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The three most important electron-impact processes dissociating CH4 molecule into neutral fragments are
e+CH4→CH3+¯, e+CH4→CH2+¯, and e+CH4→CH+¯. Neither experimental nor theoretical cross
sections for the processes in a broad range of energy are available, except for the first process for which reliable
measured cross sections for energies up to 500 eV are available. Only two measured values �at a single impact
energy� of the cross section for the second process are available, and only two measured values �also at a single
energy� of the cross section for the third process are available in the literature. Therefore, we derive in this
work analytical dissociation cross sections for the second and the third processes mentioned above in the
energy range up to 500 eV. At higher �but still nonrelativistic� energies, we calculate the parameters of the
Bethe-Born cross section for the second and the third processes.
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I. INTRODUCTION

Electron-impact dissociation and ionization of the CH4
molecule are of great interest in a variety of technolog-
ical applications. Both processes are important energy
sinks in nonequilibrium mixtures containing methane
gas. Moreover, in plasma-assisted combustion, these pro-
cesses are responsible for production of radicals such as
CH which strongly affect ignition. Upon electron impact,
the methane molecule can decompose into neutral fragments
�CH3, CH2, CH, C,H2, or H�; such processes are referred
to below as dissociation of the CH4 molecule. Alternatively,
the molecule can decompose into charged fragments
�CH4

+, CH3
+ , CH2

+ ,CH+, C+, H2
+, or H+�, processes referred

to below as ionization of the CH4 molecule.
Although theoretical studies and measurements of the

probabilities of the above dissociative processes are difficult,
some aspects of the processes have been studied �1–11�; the
cited works show that the most important of the processes
are

e + CH4 → CH3 + ¯ , �1�

e + CH4 → CH2 + ¯ , �2�

and

e + CH4 → CH + ¯ . �3�

The existing cross sections for dissociation of the CH4
molecule by electrons were recently critically reviewed by
Shirai et al. �12� who recommended reliable values for only
two cross sections: the cross section for the process �1� at
impact energies up to 500 eV, and the total dissociation cross
section �into all neutral fragments� at energies up to 1 keV.
The dissociation cross section for the process �2� was not
recommended in the Shirai review because of the very small

amount of data for the process and significant differences
between the data obtained by different authors �see the dis-
cussion below�. The cross section for the process �3� is not
available in the literature except for one measurement in the
vicinity of the cross section maximum located at energy of
about 80–100 eV �5� and one measurement at energy of
100 eV �10�. These two measurements are very valuable for
testing the present theory since theoretical inelastic cross sec-
tions are typically the least accurate in the energy range close
to the cross sections’ maxima.

Much more reliable work has been done on electron-
impact ionization of CH4 �13–18� than on the molecular dis-
sociation, identifying the most important ionizing processes
as

e + CH4 → CH4
+ + ¯ , �4�

e + CH4 → CH3
+ + ¯ , �5�

e + CH4 → CH2
+ + ¯ , �6�

and

e + CH4 → CH+ + ¯ . �7�

The available cross sections for the electron-impact ion-
ization of the CH4 molecule were also reviewed in Ref. �12�.
The authors recommended accurate cross sections for the
processes �4� and �5� at impact energies ranging, depending
on the process, from 0.5 keV to 3 keV, but no values were
recommended for the processes at higher energies.

As discussed below, various comparisons of the dissocia-
tion cross sections �1�–�3� and the ionization cross sections
�5�–�7� strongly indicate the presence of scaling laws relating
the dissociation cross sections with each other and the ion-
ization cross sections with each other, as well as some dis-
sociation cross sections with some ionization cross sections.
We use this fact in this work and derive the cross sections for
the dissociative processes �1�–�3� in the energy range up to
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10 keV. We do this in three stages. In the first stage, dealing
with impact energies between 20–30 eV �the upper limit of
the threshold law—see below� and 500 eV �the upper limit
of the energy of the cross section recommended for process
�1� in Ref. �12��, we exploit the scaling law relationship be-
tween the measured cross section for electron-impact disso-
ciation of the CH4 molecule into the neutral fragment CH3
and the measured cross section for the electron-impact ion-
ization of the molecule into the similar charged fragment
CH3

+. In the second stage, we derive, using the Bethe-Born
approximation, the cross sections for the dissociative colli-
sions �1� and �2� at impact energies between 500 eV and
10 keV. In the third stage we discuss the processes �1�–�3� at
energies close to the dissociation thresholds Eth.

