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Abstract. We present cross sections for the neutral dissociation of methane, in a
large part obtained through analytical approximations. With these cross sections the
work of Song et al. [J. Phys. Chem. Ref. Data, 44, 023101, (2015)] can be extended
which results in a complete and consistent set of cross sections for the collision of
electrons with up to 100 eV energy with methane molecules. Notably, the resulting
cross section set does not require any data fitting to produce bulk swarm parameters
that match with experiments. Therefore consistency can be considered an inherent
trait of the set, since swarm parameters are used exclusively for validation of the cross
sections. Neutral dissociation of methane is essential to include (1) because it is a
crucial electron energy sink in methane plasma, and (2) because it largely contributes
to the production of hydrogen radicals that can be vital for plasma-chemical processes.
Finally, we compare the production rates of hydrogen species for a swarm-fitted data
set with ours. The two consistent cross section sets predict different production rates,
with differences of 45% (at 100 Td) and 125% (at 50 Td) for production of H2 and a
similar trend for production of H. With this comparison we underline that the swarmfitting procedure, used to ensure consistency of the electron swarm parameters, can
possibly deteriorate the accuracy with which chemical production rates are estimated.
This is of particular importance for applications with an emphasis on plasma-chemical
activation of the gas.
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1. Introduction
1.1. Methane-containing plasmas
There are many types of plasma that contain methane (CH4 ). Proper models of their
properties require cross sections for the collisions of electrons with methane molecules. The
present study was particularly motivated by
applications such as plasma-assisted combustion of air-methane mixtures, where electron
impact dissociation accounts for most of the
plasma-produced radicals during the discharge
phase [1, 2]. Another combustion-related application is the production of hydrogen fuel
through electron impact dissociation, referred
to as low-temperature methane conversion [3].
Furthermore, methane plasmas are found in a
variety of thin film applications, such as diamond synthesis by plasma-assisted vapour deposition [4]. Other applications range from
modelling lightning in methane-containing atmospheres (such as Titan [5, 6]) to studies of
carbon-impurities inside a tokamak [7].
1.2. Demands on cross sections
Theoretical and computational studies that
underlie and enable the aforementioned applications all require a set of cross sections of electron collisions as model input. Although the
requirements that are placed on a cross section data set can vary between applications,
in general a set is required to be complete
and consistent. Within the framework of lowtemperature plasma modelling these properties are often defined according to Pitchford
et al. [8] as:
• Complete cross section sets accurately
represent all electron energy and momentum losses as well as the electron number
changing processes such as ionization and
attachment.
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• Consistent cross section sets are able
to reproduce measured values of swarm
parameters within an order of ten percent,
when used as an input to evaluate the
electron energy distribution function from
a Boltzmann solver.
Note that these definitions only apply to
the behaviour of electron swarms. Other
important demands on cross sections, such as
the correct approximation of the production
rates for chemical species, are not addressed.
When compiling a data set it is often
found that experimental data alone is insufficient to ensure completeness and consistency,
as data for crucial processes might be missing
or measurements from different studies might
disagree. The existence of such gaps in the literature can typically be attributed to the challenging nature of measurements for scattering
processes such as: rotational and electronic
excitation, dissociative attachment and, most
notably, neutral dissociation [9]. Although
theoretical cross section calculations can be
used to supplement the experiments, such results are often constrained to specific energy
ranges and are limited to simple molecules with
low atom numbers. Within the framework of
low-temperature plasma modelling a common
method to overcome the limitations imposed
by missing data is to fit presumably incorrect
cross sections in order to have better agreement with measured swarm parameters [10],
c.f. the IST-Lisbon data set [11]. Such datafitting techniques are immensely enabling for
their ability to produce consistent data sets in
the absence of reliable measurements. However
by fitting cross section data the scope of applicability of a data set is limited to describing
the electron swarm behaviour of a plasma, as
the rates of individual processes may have been
altered significantly and the resulting cross section set can be non-unique [10,12,13]. In other
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words, plasma models using such swarm-fitted
data sets are not guaranteed to predict production rates of individual chemical species with
a high degree of accuracy.
With an eye on accurately predicting the
production of reactive species, it would be a
highly attractive property for a cross section
set to reproduce swarm parameters without
the need for any fitting procedures. For such
a set consistency is an inherent trait, i.e. independent of the limitations imposed by the
swarm-fitting procedure. This would be especially attractive for applications that focus
on the plasma-chemical activation of the gas,
since the absence of a fitting procedure gives
greater confidence that the individual cross
sections are close to their ‘true’ value. Moreover, an unfitted and consistent cross section
set could be used in any plasma-modelling approach (e.g. hydrodynamic, multi-term Boltzmann or Monte-Carlo/PIC).
1.3. Goal of the paper
The goal of this paper is to derive cross
sections for the neutral dissociation of the
ground state of CH4 by electron impact.
Secondly, we want to show that these cross
sections in combination with data on other
relevant scattering processes in CH4 produces
a complete and consistent data set without
the need for any data fitting. Our efforts are
documented in two parts: in section 2, we will
review experimental and theoretical literature
on the electron collision cross sections of
CH4 . We highlight a gap in the literature
corresponding to the neutral dissociation
processes. In order to fill in this gap we
propose a blend of empirical and analytical
cross sections for the neutral dissociation
processes in the energy range up to 100 eV. In
section 3 we show that the addition of our cross
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sections to the recommendations of Song et
al. [14] produces a complete and consistent
data set without the need for any datafitting techniques. By performing a Boltzmann
analysis in pure methane we show that the
agreement between calculated and measured
swarm parameters is within error margins.
Finally, in section 4 we compare the
production of hydrogen species as given by
our cross section set and the IST-Lisbon data
set [11]. The observed differences underline the
issue regarding the non-uniqueness of swarmfitted cross section sets.
1.4. Relation to earlier work
An extensive data evaluation regarding electron scattering with CH4 was published by
Song et al. [14]. In their work they recommend
cross section values for most of the electronneutral collisions: momentum-transfer [15–19],
vibrational excitation [19], ionization [20] and
dissociative electron attachment [21]. However, recommendations for the neutral dissociation processes have explicitly not been made
due to inconsistencies in the available data.
In section 3 we demonstrate, by performing
a Boltzmann analysis in pure methane, that
simply neglecting these processes results in an
ionization rate that is a factor ten larger than
experimentally observed (This behaviour has
also been documented in [22]). The reason for
this is that neutral dissociation processes are
an important sink of electron energy that must
be incorporated.
Approximations for the missing cross
sections of the electron impact dissociation
processes are also presented by Gadoum
and Benyoucef [22].
In essence, they
employ a variation of the approximation
technique formulated by Erwin and Kunc [23,
24]. The latter is also thoroughly discussed
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and evaluated in this study. The variant
that Gadoum and Benyoucef [22] have used
contains more fitting parameters in their lowenergy approximation. Also by reordering
the formulae, their variant requires the total
(neutral and ionizing) cross sections into
CH3 as an input parameter (which they
have obtained from Motlagh and Moore [25])
instead of the total neutral dissociation. To
avoid having to discuss two variants of the
same approximation technique we have chosen
to only include the original approximation
technique formulated by Erwin and Kunc [23,
24] in our analysis.
Data for a wider range of hydrocarbon
collision processes in a near-wall fusion plasma
have been assembled by Janev and Reiter
[26, 27]. The interest in that work is the
complete breakdown chain of methane, ethane
and propane, so including neutral and charged
dissociation cross sections for electron impact
on Cx Hy with 1 ≤ x ≤ 3 and 1 ≤ y ≤ 2x + 2.
Because of the paucity of data the emphasis
in the work of Janev and Reiter, especially
in the more recent work [27] for the case of
neutral dissociation, is on the development of
physically plausible functional forms for the
cross sections for all target hydrocarbons. The
data in [26, 27] are valuable and widely used
for simulations of fusion plasma with carbonbased wall material where collisions involving
many distinct hydrocarbon radical fragments
are important. For our application to collisions
with CH4 alone the data in [26, 27] are lacking
validation and uncertainty estimates, so for us
the starting point is Song et al. [14] which
we supplement with neutral dissociation cross
sections validated to swarm data.
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2. Compilation of unfitted cross
sections for neutral dissociation of CH4
We will start by evaluating the literature
regarding neutral dissociation. We address
the same inconsistencies as were found by
Song et al. [14], but for energies as high as
100 eV. We then proceed by formulating our
approximation for the cross sections of this
process. We will lay an emphasis on the
energy range of up to 100 eV, relevant for low
temperature plasmas. Note that some of our
proposed cross sections extend up to 500 eV,
however such high energies are not shown
because they have a negligible contribution
on the computation of swarm parameters in
numerical swarm experiments, which we will
use to evaluate these approximations in section
3.
2.1. Neutral dissociation of CH4
The dissociation processes of methane generally occur through electronic excitation of the
molecule to an intermediate state [28]. All of
the electronically excited states of methane are
short-lived and are dissociative or subject to
auto-ionization, hence the intermediate electronic excited state can generally be omitted
from consideration [14]. For the excitations
that lead to neutral dissociation several channels have to be considered:

