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Resonant Vibrational Excitation and De-Excitation of CO(v) by Low Energy Electrons
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Integral cross sections and rate coefficients for vibrational excitation of the excited carbon-monoxide molecule,
via the 2IT shape resonance in the energy region from 0 to 5 eV have been calculated. Cross sections are
calculated by using our recently measured cross sections for the ground level CO excitation and the most
recent cross sections for elastic electron scattering, applying the principle of detailed balance. Rate coefficients
are calculated for Maxwellian electron energy distribution, with mean electron energies below 5 eV. By
using extended Monte Carlo simulations, electron energy distribution functions (EEDF) and rate coefficients
are determined in nonequilibrium conditions, in the presence of homogeneous external electric field.
Nonequilibrium rates are calculated for typical, moderate values of the electric field over gas number density
ratios, E/N, from 1 to 220 Td. Maxwellian and nonequilibrium rate coefficients are compared and the difference

is attributed to a specific shape of the electron energy distribution functions under considered conditions.

Introduction

Electron collision processes with carbon-monoxide are im-
portant in plasma and discharge technology, ionized gases,
chemical detectors and in laser devices.!?> For modeling all of
these phenomena, one needs to know cross sections and rates
for various involved processes. At low electron energies,
vibrational excitation is dominant process of energy transfer.
In order to determine rate coefficients for these processes it is
necessary to have accurate absolute differential cross sections,
both for vibrational excitation and elastic scattering as a function
of energy as well as their angular distributions.

Vibrational excitation of the ground-state of CO molecule
by electron impact has been intensively investigated.>* Signifi-
cant resonant contribution of the 2IT shape resonance to this
process, with the maximum around 2 eV, was first observed by
Schulz® and Ehrhardt et al.® This phenomenon was successfully
described by the boomerang model, introduced by Birtwistle
and Herzenberg.”

Relative differential cross sections (DCS) as a function of
incident energy, in the energy region from 0.6 to 5 eV, and
angular distributions of inelastically scattered electrons by CO
have been measured by Ehrhardt et al.° for the excitation of v
= 1 to 7 vibrational levels and by Jung et al.? for the resolved
rotational excitation. Angular distributions are measured from
5 to 110°. Middleton et al.® and Gibson et al.!? have also reported
DCS for vibrational excitation for energies between 1 and 50
eV and for scattering angles up to 130°. More recently, Poparié
et al."! have measured the ratio of DCS at 0 and 180°, by use
of a time-of-flight technique.
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Theoretical calculations have been performed in Born dipole
approximation (BDA) by Sohn et al.,'> R-matrix calculations
by Morgan and Tennyson'? and by Morgan.'? It has been
pointed out by Brunger and Buckman* that, near the 2IT
resonance maximum, experimental data agree with each other
fairly well and generally are well reproduced by the theory.

Integral cross sections (ICS) for excitation of the first
vibrational level (v = 0 — 1) of CO have been reported by
Land,'* as a result of swarm experiments, by Sohn et al.,'?> by
Chutjian and Tanaka,' and by Gibson et al..!” Normalized ICS
for excitation of the lower 10 vibrational levels are reported
recently by Popari¢ et al.'® Theoretical calculations of ICS are
performed by Morgan'® and Morgan and Tennyson,'? using
R-matrix formalism and BDA. A good overall agreement has
been achieved between theory and experiment.

Rate coefficients for vibrational excitation of CO have been
calculated by Risti¢ et al.,'” for Maxwellian electron energy
distribution function and for nonequilibrium conditions by using
Monte Carlo simulation technique. Electron energy transfer rates
for vibrational excitation of CO in the atmospheres of Mars
and Venus have been calculated recently by Campbell and
Brunger'® and compared to the rates for CO,.

The aim of this paper is to obtain partial and total rate
coefficients for excitation of vibrationaly excited CO(v) below
and in the 2IT resonance region. ICS for excited levels are
determined by using our recently measured cross sections for
ground level CO excitation'® and the most recent cross sections
for elastic electron scattering, applying the principle of detailed
balance. Rate coefficients are calculated for Maxwellian electron
energy distribution, for the mean electron energies below 5 eV.
By using extended Monte Carlo simulations, electron energy
distribution functions (EEDF) and rate coefficients are deter-
mined in nonequilibrium conditions.
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Vibrational Excitation Cross Sections of CO(v)

Low energy electron impact vibrational excitation cross
sections of CO were measured'® by use of a high resolution
crossed-beams double trochoidal electron spectrometer. '
Excitation functions from v = 0 of CO ground-state to the first
10 vibrationally excited states (v = 1 to 10) via the *IT resonance
were measured.!® These are in fact relative differential cross
sections for electrons scattered in forward and backward
directions. Contributions from 0 and 180° are separated using
time-of-flight technique. This ratio is found to be 1.00 £ 0.05
for all vibrational levels.