II. THE ROBUST SCALING LAW

The first experimental demonstration and quantitative
analysis of the scaling tendencies between the total cross
sections for dissociation and ionization of the CH4 molecule
by electron-impact was done by Winters �11�. He showed
that the electron-impact fragmentation of the molecule into
all neutral species has about the same probability as the frag-
mentation of the molecule into all charged species when the
collision energies are smaller than those corresponding to the
cross sections’ maxima. Other experimental work also indi-
cated �see below� the existence of scaling tendencies of vari-
ous partial ionization and dissociation cross sections for the
CH4 molecule. These tendencies are expected because of the
simple symmetry of the electronic structure of the CH4 mol-
ecule, and because of the fact that the molecule does not
have excited electronic states close to the molecular ground
state.

Numerical analysis of various relationships �differences,
sums, ratios, etc.� between the measured dissociation and
ionization cross sections considered in this work suggests
several scaling tendencies of different degrees of generality,
robustness and accuracy. The analysis suggests that the most
robust scaling law for the cross sections in a broad energy
range is the one based on the energy dependences of some
well-defined differences between the ratios of the cross sec-
tions for dissociation of the CH4 molecule into a particular
neutral fragment �e.g., CH3� to the cross section for ioniza-
tion of the molecule into a similar charged fragment �e.g.,
CH3

+�. In order to derive a mathematical rule for this scaling,
we first define the following ratios:

�mn�E� =
Qm�E�
Qn�E�

and �di�E� =
Qd�E�
Qi�E�

, �8�

so that

�15�E� =
Q1�E�
Q5�E�

, �26�E� =
Q2�E�
Q6�E�

, �37�E� =
Q3�E�
Q7�E�

,

�9�

where the meaning of the symbols is as follows: E is the
collision impact energy, Qm �m=1,2 ,3� denotes the cross
section for the dissociative processes �1�, �2�, or �3�, respec-
tively, while Qn �n=5,6 ,7� denotes the cross sections for the

ionizing processes �5�, �6�, or �7�, respectively. Qd is the total
cross section for the electron-impact dissociation of the CH4
molecule into all neutral fragments, and Qi is the total cross
section for the electron-impact ionization of the molecule
into all charged fragments.

The ratio �15�E� in expression �9� can be accurately de-
termined in a broad range of energy �up to 500 eV� from the
experimental data of Ref. �12�, but the ratios �26�E� and
�37�E� cannot be obtained since accurate cross sections
Q2�E� and Q3�E� are not available in the energy range im-
portant in typical studies of the dissociation of the CH4 mol-
ecule. It is, therefore, one of the goals of this work to find a
scaling law that would lead to acceptable ratios �26 and �37
and, subsequently, to the cross sections Q2 and Q3, in a broad
range of energy.

We introduce a convenient new variable, the dimension-
less impact energy K, defined as

K = E/I5, so that Kdi = Edi/I5, �10�

where Kdi and K, respectively, are the energies of the inter-
section points 1 and 2 in Fig. 1, and I5=14.24 eV is the
ionization threshold for the process �5�. The choice of the
energy I5 is of course arbitrary, but we choose this energy as
the threshold for the e-CH4 inelastic process to emphasize
the fact that it should be possible in the future to establish a
direct and explicit dependence of the scaling laws for the
ionization and dissociation cross sections on the energy
thresholds of the processes.

The scaling law discovered in our numerical analysis of
various relationships of the measured dissociation and ion-
ization cross sections of Ref. �12� is based on the observation
that the distance dmn�Kdi� in the K-� plane �see Fig. 1� be-
tween the ratio �mn�K� and the ratio �di�Kdi� for mn�26 and
mn�37 differs at energies between 20 eV and 500 eV by a
constant factor �mn from the distance d15 �see relationship
�14��. At energy Kdi, dmn�Kdi� is defined as the distance along
the line �z�K� between the curves �di�K� and �mn�K�. The
line �z�K� is normal to the curve �di�K� at the point Kdi,
�di�Kdi�. The equation of the normal is

�z�K� = − ���di/�K�K=Kdi

−1 �K − Kdi� + �di�Kdi� . �11�

FIG. 1. The definition of the function dmn�Kdi� as the distance in
the K-� plane between the intersections of the curves �di�Kdi� and
�mn�K�, respectively, with the line �z�K� normal to the function
�di�Kdi� at K=Kdi.
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Numerical solution of the equations