e + CH3 + . . . (1)



 e + CH + . . . (2)
2
e + CH4 → e + CH∗4 →

e + CH + . . . (3)



e + C + ...
(4)
The cross sections of these neutral dissociation
processes are denoted by σi with i representing
the particular dissociated methane fragment:
CH3 , CH2 , etc.
The body of literature regarding the
neutral dissociation cross sections is sparse.
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Figure 1: An overview of experimental values for neutral dissociation cross sections of each
channel together with the fitted values from IST-Lisbon [11] and our proposed values, within
the considered energy range up to 100 eV. The shown measurements are from: Nakano et
al. [29, 30], Motlagh and Moore [25], Makochekanwa et al. [31] and Melton and Rudolph [32].
Note that these measurements do not agree with each other.

For instance, no direct measurements below
100 eV exist for σCH and σC . However,
cross sections for the neutral dissociation
into specific excited states, e.g. CH(A2 ∆)
and CH(B 2 Σ− ), have been determined by
Šašić et al. [33]. For the remaining dissociation
processes, the experimental observations are
in disagreement and theoretical results are
only available for a narrow energy range
of 10 eV to 16.5 eV. In figure 1 we have
shown a selection of the experimental results
evaluated by Song et al. of σCH3 and σCH2 for
electron energies up to 100 eV. The relative
experimental uncertainty accompanying these
measurements are ±100% for Nakano et al.
[29,30], ±30% for Motlagh and Moore [25] and
±20% for Makochekanwa et al. [31]. In this
figure we have also supplied the fitted cross
sections from the IST-Lisbon data set [11], our
recommendations which are derived at the end
of this section and the isolated measurements
of Melton and Rudolph [32] for σCH3 , σCH2 and

σCH at 100 eV. No measure of uncertainty was
supplied for the measurements by Melton and
Rudolph.
In figure 2 we zoom in and compare
the values of σCH3 up to 40 eV from the
experimental observations mentioned above
with the results from theoretical calculations
by Ziolkowski et al. [28] and with the
approximations from Erwin and Kunc [23,
24].
Note the agreement between recent
experimental and theoretical results from
Makochekanwa et al. [31] and Ziolkowski et
al. [28] which shows a sharp increasing cross
section in the near-threshold region. Based
on this agreement and the fundamental nature
of their work, Ziolkowski et al. [28] conclude
that their prediction and the measurements
of Makochekanwa et al. [31] of σCH3 are more
reliable than the results of Nakano et al. [29,30]
and Erwin and Kunc [23, 24]. Furthermore,
Ziolkowski et al. [28] observe that within
their considered energy range, 10 to 16.5 eV,
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Figure 2: A zoom on the low-energy range of
the cross sections of neutral dissociation into
CH3 together with our recommendations (including a ±25% deviation). The shown values are obtained experimentally: Nakano et
al.
[29, 30], Motlagh and Moore [25] and
Makochekanwa et al.
[31], theoretically:
Ziolkowski et al. [28], by semi-empirical approximations: Erwin and Kunc [23, 24] or by
swarm fitting: IST-Lisbon [11]. Note the agreement between Ziolkowksi and Makochekanwa.