Theoretical predictions for angular distribution of scattered
electrons proposed by Read?! for heteronuclear diatomic
molecules are used to normalize our results to the Gibson et
al.'9 data. Type I resonance (Read)?! is considered with
contributions of psr and dm waves. Theoretically proposed
expression with two fitting parameters is used to fit the data of
Gibson et al.,'” from 15 to 130°, with our results of equal values
at 0 and 180°. Absolute DCS values at 0 and at 180° are found
tobe (7.4 £0.9) x 10~ 7 cm? sr~!. DCS for all other vibrational
levels are normalized by using their relative count rate under
the same experimental conditions (gas pressure, electron beam
current, residual electron energy, and signal accumulation time).

The ratios of the particular DCS at the maximum relative to
the DCS for v = 1 are compared with the results of relative
measurements obtained by Allan,?> and these are found to
be lower, for all vibrational levels. The data of Ehrhardt et al.°
are in better agreement with our data, especially for the first
five vibrational levels.

By using the results of our fitting procedure, integral cross
sections for electron impact excitation of the first 10 vibrational
levels of CO are obtained. Corresponding ICSs for excitation
from vibrationaly excited levels of CO(v) and for de-excitation
processes to lower vibrational levels are determined from our
measured data set'® by using the principle of detailed balance
(Fowler 1936;23 Mihajlov et al. 1999;2* and Campbell et al.
2004)%° and the elastic cross sections of Gibson el al.!” Cross
section for electron impact transition from the initial level v to
the final level k is given by?*

(e t+e,) oy (et e)oylete,)
€ Oyle+¢,)

o(8)= ey

Here, 0y is the resonant part of the ground level elastic cross
section, 0y, and oy are the inelastic cross sections for vibrational
excitation of the levels v and k from the ground-state, and &
and ¢, are the electron energy and the energy of the initial level
v, respectively.

We have determined ICSs for inelastic, elastic and super-
elastic transitions between all levels with v, k < 5. The results
are shown in Figure 1. For each cross section, corresponding
transition is indicated in the figure. With v = k elastic processes
are indicated, with v < k inelastic and with v > k superelastic
processes are shown. It should be noted that the vertical scale
is different and that the cross sections decrease rapidly with
increasing v or k, or both of them.

In performing cross section and rate coefficient calculations,
important role have resonance threshold energies for corre-
sponding transitions. A great care has been dedicated to this
issue. These thresholds are determined as a difference between
the initial energy level and beginning of the resonance. The
latter is determined accurately from our experimental results
for ground level excitation functions, Poparié¢ et al.,'® for all
vibrational levels. Determined threshold energies are listed in
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Table 1. For each transition between initial level v and final
level k threshold energy is indicated in the table in eV.

Results and Discussion

Rate coefficients for vibrational excitation and de-excitation
of CO(v) are determined by using our set of integral cross
sections introduced in section 2. Calculations are performed both
for Maxwellian and nonequilibrium electron energy distribution
functions (EEDF). For Maxwellian EEDF rate coefficients are
determined for a number of mean electron energy values in the
range from O to 5 eV. Vibrational rate coefficients in the
nonequilibrium case, in a presence of homogeneous external
electric field, are determined by extended Monte Carlo simula-
tion technique, for moderate values of the field strength and
gas number density ratios, E/N.

Maxwellian EEDF rate coefficients. The rate coefficient,
K, for vibrational excitation is given by?%?’

