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Abstract

A critical assessment of available experimental and theoretical cross sections for electron-impact direct and
dissociative ionization of hydrocarbon molecules, C:Hy (x = 1 — 3,1 < y < 2z -+ 2), has been carried out.
Recommended cross sections are suggested in the energy range from threshold to 10 keV for those reaction
channels for which more than one set of data were found in the literatures. For the molecules for which no
cross section information was found available, the cross sections for the dominant ionization channels were
derived on the basis semi-empirical cross section relationships. The recommended and derived cross sections
are represented by analytic fit functions, the coefficients of which are provided. The rate coefficients for all the
jonization channels have been calculated in the temperature range from 1 €V to 1 keV. The cross sections and
rate coefficients for all studied jonization channels are presented in graphical form as well.

Keywords: Electron-impact ionization; hydrocarbon molecules; dissociative ionization; cross sections; rate co-
efficients



1 Introduction

Carbon-based materials (graphite, carbon-carbon com-
posites) are currently being used in most of the op-
erating magnetic fusion devises as plasma facing ma-
terials because of their low radiation power capacity
and the capability to withstand high heat fluxes. They
have also been included as one of the plasma facing
rnaterials in the divertor design of International Ther-
monuclear Experimental Reactor (ITER) [1]. The in-
teraction of hydrogenic plasma with carbon materi-
als, however, results in copious production of hydro-
carbon molecules CH, (chemical erosion) [2], which
enter the plasma as molecular impurities. The compo-
sition of hydrocarbon erosion fluxes depends on the
energy of bombarding hydrogenic particles and sur-
face temperature of carbon materials. At higher parti-
cle impact energies (30-500 V), lighter hydrocarbons
(CHz, CH4, CoH,) are dominant, while with decreas-
ing the impact energy towards 1-20 eV, the heavier
hydrocarbons {Cqu,, CQHa, CgH4, C3H5, CgHg) be-
come increasingly more present in the erosion fluxes,
and dominant at hyperthermal energies (<1 eV} [3].
The present-day tokamaks tend to operate with diver-
tor plasma temperatures below ~ 5 eV, supporting the
conditions for release of heavier hydrocarbons. When
present in the plasma, the hydrocarbon molecules be-
come subject of a multitude of collision processes
with plasma electrons and protons [4]. Most of these
processes (e.g. electron-impact excitation, ionization,
and recombination) lead to dissociation of interacting
molecule to two or more fragments and, as a result,
to production of hydrocarbon molecules (or molecular
ions) initially not present in the erosion fluxes. There-
fore, the collisional kinetics of hydrocarbon molecules
in a low-temperature divertor plasma includes all the
members of CH,, C;H, and Csi, families of ydro-
carbon molecules for an initial erosion flux containing
(at least some fraction of} CHy; C.Hg and CsHs.
The most important electron-impact processes of
C,H, molecules are excitation {only dissociative chan-
nels exist!) and ionization (both direct and dissociative
channels). The C.H] ions from the C.H, ionization
are subject to further dissociative excitation and ion-
jzation, and to dissociative recombination. The only

important proton-impact process of C;H, is the charge

exchange.

The collision processes of hydrocarbon molecules
have been studied in the past only for a limited num-
ber of C.I1, species. The available cross section infor-
mation on these processes has been compiled periodi-
cally {5-10}, with & critical data assessment being given
onty for the charge exchange processes {10]. In Ref.[5]
only the cross sections for the processes involving the
CH, (! <y < 4) molecules were given. Refs. [6-8] are
focussed on the electron-impact processes, while most
of the cross seciions in Ref.[9] have been derived on

the basis of certain {not always correct) physical argu-
Tents.

In the present report we give an assessment of the
available cross sections for the ionization processes of
CHy (x=1-3; 1 <y <2z + 2) by electron impact

e+ CHy »e+CH] +e (1a)
—e+ (CI—Z'Hy—y’)+ + [CI’Hy’J + e(lb)

where {1a} represents the direct ionization channel, and
(1b) represents the dissociative channels (1 < 2’/ <
z;1 < ¢ < y). The square bracket [ | in (1b) indi-
cates that some of the H atoms in H, may not be
bound on Cu (e.g. in the channels C, Hy,_; + H,
CoHy 5+ Ha + H, etc.). The number of dissociative
ionization channels rapidly increases with the increase
of z and y; for C3Hs it may become larger than 40 for
energies above ~ 50 ¢V. In the experimental studies,
only the “gross” ionization {or ion-production} chan-
nels, represented by the product ions (Cp—p Hy—p )T,
can be identified (and their cross sections measured).
The channels, within a given “gross” ionization chan-
nel, associated with the various fragmentations of the
neutral complex [C,-H,|, remain unidentified. Only
for the simplest C,H, molecules, the neutral fragmen-
tation channels [C, H, ] can be determined unambigu-
ously.

The purpose of the present work is to provide a com-
plete {or as complete as possible) cross section database
for the processes (1} for use in the modeling of hydro-
carbon (and carbon) transport in fusion divertor plas-
mas. Since the available experimental and theoretical
data are limited to a relatively smail number of mem-
bers of the C.H, (zr = 1 — 3) families of molecules,
we have to adopt some strategies for deriving the cross
sections for those molecules and reaction channels for
which cross section data are not available in the liter-
ature. These strategies are based mainly on the cross
section scaling laws contained in the simple theoretical
models (such as the Bethe-Born approximation for the
high-energy cross section behaviour}, or derived serni-
empirically in the present work, or elsewhere. These
strategies are described in the next section. For the
cases where more than one set of cross section mea-
surements exist, the determination of the cross section,
recommended for use in modeling and other applica-
tions, was based on a careful analysis of experimental
uncertainties of the data.