their predictions match with Motlagh and
Moore [25]. However when transposing their
measured relative cross sections to an absolute
scale, Motlagh and Moore only considered
neutral dissociation into CH3 . This means
that the contributions due to σCH2 , σCH
and σC are neglected. Although these cross
sections are not known exactly we estimate,
based on the measurements of Nakano et
al. [29, 30], that the cross sections for σCH2
are considerable in the region between the
threshold energy (which can be estimated to
lie around 7.5 eV) and 20 eV. For this reason
we do not use the measured cross sections for
neutral dissociation into CH3 from Motlagh
and Moore [25].
A zoomed-in view of σCH2 is shown in
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Figure 3: A zoom on the low-energy range
of the cross sections of neutral dissociation
into CH2 together with our recommendations
(including a ±25% deviation). The shown
values are obtained experimentally: Nakano et
al. [29,30] theoretically: Ziolkowski et al. [28],
by semi-empirical approximations: Erwin and
Kunc [23, 24] or by swarm fitting: IST-Lisbon
[11]. Note the agreement between Ziolkowksi
and Nakano.

figure 3. In this case the only experimental
observation for energies below 40 eV are
reported by Nakano et al. [29, 30]. Contrary
to their results for σCH3 , the values of σCH2
are in excellent agreement with the theoretical
predictions from Ziolkowski et al. [28] in
the near-threshold energy region. Moreover,
the approximation by Erwin and Kunc [24]
deviates significantly from the aforementioned
results, as it does not portray the sharp
rise for low energies.
This qualitative
difference might be attributed to the absence
of any data calibration, aside from fixing a
threshold energy, of the low-energy (< 50 eV)
approximation of Erwin and Kunc [24]. For
these reasons, Ziolkowski et al. [28] conclude
that their results and the measurements of
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Nakano et al. [29, 30] for the dissociation into
CH2 are more reliable.
2.2. Our proposed cross sections
In the previous section it was discussed,
relying on the advancements regarding neutral
dissociation cross sections in the low-energy
regime [28, 31], that the only available
measurements for dissociation into CH3 across
a wide energy range (i.e. Motlagh and
Moore [25] and Nakano et al. [29, 30]) are
unsatisfactory.
For this reason we resort to an alternative
method to obtain cross sections for neutral
dissociation into CH3 , following Janev and
Reiter [26] and Erwin and Kunc [23] with
support from measurements of Winters [34].
Winters [34] observed that for energies above
50 eV the total dissociation cross section is
split equally between neutral and ionizing
dissociation, suggesting a common mechanism.
Janev and Reiter [26] describe the common
mechanism as:
“[...]
excitation of a
dissociative state which lies in the ionization
continuum. Autoionization of this state leads
to dissociative ionization, while its survival
leads to dissociation to neutrals.” They
conclude from this that cross section branching
ratios within the neutral dissociation channel
should match cross section branching ratios
within the ionized dissociation channel. Erwin
and Kunc [23] treat these branching ratios in
a similar manner. Therefore, consistent with
Janev and Reiter [26] and with Erwin and
Kunc [23] we chose to employ for electron
impact energies above the threshold for
ionizing dissociation the following functional
approximation for σCH3 :
σND
(σ +
+ σ[CH3 +H+ ] ),
σID [CH3 +H]
for  ≥ c ,

σCH3 =

(5)
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with σID the cross section for total ionizing
dissociation, σND the cross section for total
neutral dissociation, σ[CH+3 +H] and σ[CH3 +H+ ]
correspond to cross sections of specific ionizing
dissociation by electron impact and c is the
lowest energy at which “reliable” experimental
cross sections are available. For ionization
processes we adopted the cross sections
reported by Lindsay and Mangan [20], as is
recommended in Song et al. [14]. Furthermore,
the value of σND can be obtained by
subtracting the total ionizing dissociation from
the total dissociation:
σND = σTD − σID ,

(6)

with σTD the cross section for the total dissociation reported by Winters [34]. Fitting functions reported in Shirai et al. [35] were used
for σTD , all ionizing dissociation cross sections,
and the dissociative electron attachment cross
sections. More details on these fitting functions and their parameters can be found in Appendix A. We can recover the initial observation of Winters by taking σND = σID , which
generally holds for energies above 50 eV. Note
that the approximation from equation 5 only
holds for energies above the threshold energies
of the corresponding ionizing dissociation reactions.
However, neutral dissociation reactions
have a lower threshold energy than their
respective ionizing reactions and therefore
also occur at energies below the ionization
threshold.
Thus for energies below the
respective ionizing dissociation thresholds we
apply the low-energy approximation method
of Erwin and Kunc. Here we only present the
final result applied to σCH3 used in our work,
for a detailed discussion we refer to the original
work [24]. In this method the below-ionization
energy range is divided in a near-threshold
range, ND ≤  ≤ b , and a linear-growth range

Neutral dissociation of methane by electron impact . . .
(2)

σCH3
σCH
σC

ND (eV) b (eV) c (eV) σi (c ) (m2 )
7.5
10.5
13.16
8.8 · 10−21
15.5
18.5
22.37
2.9 · 10−27
15.5
18.5
22.37
6.8 · 10−29

8
a (m2 )
1.5 · 10−20
1.3 · 10−26
3.1 · 10−28

p
1.5
1.6
1.6

Table 1: The parameters used for the low-energy approximations of our proposed cross sections.
b ≤  ≤ c . Here ND represents the threshold
energy for neutral dissociation, b represents
the energy value separating the near-threshold
range from the linear growth range. Then the
near-threshold cross section is given by:
p