�z�Kdi� = �di�Kdi� and �z�K� = �mn�K� , �12�

for a particular value of Kdi yields coordinates of the inter-
sections of the curves �di�Kdi� and �mn�K� with the line
�z�K�, and thus determines the function dmn�Kdi�,

dmn�Kdi� = ���mn�K� − �di�Kdi��2 + �K − Kdi�2�1/2. �13�

The relationship �13� for mn�15 is shown in Fig. 2. As
can be seen, the dependence of d15 on the energy is weak at
energies between 20 eV and 100 eV, and this is true also for
energies between 100 eV and 500 eV �the upper limit of en-
ergy for which the cross section Q1 is available in Ref. �12��.
The robustness of this tendency can be seen in Figs. 3 and 4
where the ratio Qd /Qi is both qualitatively and quantitatively
very different from the ratio Q1 /Q5, yet the function d15
shows weak dependence on the impact energy in the entire
energy range considered.

Taking the above into account, we assume in what follows
that in the energy range between 20 eV and 500 eV the un-
known functions d26�Kdi� and d37�Kdi� scale with respect to
the known function d15�Kdi� as �mn�26 or 37�,

dmn�Kdi� = �mnd15�Kdi� , �14�

where the constant scaling factor �mn is discussed below, and
the energy dependence of d15 is shown in Fig. 5. Subse-
quently, the ratios �26�Kdi� and �37�Kdi� can be obtained from
Eq. �13� as

�mn�K� = �di�Kdi� + �dmn
2 �Kdi� − �K − Kdi�2�1/2. �15�

Numerical analysis shows that even at energies between
20 eV and 500 eV, the second term in the curly braces in
relationship �15� can be neglected when compared to the first
term in the braces. This allows one to assume that Kdi=K.
Thus, the values of the ratios �26=Q2 /Q6 and �37=Q3 /Q7 at
a given energy K can be given by

�mn�K� = �di�K� + dmn�K� � �di�K� + �mnd15�K� , �16�

and the unknown cross sections Q2�E� and Q3�E� at energies
between 20 eV and 500 eV can be obtained from �with m
=2 and 3, respectively�,

FIG. 2. The ratios Q1 /Q5 and Qd /Qi obtained from the mea-
sured cross sections Q1, Q5, Qd, and Qi recommended in the review
of Shirai et al. �12�.

FIG. 3. The measured total cross sections recommended in the
review of Shirai et al. �12� for dissociation �Qd� and ionization �Qi�
of the CH4 molecule by electron impact.

FIG. 4. The measured cross sections recommended in the re-
view of Shirai et al. �12� for the cross sections Q1 and Q5 for the
processes �1� and �5�, respectively.

FIG. 5. The function d15 obtained from the relationship �23�.
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Qm�E� = Qn�E�	Qd�E�
Qi�E�

+ �mnd15�E�
 , �17�

where all the cross sections on the right-hand-side are those
recommended in Ref. �12�, and the function d15�E� is ob-
tained from expression �13� also using the cross sections Q1
and Q5 recommended there. For practical purposes, we fit the
cross sections by the following expressions of accuracy bet-
ter than one percent for E�20 eV �the cross sections are in
10−16 cm2 when E is in eV�:

Qd�E� =
4.48 � 107�E��3.590 + 19.83�E��7.525

1.14 � 1011 + 4.46 � 106�E��3.935 + �E��7.870 ,

�18�

where E��E−4.51 eV,

Qi�E� =
10.26 ln E − 25.94

E�3.77 � 10−2 + �E − 13�−0.906�
, �19�

Q5�E� =
5.55 � 10−2�E��1.435

1 + 0.0257�E��1.509 + 2.59 � 10−5�E��2.635 ,

�20�

where E��E−14.24 eV,

Q6�E� =
9.22�E��1.868

104 + 4.66�E��2.168 + 0.10�E��2.868 , �21�

where E��E−15.20 eV,

Q7�E� =
5.01 � 10−3�E��1.161

1 + 0.001 17�E��1.831 + 1.19 � 10−6�E��2.761 ,

�22�

where E��E−24.14 eV, and

d15�E� = 0.4084e−0.00093E0.1241. �23�

The scaling factor �15=1 and the scaling factors �26 and
�37 can be obtained if at least single values of the cross
sections Q2 and Q3 are available for some energy between
20 eV and 500 eV. Fortunately, two experimental values of
each of the cross sections Q2 and Q3 are available close to
the cross sections’ maxima where the theoretical cross sec-
tions are the least accurate. The values are those measured at
E=100 eV by Melton and Rudolf �10� �Q2