The scope of the present work is imited only to the
integral cross sections of reactions (1) (and the reac-
tion rate coefficients derived from thern). The differen-
tial characteristics of processes (1), such as energy and
angular distributions of reaction products, which are
important for the Monte-Carlo-based transport mod-
eling codes, are not included in the present report. The
available information on these quantities for the consid-
ered reactions is too scarce. Exciuded from the scope



of the present report is also the information about
the internal energy of reaction products. In most of
the dissociative channels of considered reactions, the
molecular products are likely to be vibrationally ex-
cited and neutral H atoms electronically excited. How-
ever, the information on the internal states of the reac-
tion products is virtually absent in the literature. The
cross sections presented in this report assume that the
C.H, molecule in the entry channel is in its ground
vibrational state {(as in the experiment). The electron-
impact ionization processes with vibrationally excited
C.H, molecules may have considerably different cross
sections with respect to those with ground-state C,H,,
molecules. This difference may have serious conse-
quences in the application of present database in mod-
eling codes.

The organization of the report is as follows. In
the next section we give an overview of the literature
sources used in the data assessment and discuss the
general properties of total and partial (channel spe-
cific) ionization cross sections, including some scal-
ing relationships. In Sections 3 to 5 we present the
results of data assessment, together with the recom-
mended cross sections, for the total and partial ioniza-
tion cross sections for the CH,, CoH,, and C3H, fami-
lies of molecules, respectively. In Section 6 we present
the analytic fit functions for the recommended cross
sections, with the wvalues of fitting coefficients being
given in Appendix 1. In Section 7 we describe the cal-
culations of reaction rate coefficients calculated on the
basis of recommended cross sections. In Section 8 we
give some concluding remarks. In Appendix 2, we give
the graphs of the recommended cross sections and rate
coeficients for all the reactions considered in the en-
ergy / temperature range from 1 ¢V to 1 keV.

2 General Properties of Total
and Partial Ionization Cross
Sections

2.1 Review of Cross Section Data

Sources

Most of the experimental electron-impact ioniza-

tion cross section measurements for the hydrocarbon
molecules under consideration in the present work
have been performed for the saturated hydrocarbons
CHy4, CoHg and CsHg. The main part of these mea-
surements relates to the total cross sections. The other
members of the CH,,, C2H,, and C3H,, families of hydro-
carbons have been much less investigated, especially
in the case of C3l,. For some molecules, such as
CQH, CQHg, CgHg, CgH - CgHg, and c;;H*(, no ex-
perimental cross section measurements have been per-
formed as yet. The experimental difficulties in the work

with hydrocarbons partly lie in the fact that most of
these species are radicals.

The theoretical studies of electron-impact ionization
of hydrocarbon molecules are also difficult because of
their complex electronic structure and large number of
dissociation channels. Accurate quantum-mechanical
cross section calculations for the electron-impact ion-
ization of these molecules, with due inclusion of disso-
ciation channels, have still not been carried out.

The literature data sources which were taken as a ba-
sis for our data analysis and assessment in the present
report are given in Table 1. Not included in this table
are references from the same authors, the cross section
data in which have been superseded by the data in the
reference cited in Table 1. Also excluded from the ta-
ble are references to the pioneering work of Briiche [34]
and Tozer [35] on CHy, the data of which have been
superseded by the more recent measurements, but we
have included the classical work of Tate and Smnith [30]
on CoHa, since it complements the results of more re-
cent references in the threshold region. In Table 1 are
also included references on the results of theoretical
calculations of total ionization cross section using the
binary-encounter-Bethe (BEB) model [21,36] and the
classical Deutsch-Mark model [37]. Only in the cases
where no experimental data were found in the liter-
ature (such as CoHjz and C3Hy), the results of these
models were taken into consideration in deriving the
total cross section. The physical basis of both BEB
and D-M models remain unclear, particularly for the
heavier hydrocarbons where the dissociative ionization
channels dominate the total cross section.

2.2 Total Cross Sections

The total cross sections are measured either directly
{by a system of parallel plate ion collectors), or in-
directly, by measuring first the relative partial cross
sections {using mass spectrum analysis) and normaliz-
ing their sum to an absolute cross section value from
another measurement at a certain energy. In Table 1,
these two ways of determining the total tonization cross
section are indicated by (b) and (a), respectively. The
total lonization cross sections for all C.H, maolecules
show a typical behaviour in the entire energy region
(from threshold up to ~ 10 keV), and all attain their
maximum value in the energy range around 80 eV. Be-
low, we discuss the behaviour of total ionization cross
sections at the high and intermediate energies, sepa-
rately, with the purpose to reveal their general proper-
ties (scaling relationships). In the threshold region {(~
10-15 V), all ionization cross sections show a sharp
increase.
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Figure 1: Dependence of total electron-impact ioniza-
tion cross section for a number of C H, molecules on
the number of C atoms in C.H,, for the collision energy
E=1keV.