−1 ,
σCH3 = a
ND

neutral dissociation channels, they are only
used for σCH3 , σCH and σC . For the remaining
neutral dissociation process, σCH2 , relying on
the experimental observations by Nakano et
al. [29, 30] is preferred over the application of
a similar approximation, due to the agreement
with theoretical predictions by Ziolkowski et
al. [28]. Thus, in this study we take σCH2 to be
for ND ≤  ≤ b ,
(7)
given by a fourth-order polynomial fit through
with a and p positive constants. For the linear- the measurements of Nakano et al.. We refer
growth range the cross section are blended to Appendix A for the fitting parameters.
Our proposed cross sections for the
with the relation from equation (7) as follows:
neutral dissociation processes are shown in
(1)
(2)
σCH3 (c ) − σCH3 (b )
(1)
σCH3 = σCH3 (b ) +
( − b ), figures 1-3. For σCH3 the qualitative trend of
c − b
our proposed cross section is similar to the
for b ≤  ≤ c ,
(8)
results from Makochekanwa et al. [31] and
(1)
with blending-parameter σCH3 (b ) representing Ziolkowski et al. [28] in the near-threshold
the value of the cross section evaluated at energy region, although it appears shifted
b as calculated from equation (7), and to higher energies by around 1.5 eV. Our
(2)
σCH3 (c ) the value of the experimentally- proposed cross sections have a maximum
obtained cross section at corresponding energy value of 2.29 · 10−20 m2 at 24 eV, which is
c corresponding to equation (5). As can be higher than any of the experimental results.
seen, equations (5)-(8) determine the cross After attaining this maximum the value
section for neutral dissociation into CH3 for decays and eventually agrees with the isolated
the whole energy range.
measurement of Melton and Rudolph [32] at
The cross sections for the neutral disso- 100 eV. Note also that for energies above
ciation into CH and C are obtained analo- 50 eV our proposed value corresponds to the
gously. The values for the parameters ND , b , fitted values from the IST-Lisbon set [11].
(2)
c , σi (c ), a and p used in our work are given Our proposed values for σCH , based on the
2
in table 1. The parameters for σC are not cov- measurements of Nakano et al. [29, 30], vanish
ered by Erwin and Kunc [24], but here they for energies above 45 eV. This contradicts
are obtained following the same reasoning for with the measurements from Melton and
the parameters of CH.
Rudolph [32], which suggest that the cross
Although the approximations defined in section should be around 1.95 · 10−21 m2 at
equations (5)-(8) can be used for any of the

Neutral dissociation of methane by electron impact . . .
100 eV. This difference is also recognized
by Nakano et al. [29, 30].
To the best
of our knowledge, there is currently no
straightforward method to reconcile these two
observations. Moreover, our proposed cross
sections agree (qualitatively) with the fitted
counterparts from the IST-Lisbon set [11],
although the latter appears to have shifted
the peak to lower energies by approximately
4 eV. For σCH and σC there is little literature
to compare with aside from observing that
our approximation of σCH agrees with the
isolated measurement of Melton and Rudolph
at 100 eV. Furthermore, we can compare
our values of σCH with the results for the
neutral dissociation into the excited fragments
CH(A2 ∆) and CH(B 2 Σ− ) which have been
determined by Šašić et al. [33]. It should
hold that the dissociation into specific excited
fragments is lower than σCH . As shown in
figure 4 this behaviour generally holds. Only
in the vicinity of the threshold, i.e. below
25 eV, do we observe that the cross sections
for dissociation into excited fragments are
higher than our proposed value. However, this
discrepancy is small compared to the dominant
inelastic scattering processes and will therefore
be negligible within the context of the swarm
experiments that are presented in the following
sections.
3. Comparison of calculated and
measured swarm parameters
Within the framework of low-temperature
plasma modelling, a computation of swarm
parameters is performed routinely, typically
for reduced electric fields (E/N ) between
0.1 Td and 1000 Td, with E representing the
electric field and N the number density of the
gas. In a fluid description of electron swarms
(e.g. [36] and references therein) the electrons
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Figure 4: The cross sections σCH and σC
used in our work alongside the experimentallyderived cross sections into specific excited
fragments by Šašić et al. [33]. The latter
should always be smaller than σCH . This holds
in general, aside from a small discrepancy in
the vicinity of the threshold, i.e. below 25 eV.

are described by their density only and
this density obeys a reaction-drift-diffusion
equation governed by swarm parameters:
diffusion coefficient D, mobility µ and by
coefficients for ionization α and attachment
η. Moreover, the characteristic energy D/µ,
reduced mobility µN and reduced Townsend
ionization coefficient α/N are functions of the
reduced electric field E/N only (for a not too
large electric fields). These swarm parameters
can be obtained, given the gas composition
and a cross section data set, by solving the
Boltzmann equation [37].
In this section we will use the difference
between computed and measured swarm parameters as an implicit metric to evaluate
the cross sections for neutral dissociation in
conjunction with the recommendations from
Song et al. [14] (neglecting rotational excitations since these are already accounted for
in the elastic momentum-transfer cross sec-
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tion). Note that explicit evaluation of the
cross sections for neutral dissociation processes
is not possible due to disagreement in the
available literature, as was shown in section
2.1. On the other hand, the swarm parameters of a methane plasma are well-known, with
the exception of the attachment coefficient.
This can be seen from a compilation made in
Alves [11] of measurements containing observations for reduced mobility µN , characteristic energy D/µ, and the reduced Townsend
ionization coefficient α/N [38–48]. Assuming that the recommendations by Song et al.
have a sufficiently low error margin, any disagreement between calculated and measured
swarm parameters must imply that the remaining cross sections, i.e. the neutral dissociation processes, are inaccurate. We will
compare bulk swarm parameters as computed
by a Monte-Carlo Boltzmann solver [49] based
on the modelling framework presented in [50].
The simulations are performed without the use
of super-particles at standard temperature and
pressure. We emphasize that we show the bulk
coefficients and that the characteristic energy
is based on the transversal diffusion coefficient.
The swarm parameters have been computed
for four cross section data sets:
(i) the swarm-fitted IST-Lisbon database
[11],
(ii) the recommendations by Song et al. [14]
(lacking any neutral dissociation process),
(iii) the recommendations by Song et al. in
conjunction with the original approximations by Erwin and Kunc [23, 24] for neutral dissociation,
(iv) the recommendations by Song et al. in
conjunction with our approximations for
neutral dissociation.
Moreover, for data set (iv) we have included
the effect of varying our proposed cross