M =0.2
�10−16 cm2 and Q3

M =0.1�10−16 cm2�, and those measured
at E=75 eV by Tahara et al. �5� �Q2

T=0.62�10−16 cm2 and
Q3

T=0.31�10−16 cm2�. As can be seen in Table I, the disso-
ciation cross section Q1

M =1.2�10−16 cm2 measured by Mel-
ton and Rudolf at E=100 eV is 0.54 of the corresponding
reliable dissociation cross section of Shirai et al., Q1

S=2.22
�10−16 cm2. Expecting that the relative systematic errors
of Melton and Rudolf’s measurements of the cross sec-
tions Q2 and Q3 are similar to the errors of their measure-
ments of the cross section Q1, the more realistic values of
Q2

M and Q3
M in the Melton and Rudolf experiment should be

0.38�10−16 cm2 and 0.18�10−16 cm2, respectively.
The cross section measured by Tahara et al. for the pro-

cess �1�, Q1
T=3.74�10−16 cm2 at E=75 eV, is 1.63 times

greater than the corresponding cross section recommended
by Shirai et al. Assuming again that the relative systematic
errors of the measurements of Tahara et al. of the cross sec-
tions Q2 and Q3 are similar to the errors of their measure-
ments of the cross section Q1, the more realistic values of
their measurements should be 0.37�10−16 cm2 �Q2

T� and
0.18�10−16 cm2 �Q3

T�, values very close to values of Q2
M and

Q3
M obtained in the preceding paragraph. The realistic cross

sections measured by Melton and Rudolf and by Tahara et al.
would not change more than 10% in the energy interval be-
tween 75 eV and 100 eV since the maxima of the cross sec-
tions are located in this interval. Therefore, we use in our
calculations of the scaling factors �26 and �37 the cross sec-
tions Q2�E=E0�=0.37�10−16 cm2 and Q3�E=E0�=0.18
�10−16 cm2 �E0=100 eV� �see the column “pw” in Table I�.

Taking the above into account, the scaling factors �26�E�
and �37�E� can be given as �mn=26 and 37, respectively�

�mn =
dmn

0

d15
=

��Qm
0 �/�Qn

0�� − ��Qd
0�/�Qi

0��
d15

0 , �24�

where the superscript 0 denotes the value at E=E0, and d15
0

=0.659. The values of the required cross sections are given
in column “pw” of Table I. Thus,

�26 = 0.190 and �37 = 0.042. �25�

III. DISSOCIATION OF CH4 INTO THE CH2 OR
CH FRAGMENTS

A. Collisions at energies 20 eVÏEÏ500 eV

The cross sections Q2 and Q3 obtained from the relation-
ships �17�–�25� are shown in Fig. 6 together with several
relevant measurements available in the literature. The figure
also compares the cross section Q1 of the present work with
that recommended in Ref. �12� to validate the approach used
in this work.

TABLE I. Available measured cross sections �in 10−16 cm2� for
dissociation and ionization of the CH4 molecule by electrons of
energy E�100 eV, except for the three cross sections shown in the
fifth column which were measured at energies of 75 eV. The last
column marked “pw” shows the cross sections used in the present
work to calculate the scaling factors �26 and �37.

Q Ref. �12� Ref. �10� Ref. �16� Ref. �5� pw

Qd 3.98 4.70 3.98

Qi 3.86 3.80 3.55 3.86

Q1 2.22 1.20 3.74 2.22

Q2 0.20 0.62 0.37

Q3 0.10 0.31 0.18

Q4 1.57 1.80 1.78 1.57

Q5 1.29 1.50 1.35 1.29

Q6 0.32 0.28 0.23 0.32

Q7 0.17 0.14 0.10 0.17
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B. Collisions at energies 0.5 keV�EÏ10 keV

At high, but nonrelativistic, impact energies, ionization
and dissociation of CH4 molecules by electrons can be accu-
rately described by the Bethe-Born approximation �19�
which yields the following cross sections for the dissociation
processes �1�–�3� �m�1, 2, and 3, respectively�,

Qm�E� = AmE−1 ln BmE , �26�

where Qm�E� is in cm2 if the collision impact energy E is in
eV, and the constants Am and Bm have the values given be-
low.