2.2.1 High-Energy Cross Section Behaviour

and Scalings

The high-energy (above a few hundreds eV) behaviour
of the total ionization cross sections for a large number
of hydrocarbon molecules was analyzed by Schram et
al. [18] in terms of Bethe-Born theory for ionization.
The Bethe-Born ionization cross section has the well
known form

4ra? Ry
;= —menlE 2
o (2)

where F is the collision energy, ap is the Bohr radius of
atomic hydrogen, Ry is the Rydberg constant (= 13.6
eV}, M? is the collision strength for electron transition
to continuum and C; is some constant. By analyzing
the cross section behaviour in the energy range 0.6 —12
keV of 18 hydrocarbon molecules C H, (with 11 of
them having = > 4), Schram et el. [18] have observed
a liner dependence of ¢; on the number x of C atoms
in C, 1, molecules for a given impact energy. This is
illustrated in Fig. 1 for & = 1 eV, where, besides the
data of Schram et al., some more recent data of other

M2 in(C;E)

authors are also shown. From the linearity of ¢;(C;Hy) .

with z for the series C.Hy,4o and C;Hs,, Schram e
al. were able to derive an “additivity rule” for the
total cross sections of C H,, assigning to each of the
C-H and C-C (s and = type) bonds in C;H, a specific
“partial” cross section. From their cross section data
they have derived the constants M? and C; in Eq.(2)
for the considered C,H, molecules and found that M7
also linearly increase with z {see Fig. 2). From the ob-
served linear dependence of M? with z for the C;Hapy o
and C,Ha, series of hydrocarbons they concluded that
the additivity rule also applies to M? and obtained
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Figure 2: Dependence of the quantity M7 in Eq.(2)
for some C_H, molecules on the number of C atoms in
C-H;.

the values M?(C — 1) = 1.07, MZ(C - C), = 2.5 and
M2(C - C)r = 04 for the C-H, (C-C), and (C-C),
bonds in C,;Hy, respectively. The values of M7 for the
hydrocarbon molecules CpH, with r < 3, calculated by
the additivity rule using the above values for MZ(C—H)
and MZ(C — C),, are given in Table 2. This table also
contains M} values derived from the awailable experi-
mental data. The calculated and experimental values
for M? are consistent with each other within about 8%
{on average). Schram et al. have also derived the val-
ues of constant C; in Eq.(2) from the energy behaviour
of their cross sections. For the hydrocarbon molecules
with = < 3, C; varies between 0.071 and 0.107, with
an average value of 0.089. Since the total cross section
o; is not sensitive to the accurate value of C;, by tak-
ing C; ~ 0.089 and the values of M} given in Table 2,
one can calculate the total tonization cross sections for
C.H, molecules by using Eq.(2) in the energy region
above ~ 300 eV with an accuracy of 15-30%, or better.

We note that the C3Hg molecule appears in two iso-
meric forms: as propene and cyclopropan. The total
ionization cross sections for these two isomers, mea-
sured in Refs.[18] and [20], differ by less than 8% [20]
(5% in Ref[18]), which is within the experimental un-
certainties. The D-M model calculations [32] could not
confirm the existence of this difference. The cross sec-
tion and M ? values shown in Figs. 1 and 2 refer to those
of propene. Throughout this work we shall use only
the cross sections for propene, for consistency. The
molecules C3H; and C3;Hs also appear in two isomeric
forms, while C3H, has even three isomers. The isomers
of a given CsH, molecules have somewhat different ion-
ization potentials and in our analyses we shall be using
the smallest of them.

We should also like to note that the linearity of oeo:



and M? in Figs. 1 and 2 on the number of carbon
atoms in CH, is strictly observed only within the se-
ries CzHazp9, CoHay and CpHaza. For the total cross
sections, this features is observed down to £ ~40-50
eV, as demonstrated in the next sub-section.

2.2.2 _Cross Section Behaviour at Intermediate
and Low Energies

There is no simple theoretical model which can describe
the total ionization cross section behaviour for hydro-
carbon molecules at the intermediate and low energies
(except for the strict threshold region where the Wan-
nier law should be valid). However, the experimental
cross sections show certain regularities, both with re-
spect to their energy behaviour and with respect to the
number of C and H atoms in the molecule, which allow
to derive certain empirical scaling relationships. For in-
stance, the maxima of measured total ionization cross
sections for all hydrocarbon molecules (from CH to
CzHg) lie around 80 eV (£10 eV} and are very broad.
For CyH, and C3Hy, the cross section dependence in
this energy region on the number of hydrogen atoms in
the molecule is very weak. This is illustrated in Fig. 3,
where the total cross section values for £ = 80 eV
from the most accurate measurements are shown {filled
symbols). The sum of the cross sections for CH} and
CH}_, production in e+ CH, collisions shows a lin-
ear dependence on y {first remarked in Ref.[14]). The
experimental total cross sections for CoHy, CoHy, and
CsH; also show a linear dependence on the number of
H atoms. Furthermore, the linear dependence of total
cross section on the number of C atoms within the se-
ries C;Hsz 12 and C Ha,, demonstrated in Fig. 1 for
E =1 keV, is also observed on Fig. 3 for £ = 80 eV.
Combining these regularities one can safely determine
the unknown total ionization cross sections for some
C.H, molecules, such as CH and CzHs, for £ = 80
eV. The linear dependence of the total cross sections
for CH, and C3H,, can be related to the polarizability
e Of these molecules, as pointed out in Refs.[39-40].
The relation between o14,(C.H,) and ape{(C-Hy) is