10

sections for neutral dissociation by ±25%.
This results in an upper and lower bound
for the reproduced swarm parameters. These
bounds define a range which we will refer to
as the sensitivity interval. This interval is
included to illustrate the effect that possible
errors on the cross sections for neutral
dissociation might impose on the computed
swarm parameters.
In figures 5a-5c we have respectively
shown the characteristic energy, mobility and
ionization from numerical and experimental
studies on a double logarithmic scale. All
of the considered data sets reproduce the
characteristic energy within an error margin
of 20% and the mobility within an error
margin of 7.5%, as can be seen in figures
5a and 5b. One exception to this can be
found at reduced electric fields below 10 Td.
Where data set (i) exhibits deviations from
the measured values (and the respective error
margins) of the characteristic energy (25%)
and the mobility (15% between 1 Td and 10 Td
and 30% below 1 Td). On the other hand
the ionization coefficient, in figure 6, varies
strongly between different data sets. Data
set (ii) overshoots the measured values by as
much as a factor of ten. Clearly the neutral
dissociation of methane plays a vital role
in determining the electron number changing
processes and must be incorporated. Even
though adding the cross sections for neutral
dissociation from Erwin and Kunc reduces
this discrepancy, the corresponding data set
(iii) still exhibits notable discrepancies with
measured ionization coefficients. Given the
high values of the ionization coefficient it
appears that data sets (ii) and (iii) critically
underestimate the sinks for electron energy.
This can be explained by considering that the
underestimation of energy losses means that an
electron is more likely to obtain energies above
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Figure 5: Measured and calculated values of the swarm parameters in pure methane. The shaded
red region corresponds to the sensitivity interval, obtained by including a ±25% deviation on the
neutral dissociation processes. Overestimating the neutral dissociation leads to underestimating
the ionization, and vice versa, hence the use of the ‘∓’ sign in 5c. Our cross section set reproduces
swarm parameters within a few tens of percent.

Neutral dissociation of methane by electron impact . . .
the ionization potential and subsequently the
rate of ionization increases. By inspecting
figures 2 and 3, one can observe that for
electron energies below 25 eV the values from
Erwin and Kunc are lower than (most of)
the other reported values. This behaviour
is especially pronounced for dissociation into
CH2 . For swarm experiments in general, the
electrons in this energy regime play a dominant
role in determining swarm parameters as
the abundance of electrons typically reduces
strongly for higher electron energies. Therefore
the effect of omitting or underestimating the
neutral dissociation processes as is done in
data sets (ii) and (iii) can be expected to
introduce large discrepancies in the computed
ionization coefficient, as is also seen in figure
5c.
Such an overestimation of the ionization
coefficient is not present for the other considered data sets. The swarm-fitted data set
(i) reproduces the ionization coefficient with
a maximum deviation of 25% in the region
between 100 Td and 800 Td. However below
100 Td the deviations starts to increase. For
instance, at 90 Td this deviation exceeds 40%.
The large accuracy between 100 Td and 800 Td
is to be expected from data sets which employ fitting procedures to ensure completeness
and consistency. At 1000 Td the deviation is
around 35%. The reproduction of the ionization coefficient is also observed for our approximations in conjunction with Song et al., data
set (iv), with a maximum deviation up to 35%
(at 100 Td). This is somewhat larger than observed for data set (i). For reduced electric
fields below 100 Td our reduced Townsend ionization coefficient is closer to measurements
than data set (i). Notably, up to 500 Td it
can be observed that our reduced Townsend
ionization coefficient is consistently lower than
experimentally observed ionization coefficient.
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This indicates, if one assumes that the ionizing
cross sections are sufficiently accurate, that the
sum of all non-ionizing inelastic cross sections
used here is probably an overestimation.
Furthermore, from the sensitivity interval
corresponding to data set (iv) we can conclude
that the reproduction of characteristic energy
and mobility is almost completely independent
of the neutral dissociation processes. In contrast, the sensitivity interval for the ionization
coefficient shows a significant spread. This
again underlies that neutral dissociation processes are an important electron energy sink,
at least within the context of low-temperature
plasmas. Moreover, the measured values of
the reduced Townsend ionization coefficient lie
within the sensitivity interval, indicating that
a small adjustment (< 25%) of the proposed
cross sections can account for the observed deviations regarding this swarm parameter.
4. Production rates for hydrogen
radicals
In the previous section we have introduced
two consistent data sets: IST-Lisbon (i)
and Ours (iv). The fundamental difference
between these two sets is that (iv) is unfitted
and consistent, whereas (i) employs a fitting
procedure to ensure reproduction of swarm
parameters. The use of such data-fitting
techniques has already been discussed in
section 1.2. Here we will illustrate how both
data sets predict the production of atomic
and molecular hydrogen by inspecting the sum
of the reaction rates of hydrogen-producing
electron collisions as calculated by a MonteCarlo Boltzmann solver [49] based on the
modelling framework presented in [50]. The
simulations are performed without the use of
super-particles at standard temperature and
pressure.
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Figure 6: The predicted reaction rates for the production of the hydrogen species H and H2 for
the (swarm-fitted) IST-Lisbon set and Ours (unfitted). Although both cross section sets can
be considered consistent (which refers to behaviour of electron swarms only), they exhibit clear
differences in the prediction of hydrogen species production.

In order to make such a comparison
we need ratios regarding the by-products of
dissociative electron collisions. However, such
data is virtually non-existent. For example:
there are no cross sections which distinguish
the neutral dissociation processes:

e + CH2 + H2
(9)
e + CH4 →
e + CH2 + 2H
(10)
It is known that the dissociation energy of the
relatively strong hydrogen bond is 4.52 eV,
therefore it can be expected that due to this
additional energy barrier the reaction rate of
equation (10) will be lower than equation
(9). However, without direct observations such
arguments will always remain qualitative. For
the current purpose of comparing the radical
yields of the two data sets, we will assume
that the composition of hydrogen products will
always be in the lowest energy state. In other
words, we assume that reactions like equation
(10), which requires additional energy for
dissociation, will not occur. The effect is that