KE)=\2m [ "o eVefEperde ()

where E,; is the mean electron energy, 0,(¢) is the vibrational
excitation cross section and f.(Ey, €) is the normalized electron
energy distribution function

S fEe) de=1 3)

For the equilibrium case, the electron energy distribution
function is given by the Maxwellian equation

fAE, e)=21"2312E,) Ve exp(—3¢2E,)  (4)

For this case the rate coefficients are determined by the direct
numerical integration of our integral cross section data. The rate
coefficients are calculated for all vibrational transitions between
vibrational levels 0 < v, k < 5 including inelastic, elastic and
superelastic processes. Obtained results are shown in Figure 2.
Calculations are performed for the mean electron energies up
to 5 eV. The rate coefficients from v = 0 are also shown in the
figure, for comparison. The last ones are calculated earlier by
Risti¢ et al.,'” but here only the resonant part of the ICS is
included and consequently present rates from v = 0 are lower
than in,!7 in particular for (v = 0 — 1) transition.

The rate coefficients are arranged by the initial vibrational
level. For each transition initial level v and final level k are
indicated in the figure. The maxima of the rate coefficients range
from 1078 to 107" cm? s~! and most of them are situated at
the mean electron energies between 1 and 2 eV. It can be seen
from the figure that for v = 5, for lower values of final quantum
number k, rate coefficients have pronounced hump on the low
energy side. This is the result of the low threshold energy for
those cross sections, as can be seen from the Table 1.

In order to illustrate relative magnitudes of the coefficients
we have shown corresponding values of the maxima for all
transitions with O < », kK < 5 in a 3D plot in Figure 3. The rate
coefficients for mean electron energy of 1.6 eV are plotted
versus initial and final vibrational quantum numbers which
define corresponding transitions. As it can be noted, the vertical
axis is logarithmic and thus the rate coefficients decrease rapidly
with increasing one or both quantum numbers.

Valuable information can be drawn out by comparing rate
coefficients for various processes regarding their classification
from the point of view of transfer of energy between the electron
and the target molecule in its excited states. In Figure 4, rate
coefficients for superelastic, elastic, and inelastic processes are
shown. They represent the sum of rates for transitions in which
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Figure 1. Integral cross sections for vibrational excitation and de-excitation of CO(v) for v, k < 5.

TABLE 1: Resonance Threshold Energies for Vibrational
Transitions in CO (in eV)

vlk 0 1 2 3 4 5

0 0.940 1.280 1.420 1.510 1.620 1.710
1 0.674 1.014 1.154 1.244 1.354 1.444
2 0.412 0.752 0.892 0.982 1.092 1.182
3 0.153 0.493 0.633 0.723 0.833 0.923
4 0.237 0.377 0.467 0.577 0.667
5 0.125 0.215 0.325 0.415

electrons gain energy, do not exchange energy or transfer a part
of their kinetic energy to the excitation of the molecule to higher
vibrational level, respectively. As it is depicted in Figure 1,
inelastic cross sections are generally lower than elastic and
superelastic and that causes the total inelastic rate coefficient
to be lower than other two, especially at low mean electron
energies where thresholds for inelastic processes have not yet
been reached. Although most of superelastic ICSs are higher

than elastic and although the number of superelastic processes
is higher than elastic, the total superelastic rate coefficient
dominates elastic only at low mean electron energies (below
0.5 eV) where thresholds for superelastic processes are reac-
hed. The reason is very high ICS for v = 0 to k = 0 resonant
transition, with threshold at 0.94 eV, which is more than ten
times higher from the ICS for 1 — 1 and other elastic transitions.
The total elastic rate coefficient rises with mean electron energy
and reaches maximum at 2.2 eV of mean electron energy, where
it overwhelms the total superelastic rate coefficient by almost a
factor of 3.

Nonequilibrium EEDF Rate Coefficients. In order to
determine the rate coefficients in the case of nonequilibrium
conditions we have developed an extended Monte Carlo
simulation technique.?® We have simulated the movement of
electrons through the CO gas in a presence of the uniform
electric field. All scattering processes, both elastic and inelastic
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Figure 2. Vibrational excitation and de-excitation rate coefficients of CO(v) for Maxwellian EEDF. Initial and final states for each transition are

indicated, v — k.
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CO(v) for Maxwellian EEDF at electron en

are included in this modeling by using experimentally measured
data of integral cross sections as a function of energy. The
probability for possible elastic scattering, vibrational excitation,
electronic excitation or ionization is proportional to the value
of the corresponding integral cross sections. The decision of
which possible processes will happen in each collision event is
left to the pseudorandom generated numbers. The scattering
angle of electrons after the collision is determined by using

experimentally measured differential cr

sponding angular distributions. In that way, the scattering angle
is also determined by using pseudorandom numbers, but

itation rate coefficients of

eray of 1.6 eV. equilibrium conditions.