(3

The cross section values for Cg,gﬂy calculated from
£q.(3) and normalized to the experimental cross sec-
tion for C,Hs, 42 are shown in Fig. 3 by dotted lines.
The values for ap, were taken from Ref.i9] (and
Ref.[41], for C3Hg) and are given in Table 3. As seen
from Fig. 3, the scaling (3) is not valid for CH,, but
for CoH,, and C3H,, it gives results very close to those
experimentally observed (for C:Hs, CsHy and CzHg),
or predicted by the experimentally determined linear
dependence of o4,y on H (shown on Fig. 3 by open
symbols). The cross section value for C3Hg {propene)
was taken from Ref[18], but corrected by a factor of

O1ot{C2Hy) ~ [apa(CHy )] /2.

o, (10"%em?)

tot

Tian (1998) 4
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Figure 3: Total electron-impact ionization cross sec-
tions for C,H, at E = 80 eV. Iull symbols: exper-
imental data; open symbols: inter- and extrapolated
values. Dotted lines: a;if scaling, o'tot(CH;‘) from
Ref.[14] is also shown.

0.935 which was obtained from the ratio of the data
of Ref.{18] and Ref.[20] at E = 600 eV. The crossed
square for C3H, is the result of calculations with the
D-M model [33], while one for C3Hg is the D-M model
result from Ref.[32]. It is worth noting that the partial
cross sections for CHJ production from the e + CH,
ionization also show a (very weak) linear dependence
on y [14] (also shown in Fig. 3).

The linearity of oy, with the number of C and H
atoms in C H, remains also for energies below and
above 80 eV. Figs. 4 and 5 iltustrate the behaviour
of total ionization cross section for & = 200 eV and
E = 50 eV, respectively. In Fig. 4 also the cross sec-
tions of CoHa, CoHy, and CoHg for E = 1000 eV are
shown to demonstrate the linearity of oy with z even
at the high energies. (The linearity of g, with =
was shown in Fig. 1 for £ = 1000 eV.) The point of
Nishimura (1994) [20] for CoH4 was corrected by a fac-
tor equal to the ratio of the cross sections of Ref.[20]
and Ref[17] at E = 145 eV. The linear dependence
of o35+ with the number of H atoms in C, I, persists

© also for energies below 50 eV (as shown for the CyH,

molecules for E = 40 eV in Fig. 4), but for energies
below 30 eV the deviations from this linearity start t{o
become large.

Figures 3-5 show that one can safely derive the value
of the total cross section at a given energy E >40 eV
for a C.H, molecule with unknown cross section on the
basis of the existing cross sections for other molecules
in the isocarbon (x =constant) series, or from the y ==
20+ 2k, k=012, series (CH, and CH; make
an exception from this second rule; see Fig. 5).
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Figure 4: Same as in Fig.3, but for E = 200 eV. The
data 05t (C2H,) at E = 1000 eV are also shown.

The linearities of gy,; with the number of C and H
atoms in C:H, molecule, observed in Figs. 3-5, are a
consequence of the empirical “additivity rule” for the
integrated continuum dipole oscillator strengths, M?,
mentioned in the previous sub-section. Figs. 3-5 sug-
gest that this rule applies down to collision energies
about 30 — 40 eV, Figures 3-5 also show that the scal-
ing of oo for C2H,, and C3H, with a,y works well (to
within 2-4 %) in the energy range from 40 ¢V to 200
eV, but it starts to fail with increasing the energy (see
Fig. 4, the C2H, curve for 1000 eV).

In the energy region below ~ 30 eV, the total ioniza-
tion cross section of C H, molecules decreases rapidly
towards its threshold, lying typically in the range 9-13
eV.

2.3 Partial Cross Sections

The partial cross sections in this Report refer to both
“gross” ionization (or to specific ion-production) chan-
nels, in which the neutral fragmentation is not speci-
fied (or unknown), and to channels with well defined
product composition. As discussed in the Introduc-
tion, the ion-production channels may include many

dissociative channels with different composition of dis-

sociation products. Only in the cases of simpler C.H,
molecules the “gross” ionization channels can be easily
related to the proper ionization channels (or are iden-
tical with them). In the experiments, only the partial
cross sections for ion-production channels can be mea-
sured. In most of the applications, however, (e.g. par-
ticle transport in fusion divertors), the composition of
neutral products from dissociative ionization is essen-
tial to fully describe the collisional kinetics. The deter-
mination of the neutral fragmentation channels within
a given “gross” ionization (lon-production) channel will
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Figure 5: Same as in Fig.3, but for £ = 50 V. The
data 0:0:(C2H, ) at E = 40 eV are also shown.

be discussed in Sections 3-5 in more detail. In this sub-
section we shall concentrate on the general properties
of partial cross sections of ion production channels.

As Table 1 shows, the ion production partial cross
sections have been measured only for a limited number
of C.H, molecules: CH,, y =1—4, CyH,, C2H;g and
C3Hg. There have been also relative measurements of
the different ion fractions in the total ion current from
electron impact ionization of CsHs, CyHy and CoHg
for two collision energies, £ = 75 eV and £ = 3.5
MeV [26]. The analysis of available information al-
lows nevertheless to derive certain conclusions about
the general properties of ion-production partial cross
sections, and on that basis to predict the values of cor-
responding cross sections for the molecules for which
no such measurements have been perforrned. We shall
focus our attention on the ion-production channels, the
cross sections of which constitute individually not less
than 5-10% of the total ionization cross section in the
entire energy range in which the measurements have
been performed.