we will underestimate atomic hydrogen yield,
and subsequently overestimate the production
of molecular hydrogen.
With this assumption, the reaction rates
for hydrogen production have been calculated
for both data sets; they are shown in figure 6.
It can be seen that data set (i) predicts
atomic hydrogen yields, approximately 35%
lower than (iv) above 100 Td.
Similar
deviations are also observed for the molecular
hydrogen production. For instance, above
100 Td the maximum deviation is 45%.
However, for reduced electric fields below
100 Td the deviations between the predictions
of production rates for molecular hydrogen are
increasing. For instance, at 50 Td data set (i)
predicts a molecular hydrogen yield which is
125% higher than data set (iv). For atomic
hydrogen we find a difference around 50% at
50 Td.
These deviations between the production
rates of chemical species of two consistent
sets clearly illustrate the non-uniqueness
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of swarm-fitted data sets.
Whether the
errors on the production rates for chemical
species introduced by relying on data-fitting
are tolerable is always dependent on the
application and the extent of adjustments
performed. However, given the highly reactive
nature of atomic hydrogen and the nonlinear
nature of plasma-chemical applications, such
deviations have to be treated with care.
5. Summary and Outlook
5.1. Summary
The main contribution of this article are
the cross sections for the neutral dissociation
of the ground state of CH4 by electron
impact. Secondly, we have used these values
to arrive at a complete and consistent cross
sections for electron collisions with methane
for reduced electric fields between 0.1 Td and
1000 Td, without relying on any data-fitting
techniques. This data set is largely based
on the recommendations of Song et al. [14],
with the addition of a blend of empirical
and analytical cross sections for the remaining
neutral dissociation processes.
Furthermore this work includes a Boltzmann analysis using a Monte-Carlo solver. We
have shown that the presented set of cross sections reproduces measured swarm parameters
with maximum deviations of: 35% for ionization, 7.5% for mobility and 20% for characteristic energy.
The presented cross section set distinguishes itself from other data sets by not relying on any data-fitting techniques to ensure
consistency. This feature makes our cross section set independent of the limitations imposed
by the swarm-fitting procedure. This can be
especially attractive for applications that focus
on plasma-chemical activation of the gas, such
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as plasma-assisted vapour deposition, lowtemperature methane reforming, etc. Moreover, the absence of any data fitting means
that the presented cross section set can be used
in a variety of plasma-modelling approaches
(e.g. hydrodynamic, multi-term Boltzmann or
Monte-Carlo/PIC).
5.2. Outlook
The validity of the cross sections proposed in
this work has been considered by comparing
measured and calculated swarm parameters.
In principle this is an implicit metric, since
the set of cross sections as a whole is considered as opposed to individual cross sections.
However, in section 3 we have assumed that
the recommendations of Song et al. [14] have a
sufficiently low error margin such that deviations in the reduced Townsend ionization coefficient can be primarily attributed to the proposed cross sections for neutral dissociation.
Although this assumption enables much of the
steps taken in this work, it does not give explicit certainty. One way to improve on this
is by studying the swarm parameters of mixtures of methane with rare gases [10]. For example, the swarm parameters in Ar-CH4 mixtures are studied by Sebastian and Wadehra
[51]. Still, benchmark experiments for individual cross sections remain highly desirable
if the difficulty of diagnosing neutral radical
fragments can be overcome.
On the side of computation it would be
very desirable to see work in the style of
Ziolkowski et al. [28] (based on R-matrix calculations of electron excitation of methane followed by quasi-classical trajectory simulations
with surface hopping) extended to higher electron collision energy than 17 eV. The work
of Brigg et al. [52] highlights some electronic
structure issues with these computations and
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in particular they recommend a multi-reference
configuration interaction approach to deal with
the multiply-excited target states that are important at high impact energy. (However, the
neutral dissociation cross section calculations
in Brigg et al. [52] are limited to electron impact energies below 15 eV and they do not supplant the results from Ziolkowski et al. [28]).
Such R-matrix calculations and trajectory simulations would naturally predict branching ratios between 2H and H2 channels as well, although an assessment of the importance of
zero-point energy (quantized vibrational energy in molecular fragments) should be made.
However, there are tools (such as ring polymer
Molecular Dynamics [53]) to incorporate this
quantum effect into trajectory calculations.
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Appendix A. Fitting functions and
parameters for used and reported cross
sections
The cross sections for total neutral dissociation, all dissociative ionization processes, and
dissociative electron attachment were obtained
from fits through the data points reported in
tables by Song et al. [13]. The functions used
were those reported in Shirai et al. [35]. The
fitting parameters were obtained again for this
paper.
Appendix A.1. Basis functions
Shirai et al. [35] used 3 basis functions from
which the fitting functions were created:
a
x 2
,
f1 (x) = σ0 a1
R
f1 (x)
f2 (x) = 
 a2 +a4  ,
1 + ax3
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(A.1)
(A.2)

f1 (x)
f3 (x) = 
 a2 +a4  a2 +a6  , (A.3)
1 + ax3
+ ax5
with σ0 = 1 · 10−20 m2 , R = 1.361 · 10−2 keV
(Rydberg constant), and ai the parameters
which will be obtained for each specific
reaction by fitting the data points.

Availability of data
The data set will be made available on
www.lxcat.net [54].
Furthermore, cross
sections obtained in this study are also
available in analytical form and as tabulated data in Appendix A and Appendix
B, respectively. The code for the MonteCarlo Boltzmann solver can be found on
www.gitlab.com/MD-CWI-NL/particle_swarm
with the version used identified by the commit
hash e04a5644 made on 25th of May 2021.

Appendix A.2. Dissociative Ionization
The fitting function reported by Shirai et al.
[35] to be used for the dissociative ionization
reactions is the following:
σi () = f3 (1 ),

(A.4)

with  the incident electron energy in keV,
1 =  − th , and th the threshold energy
of the reaction in keV. Equation A.4 was
fitted through the tabulated cross sections

Neutral dissociation of methane by electron impact . . .
1e 20

(m2)

1.0
0.8
0.6

(m2)

CH3+
CH2+
CH +
C+
H2+
H+

1.2

0.4
0.2
0.0

0

20

40

E (eV)

60

80

100

Figure A1:
The cross sections of the
dissociative ionization reactions of CH4 . The
solid lines are the result of fitting equation
(A.4) to the tabulated cross sections for these
reactions from Song et al. [13] which are
represented by filled circles in the same color.

and threshold energies for the dissociative
ionization reactions reported in Song et al. [13].
The used data points and resulting fits are
shown up to 100 eV in figure A1. The fitting
parameters are tabulated in table A1
Appendix A.3. Dissociative Electron
Attachment
Shirai et al. [35] use the same fitting function
for dissociative ionization, equation (A.4), as
for fitting the dissociative electron attachment
cross sections (including the same definition
for 1 ). We use this fitting function to fit
the tabulated cross sections for dissociative
electron attachment reactions from Song et
al. [13]. The fits and corresponding data
points are shown in figure A2 and the fitting
parameters are reported in table A2.
Appendix A.4. Total Dissociation
The fitting function for the total dissociation
used by Shirai et al. [35] is given by:
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Figure A2:
The cross sections of the
dissociative electron attachment reactions of
CH4 . The solid lines are the result of fitting
equation (A.4) to the tabulated cross sections
for these reactions from Song et al. [13] which
are represented as filled circles in the same
color.