0SS sections, i.e. corre-

simulations.

1 5
Electron energy (eV)

Figure 4. Comparison of total rate coefficients for superelastic
(squares), elastic (circles) and inelastic (triangles) processes for

weighted by the real differential cross sections. Since the sets
of integral and differential cross sections are measured for the
discrete values of energy, we have dynamically interpolated all
cross sections data for actual values of electron energy during
its motion. This type of simulation is similar to the simulations
developed earlier by White et al.? and by Stojanovié et al.3%-3!
In order to test our algorithm, we have used Reid ramp model
gas*? simulation tests. We have obtained the same results (within
statistical error bars) for the mean electron energy and for the
diffusion coefficients as White et al.?® in their benchmark
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Figure 5. Nonequilibrium vibrational excitation and de-excitation rate coefficients for CO vs E/N value. Initial and final states for each transition

are indicated.

For modeling electron diffusion through the carbon-monoxide
gas, we have used the data for elastic scattering from other
authors. In the energy range from zero to 10 eV, we have used
the most recent data of Gibson et al.'® For higher electron
energies, from 10 to 75 eV, we have used the data of Gote and
Ehrhardt.?? Actually, only a small number of electrons reach
energies higher than 20 eV in the case where the mean electron
energy is in the range from zero to 5 eV, as is in our case. In
modeling inelastic electron collision processes we used our
experimentally measured and normalized integral cross section
data for vibrational excitation, given in section 2 for energies
from 0 to 10 eV and the data of Gibson et al.'” and Chutjian
and Tanaka'> for higher energies. All other excitation processes
of the valence and Rydberg levels of the CO molecule have
lower cross sections and lie above 6 eV. Their contribution to
electron scattering in the low energy region is estimated to be
about 5% only. However these processes are included in the
modeling. Included are also integral rotationally inelastic cross
sections for (J = 0 — 1) of Randall et al.*3* in the 2—100 meV
energy region and those of Jung et al.® for (/ =0 — 1) and (J
= 0 — 2) in the 2II resonance energy region. Integral cross
sections for electron impact excitation of singlet electronic states
of CO are included for ATI, C!=*, E!TI, I'>~, and D'A states
from Liu and Victor*?® and for B'=" state from Poparié.3
Above 30 eV, more recent ICS for A'IT are used from Kato et
al.?” and for C'Z" (together with ¢*IT) and E'II the data from
Kawahara et al.3® are used. For triplet electronic states we have
included a’TT and b’Z™" states from Popari¢®® and a’>*, d3A,
and €32~ from Liu and Victor.*3 Also, integral cross sections
for electron impact ionization of CO from Mangan et al.’® are
included in the modeling.

For the purpose of the nonequilibrium case calculations, by
using Monte Carlo simulations for transport of electrons in the
carbon-monoxide gas, we have generated electron energy
distribution functions for different values of E/N, ranging from
0.1 to 220 Td, which corresponds to the mean electron energy
values up to 5 eV. They are in a very good agreement with the
data obtained by numerically solving Boltzmann equation based
on the two term Legendre expansion of the velocity distribution
function (Bolsig v1.05).404! These EEDFs are used together with
the vibrational excitation integral cross sections to calculate
corresponding nonequilibrium rate coefficients. Obtained results
for the partial vibrational excitation rate coefficients are shown
in Figure 5.

The nonequilibrium rate coefficients also range from 1078 to
107" ¢m?® s~!. They are arranged in the figure by the initial
vibrational level. For each transition initial level v and final level
k are indicated in the figure, v — k. The rate coefficients from
v = 0 are also shown in the figure for comparison. Same as in
equilibrium case, only resonant part of the ICS is included and
consequently present rates are lower than previously published
by Risti¢ et al.,'7 in particular for the 0 — 1 transition. Relative
magnitudes of the nonequilibrium coefficients decrease rapidly
with the vibrational quantum numbers, similar as for Maxwellian
case illustrated in Figure 2.