In Fig. 6 we show the ratios of partial cross sections
for production of the ions CH;’, CH;’_1 and CH;’_2
in e 4+ CH, collisions and the corresponding total cross
section for the collision energy ¥ = 80 eV. The ex-
perimental data were taken from Straub et al[15] for
CHy4, and from Tarnovsky et ol[l14] for CH;, CH:
and CII. (The measurements of Ref.[14] were done
for CD,, but comparison of the CDy data with those
for CH4 shows that there is no isotope effect in the
cross section values.) The values of these ratios for
CHy, calculated from the partial and total cross sec-
tion of Ref.[16] are identical (or very close) to the val-
ues from Ref.[15]. The considered three ion-production
channels for CHy contribute with about 92% to the
total cross section at £ = 80 eV, while the chan-
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nels for CH* and C* ion production from CH, con-
tribute with about 96% to the total cross section at
this energy. For the ratios o(CHj Y owor (CHyY and
o{CH_,)/0t0t(CH,) we have experimental values for
all the monocarbon CHy(y = 1 —4) molecules. Within
their experimental uncertainties, the values of these ra-
tios show a linear dependence on the number of H-
atoms in the CHy molecule. This linear dependence
is, of course, translated into a linear dependence of the
mutual ratio of these two partial cross sections (also
shown in Fig. 6). The observed linear dependences on
y of CH and CH}_, fractions in the total cross sec-
tion suggest that a similar linear dependence can be
expected also for the ratio U(CH;-_Q) /10t (CH, ). Since
for CH a(CH;_z) does not exist, one can formally as-

sign a zero value for the ratio o(CH;_,}/01,:(CH, ) for
this molecule. The straight line joining this peoint with
the known experimental value of this ratio for CHy,
would determine the upper limit of the values for this
ratio for CH; and CH;. The lowest limit for the value

o(CH}_,)/0¢:(CH,) for CHz would be zero, which

would give the lower limit for the value of this ratio for

the CHj molecule, if its linear dependence is assumed.
This would introduce an uncertainty in the determi-
nation of cross section o(CHJ_,) of about 25%. How-
ever, there is no physical basis to assume that the par-
tial cross section 6(CH3_,) = o(C*) should be zero at
E =80eV, i.e. wejl above the thermochemical thresh-
olds, Eyp =~ 14.6 eV and Eyy, >~ 19.2 &V for the reactions
e+ CH, - CT+Hy+2eand e+ CHy - CF 4-2H + 2e
(for the values of Fip, see Section 3.1}. Therefore, the
determination of the linear dependence for the ratio
o(CH}_,)/010:(CH,) on the basis of a(CH,—s) = 0

for CH looks much more natural. Moreover, with the
values of 0(CH/_,}/61+(CH,) determined this way,
the linearity of the ratio o(CH, _,)/0:0t(CHy) is also
obtained, consistent with the similar linearity of the
o(CH;_|)/010t(CHy) ratio (see Fig. 6). It should be
noted that the accuracy of the presented method, based
on the observed (and expected) linearity of the frac-
tional contributions of partial ion-production cross sec-
tions to the total ionization cross section, cannot obvi-
ously exceed the accuracy of experimentally measured
partial cross sections (or their ratios relative to the to-
tal cross section). For dominant ion-production chan-
nels, that accuracy in the most carefully performed ex-
periments amounts 8-10%, while for the weak channels:
it increases up to 12-15%, or more. {See e.g. Refs[12}-
f16], (251, [31)-

A general criterion in the derivation of the un-
known (but also for checking the measured) partial
ion-production cross sections is that the sum of their
fractional contributions to the total ionization cross
section should be equal to one. For instance, for the
CH molecule, the fractional contribution of ¢(CH™)
and ¢(CHJ_,) = o(C*) cross section to ¢4, {CH) in
Fig. 6 sum up to 0.94, meaning that the fractional
contribution of the a(H*) cross section (for the chan-
nel e + CH — H* + C + 2e) equals to 0.06 at this
energy. Similarly, in the case of CHgz, the fractional
contribution of the o(H*) partial cross section to the
total lonization is 0.07, according to the values from
Fig. 6 for the fractional contributions of other three
ion-production channels.

It is worth noting in Fig. 6 that the contribution
of parent ionization (the CH;} channel) decreases with
increasing the number of H atoms in CI,,, while the
contributions of CH;_, and CH]_, channels increase
with increasing y.

The results of a similar analysis for the C.H,
families of hydrocarbons are shown in Fig. 7 for
E = 80 eV. The experimental data for the rates
a{CaH}_.)/0:0t(CaHg), k = 0—4, are available only for
CsHs, CaHy and CyHg. The channels shown in this fig-
ure are the dominant ion-production channels not only
for E = 80 eV, but also for energies up to the MeV
region [26]. The linear dependence of cross section ra-
tios on ¥ is observed for all considered ion-production
channels, except for the CgH;_l ion channel, where
this dependence is broken in two parts, at the CyH, —
member of CoH, family. This change of the slope of
linear behaviour reflects the fact that with increasing
the namber of H ators in CoH, over y =4, the release
of H, (or 2H) from C,H, becomes a more favorable re-
laxation process than the release of only one H-atom.
The change of the slope of linearity for the CgHj_;g
channel may be due to a similar phenomenon, but may
also be an artefact of the uncertainties in measured rel-
ative ion fractions in Ref.[26}. It is worth noting that
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Figure 7: Same as in Fig.6, but for CaH, molecules.
{See text.}).

the contribution of parent ionization (C2H; channel)
to the total ionization decreases with increasing ¥ much
faster than in the case of CH, family of hydrocarbons.