σTD () = f2 (1 ) + a5 · f2

1
a6


,

(A.5)

where 1 again has the same definition as for
equation (A.4). The total dissociation cross
section was measured by Winters [34] and Perrin et al. [55]. We have obtained data points for
both measurements by extracting them from
the published graphs using WebPlotDigitizer
[56]. The fits and the data points for both
measurements as well as equation (A.5) using the fitting parameters reported by Shirai et
al. [35] for total dissociation are shown in figure A3. Deviations up to 20% can arise due
to different fitting parameters and fitted data
points. These deviations in the total dissociation will propagate to the cross sections of the
individual neutral dissociation reactions. Increasing the cross section of the neutral dissociation cross sections has the effect of reducing
the Townsend ionization coefficient α. In this
paper we have used the data points of Winters [34] and the fitting parameters as reported
in table A3.
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CH+
3
CH+
2
+
CH
C+
H+
2
H+

th (eV)
12.63
16.20
22.20
22.00
22.30
21.10

a1
5.5333
0.2575
0.295
0.0392
0.0134
0.0985

a2
2.7119
2.9997
3.4235
4.6413
5.0600
2.7831

a3
0.0071
0.0141
0.0207
0.0243
0.0147
0.0210
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a4
-0.2619
-0.2828
0.9925
1.1558
-0.7746
-0.6691

a5
a6
0.0194 0.8917
0.0289 1.0172
0.0100 -0.5789
0.0125 -0.7372
0.0242 1.0240
0.0403 1.0503

Table A1: Parameters obtained by fitting equation (A.4) to the tabulated cross sections of
Song et al. [13] for dissociative ionization reactions

−

H
CH−
2

th (eV)
a1
a2
6.0
128.0817
5.0736
6.0
1.5496 3.1405·10−5

a3
a4
a5
a6
0.0024 0.1908 0.0041 10.1747
0.0012 4.8957 0.0164 -4.8826

Table A2: Parameters obtained by fitting equation (A.4) to the tabulated cross sections of
Song et al. [13] for dissociative electron attachment
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Figure A3: The total dissociation cross
sections as measured by Winters [34] (filled
blue circles), and by Perrin et al. [55] (filled
red circles). The solid lines in the same colors
as the measurement points are the fits done
in this paper using equation (A.5). The solid
line of Shirai et al. [35] is obtained by using
their reported fitting parameters with equation
(A.5).

Appendix A.5. Neutral Dissociation to CH2
In this paper we have taken the measured cross
sections for neutral dissociation into CH2 from

th (eV)
a1
a2
a3
a4
a5
a6

4.51
4.1200
3.0594
0.0142
0.3606
0.4630
3.8830

Table A3: Parameters obtained by fitting
equation (A.5) to the measured cross sections
of Winters [34] for total dissociation.

Nakano et al. [29, 30]. To smooth the data we
have fitted a fourth order polynomial through
the data points:

f () = a0 + a1  + a2 2 + a3 3 + a4 4 , (A.6)
with fitting parameters ai , and  the incident
electron energy in eV. Note that this function
is only valid within the bounds of the measurement energies i.e. 9.1 eV ≤  ≤ 44.4 eV. The fit
and the corresponding data points are shown in
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Figure A4: The cross sections for neutral
dissociation to CH2 as measured by Nakano et
al. [29, 30] and the corresponding fit obtained
by equation (A.6) combined with the fitting
parameters in table A4
a0
a1
a2
a3
a4

−3.0203 · 10−20
5.4772 · 10−21
−2.8119 · 10−22
5.8213 · 10−24
−4.3221 · 10−26

Table A4: Parameters obtained by fitting
equation (A.6) to the measured cross sections
of Nakano et al. [29,30] for neutral dissociation
to CH2
figure A4. The fitting parameters are reported
in table A4.
Appendix B. Tabulated cross sections
for neutral dissociation to CH3 , CH,
and C
Calculated cross sections for neutral dissociation into CH3 , CH and C are reported in table
B2, B1, and B3, respectively.
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 (eV)
15.79
17.11
18.42
19.74
21.05
22.37
23.68
25.00
26.00
28.11
30.22
32.33
34.44
36.56
38.67
40.78
42.89
45.00
46.00
52.00
58.00
64.00
70.00
76.00
82.00
88.00
94.00
100.0

σCH (m2 )
2.2169 · 10−29
3.4360 · 10−28
8.9545 · 10−28
1.5509 · 10−27
2.2067 · 10−27
2.8625 · 10−27
4.3996 · 10−24
3.4406 · 10−23
8.8330 · 10−23
3.0330 · 10−22
5.9931 · 10−22
8.7592 · 10−22
1.0797 · 10−21
1.2107 · 10−21
1.2892 · 10−21
1.3348 · 10−21
1.3612 · 10−21
1.3769 · 10−21
1.3820 · 10−21
1.3999 · 10−21
1.4092 · 10−21
1.4120 · 10−21
1.4063 · 10−21
1.3920 · 10−21
1.3706 · 10−21
1.3441 · 10−21
1.3146 · 10−21
1.2839 · 10−21

Table B1: Calculated cross sections for neutral
dissociation to CH.
Threshold energy is
15.5 eV.
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 (eV)
7.90
9.21
10.53
11.84
13.16
14.47
15.79
17.11
18.42
19.74
21.05
22.37
23.68
25.00
26.00
28.11
30.22
32.33
34.44
36.56
38.67
40.78
42.89
45.00
46.00
52.00
58.00
64.00
70.00
76.00
82.00
88.00
94.00
100.0

σCH3 (m2 )
1.7980 · 10−22
1.6220 · 10−21
3.8168 · 10−21
6.2953 · 10−21
8.7738 · 10−21
1.2135 · 10−20
1.5230 · 10−20
1.7797 · 10−20
1.9773 · 10−20
2.1205 · 10−20
2.2160 · 10−20
2.2697 · 10−20
2.2872 · 10−20
2.2732 · 10−20
2.2445 · 10−20
2.1454 · 10−20
2.0177 · 10−20
1.8871 · 10−20
1.7693 · 10−20
1.6706 · 10−20
1.5914 · 10−20
1.5296 · 10−20
1.4821 · 10−20
1.4462 · 10−20
1.4324 · 10−20
1.3817 · 10−20
1.3624 · 10−20
1.3547 · 10−20
1.3482 · 10−20
1.3388 · 10−20
1.3259 · 10−20
1.3102 · 10−20
1.2926 · 10−20
1.2743 · 10−20