We have compared our results for excitation rates for the
Maxwellian and for the nonequilibrium electron energy distribu-
tions, for inelastic transitions from nonground vibrational levels,
in Table 2. The results from the ground vibrational level'? are
also included in the table. The comparison is made for the rate
coefficients maxima, for E/N values in the nonequilibrium
distribution which correspond to the same mean electron energy
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TABLE 2: Rate Coefficients Maxima for v—k Transitions
for Maxwellian (Upper) and Non-Equilibrium (Lower
Numbers) in 10~ cm? s~!

vlk 0 1 2 3 4 5

0 57.320 7.415 2.741 1.418 0.787 0.448
43.785 5.717 2.052 1.009 0.535 0.290

1 9.536 1.577 0.615 0.306 0.167 0.090
10.121 1.770 0.686 0.321 0.161 0.078
2 4.630 0.828 0.367 0.176 0.090 0.048
6.573 1.239 0.558 0.262 0.129 0.065
3 3.255 0.577 0.252 0.138 0.070 0.034
5.018 0.932 0.413 0.227 0.116 0.056
4 2.640 0.476 0.203 0.112 0.070 0.033
3.904 0.717 0.306 0.168 0.108 0.052
5 2.286 0.413 0.178 0.093 0.060 0.038

3.037 0.554 0.243 0.124 0.081 0.053

value in the Maxwellian distribution. The Maxwellian rates are
presented with the top values and nonequilibrium with the
bottom values. Maxwellian rates are higher for transitions from
ground level and for 1 — 4 and 1 — 5 transitions. For all other
transitions from excited vibrational levels, the nonequilibrium
rates are significantly higher. This situation is expected having
in mind EEDFs used to obtain these two sets of data.

The total rate coefficients for various processes, regarding
their classification from the point of view of the transfer of
energy between the electron and the target molecule in its
excited states, are compared also for nonequilibrium conditions,
in Figure 6. The total rate coefficients for the superelastic, elastic,
and inelastic processes are shown. The total rate coefficient for
the inelastic transitions is significantly lower in the whole region
than both total elastic and total superelastic rate coefficient. This
is the consequence of lower inelastic ICSs values. Although
most of superelastic ICSs are higher than elastic and although
the number of superelastic processes is higher than elastic, the
total superelastic rate coefficient dominates elastic only at low
mean electron energies (below 70 Td) where thresholds for
superelastic processes are reached. As it is explained in section
3.1, the reason is very high ICS for v = 0 to k = 0 resonant
transition, with threshold at 0.94 eV, which is more than ten
times higher from the ICS for 1 — 1 and other elastic transitions.
The total elastic rate coefficient rises with E/N ratio and reaches
maximum at 140 Td, being two times higher than the total
superelastic rate.

The total rate coefficients for Maxwellian and nonequilibrium
conditions are shown together in Figure 7. The total rates for
superelastic, elastic, and inelastic excitations, as presented in
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Figure 6. Comparison of total rate coefficients for superelastic
(squares), elastic (circles), and inelastic (triangles) processes for
nonequilibrium conditions.
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Figure 7. Total vibrational excitation rate coefficients for CO(v) for
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Figures 4 and 6, are compared with each other in this figure.
The nonequilibrium rate coefficients are plotted versus mean
electron energies obtained in simulations for corresponding E/N
values.

The total Maxwellian rate coefficients for elastic and inelastic
processes are higher than nonequilibrium rate coefficients, which
is expected having in mind that nonequilibrium EEDFs are
narrower and shifted toward lower energies, comparing to
Maxwellian EEDFs with the same mean electron energy. This
is not the situation in the case of total superelastic rate
coefficients, because of the low threshold energies for super-
elastic processes. At higher energies the Maxwellian and
nonequilibrium rate coefficients approach each other.

Conclusions

Electron impact vibrational excitation of the CO molecule,
via the 2IT shape resonance, in the low electron energy region
has been investigated. The cross sections for ground vibrational
level excitation are used, by applying the principle of detailed
balance, to obtain integral cross sections for transitions from
vibrationaly excited levels CO(v). ICS for excitation, for elastic
collisions and for de-excitation processes to lower vibrational
levels are determined. ICSs for transitions between vibrational
levels lower than 5 are determined. The rate coefficients for
vibrational transitions are determined in equilibrium conditions
with the Maxwellian electron energy distribution functions. The
nonequilibrium electron energy distribution functions and rate
coefficients are determined in the presence of homogeneous
electric field for the moderate values of the field strength over
gas number density ratios. The two sets of rate coefficients are
compared with each other.
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