A similar analysis of the behaviour of fractional con-
tributions of partial ion-production cross sections to
the total ionization cross sections in the C3H,, family of
hydrocarbons is not possible since these contributions
are known only for the C3Hs molecule {31]. However,
by using the observed linearities of fractional contribu-
tions in the CHy and CyH,, systems, extrapolations to
the C3H, system are still possible. This will be dis-
cussed in detail in Section 5.

In Table 4 we give the values of the fractional con-
tributions to the total cross section for the dominant
ion-production channels in e + C3Hg collisions at the
energy E = 100 ¢V. This table shows that the dorni-
nant channels in the electron impact ionization of C3Hg
at ¥ = 100 eV are not the dissociative channels associ-
ated with hydrogen atoms (or molecule(s)) release but
those which are associated with the breakage of one
(C — C), bond. The channels for production of CoH
(y=1-5} ions contribute with 58% to the total ioniza-
tion cross section. The o(C.H;_,) cross section, which
was the dominant one in e + CyHy collisions at £ = 80
eV with a contribution of 40% to the total cross sec-
tion, in the case of C3Hg contributes only 1.5% to the
total cross section.

An important question is whether the relative con-
tributions of partial ion-preduction cross sections to
the total ionization cross section vary with the energy,
i.e. whether the analysis resulting in Figs. 6 and 7,
has to be repeated for each energy (or a sufficient large
mumber of energy points) in order to infer the values of
partial jon-production cross sections for the molecules
of CH, and C3H,, families for which such data are not
experimentally available.

For the ion fractions resulting from CyH,, CyHy and
CsH; upon electron impact with energies of 75 eV and
3.5 MeV, Melton [26] found that they are practically
the same (within the experimental uncertainties) for
these two energies. In Tables 5-7, we give the relative
contributions of dominant ion-production channels to
the total cross sections of CHy, CyHg and C;Hg, re-
spectively, in the energy range from 20 eV to 2000 eV
(For CHy4) and 900 eV (for C,Hg and CsHg). The ta-
bles show that indeed, the variation of relative con-
tributions of dominant ion-production channels to the
total ionization cross section with the collision energy is
fairly weak (with the exception of the values at £ = 20
eV for some channels). For the most dominant chan-
nels (such as CHJ and CHJ from CHy, C:HJ and
CQH;- from CQHG, and CgHg_, CzHI and CQH; from
C3Hs;), the deviation of the values of relative contribu-
tions from their average value in the interval 20-1000
eV is within 10%. For the weaker channels, this devia-
tion can increase up to 15-20%. In both cases, however,
the observed deviations from the average values of the
relative contributions in this energy range are close to
the experimental uncertainties of corresponding partial
ionization cross sections. In deriving the cross sections
for the ion-production channels of e-+ C;Hy{z =1,2)
collision systems for which no experimental data were
found in the literature we have used the experimental
values of fractional contributions for the investigated
systems at a numnber of collision energies (i.e. tables
like Fable 6 for CaHa, CoHy and CoHyg, for instance),
and only for the weaker channels we have used the av-
erage values of fractional centributions.

In the next three sections we shall discuss the cross
sections for specific channels in electron impact ioniza-
tion of molecules in the CH,, C2H, and C3H, hydro-
carbon families, respectively. Discussions of the corre-
sponding total cross sections will be given as well.

3 Cross Sections for e + CH, Col-
lision Systems

3.1 Total and Partial Cross Sections for
CH.

3.1.1 Total Cross Section

Direct absolute total ionization cross section measure-
ments for the e + CHy system have been done in
Refs.[17]-{20], covering the energy range from thresh-
old (= 12.63 eV) up to 12 keV. The data of Refs.[17],
[19], available in the energy range below 1000 eV, and
of Ref.{18], available in the energy range from 0.6 to 12
keV, agree in the overlapping energy range to within
5% (< 10% in the threshold region) and are consid-
ered as the most accurate ones. The data of Ref.[20]
have somewhat higher uncertainty. The most accurate
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Figure 8: Total electron-impact ionization cross sec-
tion for CH4. Symbols: experimental data. Solid line:
least-square fit of selected sets of data (see text).

partial ion-production cross section measurements of
Refs.[15] and [16], (uncertainty of 8-10%), also agree
with the absolute measurements of Refs.[17] and {19]
in the overlapping energy ranges.

In Fig. 8, the experimental total cross sections data
for CH; from these and some other references are
shown. The solid line in this figure is a least-square
fit of the data, excluding those of Refs.[11] and [13] in
their high-energy parts, where their uncertainties ap-
pear to be larger. The fitted cross section represents
the data with an r.m.s. of 3%.