Table B2: Calculated cross sections for neutral
dissociation to CH3 . Threshold energy is
7.5 eV.
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 (eV)
15.79
17.11
18.42
19.74
21.05
22.37
23.68
25.00
26.00
28.11
30.22
32.33
34.44
36.56
38.67
40.78
42.89
45.00
46.00
52.00
58.00
64.00
70.00
76.00
82.00
88.00
94.00
100.0

σC (m2 )
5.2967 · 10−31
8.2093 · 10−30
2.1394 · 10−29
3.7055 · 10−29
5.2723 · 10−29
6.8390 · 10−29
7.1010 · 10−26
9.3899 · 10−25
3.3122 · 10−24
1.9703 · 10−23
6.0694 · 10−23
1.2475 · 10−22
1.9488 · 10−22
2.5467 · 10−22
2.9881 · 10−22
3.2963 · 10−22
3.5130 · 10−22
3.6723 · 10−22
3.7348 · 10−22
4.0210 · 10−22
4.2381 · 10−22
4.4125 · 10−22
4.5416 · 10−22
4.6243 · 10−22
4.6645 · 10−22
4.6697 · 10−22
4.6478 · 10−22
4.6063 · 10−22

Table B3: Calculated cross sections for neutral
dissociation to C. Threshold energy is 15.5 eV.
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Petrović Z L 2004 New Journal of Physics 6 1–
11 ISSN 13672630
Winters H F 1975 J. Chem. Phys. 63 3462–3466
ISSN 0021-9606 publisher: American Institute
of Physics URL https://aip.scitation.org/
doi/10.1063/1.431783
Shirai T, Tabata T, Tawara H and Itikawa
Y 2002 Atomic Data and Nuclear Data
Tables 80 147–204 ISSN 0092-640X URL
https://www.sciencedirect.com/science/
article/pii/S0092640X01908782
Salabas A, Gousset G and Alves L L 2002 Plasma
Sources Sci. Technol. 11 448–465 ISSN 09630252 publisher: IOP Publishing URL https:
//doi.org/10.1088/0963-0252/11/4/312
Frost L S and Phelps A V 1962 Phys. Rev.
127 1621–1633 publisher: American Physical
Society URL https://link.aps.org/doi/10.
1103/PhysRev.127.1621
Al-Amin S A J, Kucukarpaci H N and Lucas
J 1985 J. Phys. D: Appl. Phys. 18 1781–
1794 ISSN 0022-3727 publisher: IOP Publishing
URL https://doi.org/10.1088/0022-3727/
18/9/009
Cochran L W and Forester D W 1962 Phys. Rev.
126 1785–1788 publisher: American Physical
Society URL https://link.aps.org/doi/10.
1103/PhysRev.126.1785
Cottrell T L and Walker I C 1965 Trans.
Faraday Soc. 61 1585–1593 ISSN 0014-7672
publisher: The Royal Society of Chemistry
URL
https://pubs.rsc.org/en/content/
articlelanding/1965/tf/tf9656101585
Davies D K, Kline L E and Bies W E 1989
Journal of Applied Physics 65 3311–3323 ISSN
0021-8979 publisher: American Institute of
Physics URL https://aip.scitation.org/
doi/10.1063/1.342642
Heylen A E D 1975 International Journal
of Electronics 39 653–660 ISSN 0020-7217
publisher: Taylor & Francis URL https://
doi.org/10.1080/00207217508920532
Hunter S R, Carter J G and Christophorou L G
1986 Journal of Applied Physics 60 24–35
ISSN 0021-8979 publisher: American Institute
of Physics URL https://aip.scitation.org/
doi/10.1063/1.337690
Lakshminarasimha C S and Lucas J 1977 J. Phys.

Neutral dissociation of methane by electron impact . . .

[45]

[46]

[47]

[48]

[49]
[50]
[51]

[52]

[53]

[54]
[55]

[56]

D: Appl. Phys. 10 313–321 ISSN 0022-3727
publisher: IOP Publishing URL https://doi.
org/10.1088/0022-3727/10/3/011
Lin S L, Robson R E and Mason E A
1979 J. Chem. Phys. 71 3483–3498 ISSN
0021-9606 publisher: American Institute of
Physics URL https://aip.scitation.org/
doi/10.1063/1.438738
Millican P G and Walker I C 1987 J. Phys.
D: Appl. Phys. 20 193–196 ISSN 0022-3727
publisher: IOP Publishing URL https://doi.
org/10.1088/0022-3727/20/2/007
Pollock W J 1968 Trans. Faraday Soc. 64
2919–2926
ISSN
0014-7672
publisher:
The Royal Society of Chemistry URL
https://pubs.rsc.org/en/content/
articlelanding/1968/tf/tf9686402919
Shimozuma M and Tagashira H 1981 J. Phys.
D: Appl. Phys. 14 1783–1789 ISSN 0022-3727
publisher: IOP Publishing URL https://doi.
org/10.1088/0022-3727/14/10/012
Particle Swarm Boltzmann Solver URL www.
gitlab.com/MD-CWI-NL/particle_swarm
Teunissen J and Ebert U 2016 Plasma Sources
Science and Technology 25 ISSN 13616595
Sebastian A A and Wadehra J M 2005 Journal of
Physics D: Applied Physics 38 1577–1587 ISSN
00223727
Brigg W J, Tennyson J and Plummer M 2014
J. Phys. B: At. Mol. Opt. Phys. 47 185203
ISSN 0953-4075 publisher: IOP Publishing
URL https://doi.org/10.1088/0953-4075/
47/18/185203
Habershon S, Manolopoulos D E, Markland T E and Miller T F 2013 Annu.
Rev. Phys. Chem. 64 387–413 ISSN 0066426X publisher:
Annual Reviews URL
https://www.annualreviews.org/doi/10.
1146/annurev-physchem-040412-110122
LXCat URL www.lxcat.net
Perrin J, Schmitt J P M, de Rosny G,
Drevillon B, Huc J and Lloret A 1982
Chemical Physics 73 383–394 ISSN 03010104 URL https://www.sciencedirect.com/
science/article/pii/030101048285177X
Rohatgi A 2020 Webplotdigitizer:
Version 4.4 URL https://automeris.io/
WebPlotDigitizer

22

