation of
b’ET 2321, BT 2121, Clst (3121, E'I (2 ') and
P31 (33%7T) states, respectively.

In figure 1, for the excitation of the b>X " state we see good
agreement at Ey of 12.5 eV between the present experimental
results and those of Zobel er al (1995) as well as with the
UKRMol+ 7330 model. This good agreement is similarly
observed at Ey of 15 eV, although the UKRMol+ 7330
theory does not show good agreement towards small 6 at
this Ey and higher ones. For the ICS agreement with the
recommended ICSs of Itikawa is good, whereas the
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UKRMol and UKRMol+ ICSs are higher especially
the UKRMol+ 9440 ICS values. For MTCS the present
experimental results are in satisfactory agreement at all
Ey with UKRMol+ 7330 and UKRMol; the UKRMol+
9440 is however both in qualitative and quantitative dis-
agreement with experiment. At £y = 20 eV we obtain
a satisfactory agreement with the Distorted-Wave DCSs
calculations of Lee er al (1996) at large 6, but not at the
smaller #. Both the UKRMol+ 7330 and UKRMol show
steep rises of the ICS and consequently MTCS at a nominal
threshold of Ey ~ 10 eV, but notably not the UKRMol+ 9440
model which shows a gradual rise of the ICS/MTCS near
threshold.

Figure 2, for the B'X™ results, we find very good agree-
ment between the present experiment and the DCSs of Zobel
et al (1995) except that our DCSs are notably lower at around

0 ~ 90°. At Ey = 20 eV, the DCSs of Middleton et al (1993)
are qualitatively in good agreement with the present experi-
ment, but significantly lower. Best quantitative agreement for
the B' X" DCSs is obtained with the UKMol model although
none of the models provide a good agreement. For the ICSs of
the B'X " very good agreement is found between the present
experimental results and those of Zobel et al (1995) compiled
by Itikawa (2015) and of the electron impact emission results
of Kanik et al (1995) also compiled in Itikawa (2015). Better
quantitative agreement is found with the present experimental
MTCSs and those of the UKRMol+ 9440 and the UKRMol
models.

For the j*<% results in figure 3, we find a good agree-
ment with DCS from the UKRMol model at £y, = 12.5 eV,
but the UKRMol+ models give too high DCSs. For the other
E, values disagreement is large between the experiment and
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the UKRMol+ and UKRMol models. This also goes with the
experimental ICSs and MTCSs which are markedly lower than
theory.

Similar disagreements are to be seen in figure 4 for the DCS
for C!ST state with best agreement between UKRmol+ 7330
theory and the present experiment at Ey of 15.0 eV, 17.5 eV
and 20 eV. The present experimental results and those of Zobel
et al (1995) and Middleton et al (1993) show good qualitative
agreement with each other, but significant differences between
them exist, especially with Middleton et al (1993). For the
ICSs the present results are in-between the values of Kawahara
et al (2008) and Kanik ez al (1995) both compiled by Itikawa
(2015).

For excitation of the E 'II state DCSs in figure 5 we find
disagreement between the present experiment and Zobel et al
(1995) at Ey = 12.5 eV, but this could be understood from
the fact that their data had to be averaged between E, of

13.3 eV and 11.7 eV. Nevertheless at the Ey of 15 eV agree-
ment between the two experimental DCSs is very good and
the agreement with the UKRMol+ 9440 model is also very
good at non-forward angles and Ey >12.5eV. At Ey =20 eV
we find disagreement between the present experimental DCSs
and those of Middleton et al (1993) which are significantly
lower in magnitude than theoretical models. The ICSs of the
present experiment and those of Zobel et al (1995) are in
very good agreement but are higher than the emission mea-
surements of Ciocca et al (1996), both experiments complied
by Itikawa (2015). Agreement of the present experimental
ICSs and MTCSs with the UKRMol+ 9440 model is very
good except that the calculated threshold is too high at Ey =
13.31 eV compared to the experimental threshold of =11.6eV.

Overall agreement of DCSs between experiments is good
for scattering energies (Ej) of 12.0 eV and 15.0 eV, but unsat-
isfactory at 20 eV. The experimental ICSs and MTCSs are
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found to be in reasonable agreement with other experimen-
tal ICSs and MTCSs, although at variance by ~25%-30%.
Agreement with theoretical models is occasionally good, but
mostly unsatisfactory, and also is reflected in the variance
between the theoretical models themselves. Clearly, much
needs to be improved as far as the modeling aspects are
concerned, but some improvement in experimental DCSs is
required although this is limited to the fact that the energy loss
features of CO heavily overlap for the triplet states. However
the energy loss features are more open for the singlets, and thus
the experimental DCSs should be better for the B':T, Clxt
and E'IT states.

5. Conclusions

Despite the occasionally excellent agreement between the
experimental and our calculated target vertical excitation
energies, the theoretical scattering DCS results are mostly
inaccurate when compared against the present experiment.
Therefore reproducing the vertical excitation energy in the
calculation is most likely not the critical parameter when it
comes to description of excitation of Rydberg states by elec-
tron impact and the role of other properties of the Rydberg
states needs to be investigated in the future.

Accurate modelling of electronic structure of Rydberg
states of CO can be achieved using the R-matrix approach by
modelling the system as comprising of a CO" core and one
electron coupled to it while making use of the division of space
to describe the long-range (Rydberg) part of the wave function
using the one-electron R-matrix outer region (Chakrabarti and
Tennyson 2006). However, a simultaneous modelling of the
Rydberg states using the aforementioned technique and inclu-
sion of one additional (scattering) electron would be compu-
tationally equivalent to description of interaction of two elec-
trons in the continuum coupled to a multi-electron core; this
is not possible in the current implementation of the R-matrix
method.

One could argue that inclusion of the diffuse atomic func-
tions and Rydberg orbitals, impossible in the older (UKRmol
version) of the R-matrix code, would lead to an improvement
of the scattering results but that is not the case either. This
opens the possibility that nuclear motion and vibronic coupling
is involved and its role should be investigated in the future
too. Except for rather simple systems (Meltzer et al 2020)
and despite the recent significant progress in the extension of
capabilities of the R-matrix codes (Masin et al 2020), electron
molecule collisions involving electronic excitation to Rydberg
states remain challenging.
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