3.1.2 Partial Cross Sections

The ion-production partial cross sections for CHy have

been measured in Refs.[11}-[16]. The accuracy of the

data from the most recent experiments (Refs.[15] and
[16]) is in the range 8-10% and these data will be
taken as a basis for the recommended cross sections.
In Ref.[14] not all ion-production channels from the
e + CH, collision were considered, while the data of
Ref.[13] contain larger (~ 20-25%) uncertainties. The
dominant ionization channels for the e + CH, collision
systerm are given in Table 8, together with the jon-
ization potential I, for CH; and the threshold ener-
gles (appearance potentials Ay) for the specific reac-
tion channels. The values for I, and 4, were taken

from Ref.[42]. In this table also shown are the ap-
pearance potentials obtained from the thermochemical
tables [43], and those obtained in Ref.[12]. The val-
ues of Ref.[42] are considered to be the most accurate
ones. They are close to those calculated from the ther-
mochemical tables. The channels shown in Table & are
the most important ones. Other channels with more
complex neutral fragmentation have higher appearance
potentials and their cross sections are expected to be
much smaller. For instance the CHF product may be
accompanied not only with the H, product, but also
with 2H products. The thermochemical threshold for
this channel is about 20 ¢V, and its cross section in
the energy region around its maximum (~ 80 eV) is
expected to be by a factor about five smaller than the
cross section for the CHY + H, channel. With decreas-
ing the energy this difference should increase, particu-
larly in the threshold region for the CHJ + 2H channel
{20-30 eV) where the cross section o(CHZ +2H) should
rapidly decrease towards zero with decreasing the en-
ergy towards threshold. Similar arguments apply also
for the other (neglected) neutral fragmentation chan-
nels within the Ct, Hf and HT ion-production chan-
nels, since the value of thermochemical threshold in-
creases with increasing the number of fragmented prod-
ucts.

The experimental cross sections for the ionization
channels shown in Table 8 are given in Figs. 9-15.
The solid lines in these figures are the least-square fits
of the data of Refs.[15] and [16], extended appropri-
ately towards the threshold and high energies by tak-
ing also into account the data from Refs.[11-14]. The
extensions of the solid lines in the keV energy region
were controlled by two criteria: (i) preservation of the
Bethe-Born behaviour of the cross section from the 0.6-
1 keV range in the region £ > 1 keV, and (ii} the sum
of the partial cross section should reproduce the total
ionization for CH4, which is known experimentally up
to 12 keV.

It should be noted that there is a rather strong cor-
relation between the magnitude of ionization channel
cross section and the value of channel appearance po-
tential. This correlation is particularly pronounced for
the weaker channels. For instance, for the HY —, C+—
and Hj — ion-production channels, the thermochem-
ical reaction thresholds are 18.11, 19.46, and 20.27
eV, respectively, {see Table 8}, and Figs. 13-15 show
that the cross sections for these channels strongly de-
crease with increasing the threshold energy. The en-
ergy threshold for the H™ ion-production channel is
also smaller than that for CH' ion-production chan-
nel, which makes o(H*) larger than o(CH™) (compare
Figs. 12 and 14). The reason for this is the inverse
dependence of the break-up reaction on the threshold
energy, which is also reflected in the classical picture of
iontzation process. However, the observed inverse de-
pendence of o on E;p for the weak dissociative channels
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Figure 15: Same as in Fig.9, but for the CHy + H
dissociative channel.

is much stronger than Etjll.

3.2 Total and Partial Cross Sections for
CH;

The total cross section for the methyl radical CHs
has not been measured directly. In Refs.[14] and [22]
the cross sections for the two dominant ion-production
channels (parent ionization and CHJ + H dissociative
ionization) were measured, while in Ref.[23] only the
parent ionization cross section was measured. {The
D-isotopic version of this molecule was used.) The
claimed accuracies are +15 — 18% in Ref[14] and
+30% in Ref.[22]. The ion-production channels for the
e+ CHj collision system are given in Table 9, together
with the values of their threshold energies {calculated
from thermochemical tables, [44, 45}). Only the domi-
nant neutral fragmentation channels are shown in this

_ table.