We calculate the cross sections for the processes �1�–�3� at
nonrelativistic energies greater than 500 eV using the Bethe-
Born approximation and the values of the cross sections at
energies somewhat smaller �within 25 eV� than 500 eV.
�Thus, we assume here that the Bethe-Born approximation
also applies to collisions �1�–�3� at impact energies between
475 eV and 500 eV, which is usually well justified in disso-
ciation of molecules by electrons at such energies.� As a
result one obtains

A1 = 262.68 � 10−16 cm2 eV,

A2 = 39.84 � 10−16 cm2 eV,

A3 = 12.27 � 10−16 cm2 eV, �27�

and

B1 = 0.020 eV−1, B2 = 0.015 eV−1, B3 = 0.031 eV−1.

�28�

C. The threshold laws

The dissociation energies for the processes �2� and �3� are
not accurately known, and the realistic energy dependences

of the cross sections Q1, Q2, and Q3 close to their thresholds
�that is, at energies between the thresholds and about 20 eV�
are not available. Since the fitting formulas of Shirai et al.
�12� for the cross sections were derived from the measured
cross sections which are reliable for energies above 20 eV,
the formulas should not be used as highly accurate approxi-
mations of the threshold laws for the processes.

There have been a few attempts to study in detail the
threshold laws of the cross sections Q1, Q2, and Qd, with the
threshold law of the latter cross section being the first to be
studied experimentally �11�. That study concluded that the
near-threshold energy dependence of Qd is a linear function
with the dissociation energy being equal to about 10 eV.
This set up a long-lasting standard used in almost all studies
of the subject. The studies have consistently assumed linear
threshold laws not only for the cross section Qd but also for
the cross sections Q1, Q2, and Q3 despite the lack of theoret-
ical basis for the linearity �20�, and the single energy value of
10 eV was also often assumed in the early studies for the
dissociation energies of processes �1�–�3�.

The threshold laws for collisions such as �1�, �2�, and �3�
cannot be linear �20� and the dissociation energies of the
processes must differ markedly from one another. This has
been confirmed recently �12� by establishing the dissociation
energy of the process �1� as being not 10 eV but rather
4.51 eV.

The most detailed experimental attempts to establish the
near-threshold dependence of the cross sections Q1 and Q2
are discussed in Refs. �2� and �7�; see also Ref. �21�. How-
ever, the low resolution of the results and the fact that the
authors did not establish accurate values of the process
thresholds prevents reliable conclusions about the processes’
threshold laws. Thus, one can say that it is necessary to have
more high-resolution work done on the collisions �1�–�3� at
energies close to their thresholds before some acceptable
threshold laws for the processes can be proposed.

IV. FINAL REMARKS

The main results of this work are the cross sections Q1,
Q2, and Q3 shown in Fig. 6. The excellent agreement of the
present cross section Q1 with the experimental data of Ref.
�12� in the entire considered energy range is a reliable vali-
dation of the theoretical approach of the present work. One
should notice that the close-to-maximum cross sections of
the present work are consistently between the measured re-
sults of Tahara et al. �5� and those of Melton and Rudolf
�10�. As discussed above, it seems that at impact energies
between 75 eV and 100 eV the cross sections measured by
Tahara et al. are too high, while the cross sections measured
by Melton and Rudolf are too small. Thus, the results shown
in Fig. 6 and Table I strongly suggest that the cross sections
Q2 and Q3 of the present work should also be satisfactory
representations of the dissociative dynamics of the collisions
�1�–�3� at energies between 20 eV and 500 eV. The same can
be said about the validity of the present results at high ener-
gies �0.5–10 keV� since the Bethe-Born approximation used
here to obtain these high-energy cross sections has been ex-

FIG. 6. The cross sections Q1, Q2, and Q3 of the present work
�solid lines� for the processes �1�–�3�, respectively. The dashed
curve and the dotted-dashed curve are the experimental cross sec-
tion Q1 and Q2, respectively, recommended in Ref. �12�. The open
symbols are the measured cross sections of Tahara et al. �5� and the
filled symbols the cross sections of Melton and Rudolf �10�. In both
cases, the squares, triangles, and diamonds represent the cross sec-
tions Q1, Q2, and Q3, respectively.
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ceptionally successful in predicting the high-energy cross
sections for electron-impact ionization and dissociation of
atoms and molecules.

It should be emphasized that the accuracy of the present
approach depends on the accuracies of the experimental
cross sections recommended in Ref. �12� and used in our

calculations. Since the recommended cross sections seem to
be quite accurate representations of reality, the cross sections
Q1, Q2, and Q3 of this work should be acceptable in most
applications. No recommendations are made in the present
work for theoretical treatment of the collisions at energies
less than about 20 eV, the region of the threshold law.
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