The cross sections for the first two channels of Ta-
ble 9 are shown in Figs. 16 and 17. The available ex-
perimnental data, both for the parent ionization and
CH3 + H dissociation channel, agree well with each
other. The solid lines on these figures are least-square
fits of the data for E < 200 eV. The high energy
parts of the cross sections represented by the solid
lines were obtained from the ratios o(CHJ }/o o (CHs)
and o¢(CHY } /1o (CHz) for E = 200 eV, assuming that
they remain the same also for E > 200 eV. The value of
710t (CH3) was taken from the BEB calculations [21] at
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E =500eV and £ = 1000 eV. The value of gy, (CHz)
at 1000 eV was increased from 0.83 x 107 %¥%¢m? to
0.9 x 107'®cm? to preserve the linearity of o0 (CH,)
BEB cross sections [21, 24] with respect to y at this
energy. The other values of ¢{CHJ) and ¢(CHJ) in
the energy region above 200 eV were obtained by in-
terpolation, using the Bethe-Born character of cross
section behaviour. The unknown cross section o{CH™)
for the CHY + I, channel was obtained in the energy
region below 200 eV by using the linear y-dependence
of &¢0:(CH,} for the energies 40, 8G, 200 eV (the last
two of them shown in Figs. 3 and 4) and the ratio
o{CH'} /o1t (CH3). The values of this ratio were found
to be very close to each other, and for £ = 80 &V it
is shown in Fig. 6 (the o(CH;_,)/0::(CH,) line). By
using the value of this ratio at £ = 200 eV also for the
high energies, and, as before, by using the BEB values
of 04,:{CHz) at ¥ = 500 and 1000 eV, the cross sec-
tion ¢(CH™) was determined in the entire energy range
by an interpolation / extrapolation procedure (based
on the Bethe-Born cross section behaviour at high en-
ergies and its steep decrease towards the threshold at
energies below ~ 30 eV). The cross section o{CH")
derived in this way is shown in Fig. 18. We note that
the sum of the partial cross sections o(CHZ )}, o (CHY)
and o(CH™) constitutes 94.4% of the total ionization
cross section of oy,:(CHj3) in the energy region when
all three channels are open. The remaining 5.6% of the
total cross section is distributed among the last three
ion-production chanrels in Table 9. From the point of
view of many gas- {or plasma-) kinetics applications,
one can safely neglect these three channels in the k-
netics. If nevertheless one would like to include these
channels in the kinetics, then, in absence of any clear
criteria to defermine their cross section from the exist-
ing ones, one can use the closeness of the appearance
potentials for the I, C* and HJ channels for the
e+ CH4 and e -+ CH; systems (see Tables 8 and 9) and
the remaining 5.6% of the total cross section oy, (CHz)
distribute among the H¥, CT and HJ chanmnels in the
same proportion as the cross sections for the analogous
ion-production channels in the e + CHy4 system. This
procedure, which cannot be rigorously justified, would

give

U(H+) = 0.0390’50f(CH3), (4&)
G’(C+) = 0.0l?Utot{CH;g), (4b)
O’{Hj) - 0.0050’{015(0}13). {40)

The largest, of these cross sections, o(H™}, is shown in
Fig. 19, after its appropriate adjustment in the thresh-
old region {i.e. below 30 V).

The total cross section obtained by sumnming the par-
tial cross sections for the channels CH; , CH; -+ H and
CH™ + Ha, and accounting for the remaining in Table
9 via Fq.{4), is given in Fig. 20.

We note that the total ionization cross section for
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Figure 20: Total electron-impact ionization cross sec-
tion for CHs.

CHj3, caiculated by the Bethe-Born formula, Ea.(2),
with the value of M} = 3.21 {from Table 2) and C; =
0.09, at the energies F = 500 and 1000 eV differs from
the values in Fig. 20 (or the BEB cross section values)
at these energies by 12% and 16%, respectively.

3.3 Total and Partial Cross Sections for

The partial cross sections for the CHJ and CH™ ion-
production in e+CHy (in fact e+CDy) collision systems
were measured in Refs.[14] and [22], while for the CH+
and C* channels in e+CH (e+CD) system such mea-
surements have been performed only in Ref.[14] so far.
These channels may account, according to the authors
of these references, up to about ~ 90% (for CH,) and
even more (for CH) of the total cross section. In Table
10 we give the list of other possible channels in these

. collision systems (with the list for CH being exhaus-

tive). The ionization and appearance potentials for
the listed channels are also given in the table (taken
from Refs.[44, 45]). The measurements were done in
the energy range from the threshold to 200 eV, and
the claimed data accuracy is +15 — 18% in Ref.[14]
and +30% in Ref[22]. No direct total ionization cross
section measurements have been performed so far for
these radicals.

The cross sections for the CHy and CH* + H chan-
nels are given in Figs. 21 and 22, respectively. The solid
curves represent least-square fits of the data of Ref.[14],



e+ CH,—>CH, +2e

15

U(cmz)

O Tamovsky et al. {1986}
{Balocchi et al. {1984)

10 - 5 .
10 10 10 10
E(eV)
Figure 21: Partial cross section for parent (non-

dissociative) ionization of CHz. Symbels: experimen-
tal data. Solid curve: least-square fit of the data, ex-
tended to high energies by using scaling relationships
{see text).

extended in the energy region above 200 eV by a pro-
cedure similar to that described in Section 3.2 for the
analogous channel cross sections for CHz. The cross
section for the channel CT + Hy was determined from
the ratio o(CH, _,)/0(CHz), shown in Fig. 6 for the
energy E=80 eV, and the similar linear dependences of
this ratio for other energies. The partial cross section
for this channel is given in Fig. 23.

The sum of partial cross sections for the first three
channels in Table 10 accounts for 93.2% of the total
ionization cross section for CHs. The remaining 6.8%
of 020:(CHy) are distributed between the HY -+ CH and
Hi + C channels with slight preference for the HT +
CH channel due to its smaller threshold energy. These
two channels can be neglected in the collision kinetics,

but if one decides to include them, a plausible way

to express the slight dominance of H™ + CH over the
Hi + C channel is to assign them the following cross
sections

o(HT) = 0.0380,,:(CH,),
o(H}) = 0.030¢,:{CHa),

(5a)
(5b)

in the energy region above ~ 50 ¢V. For E <50 eV, an
adjustment should be made to account for the different
thresholds of Ht and HJ channels from that for CH,.
The total ionization cross section for CHs molecule, ob-
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Figure 22: Same as in Fig.21, but for the CH™ + H
dissociative channel.
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tained by summing the partial cross sections o(CHY),
o(CH™) and o(CT), and including the contributions
from ¢(H*) and o(H5) via the relations (5), is given
in Fig. 24.

For the e + CH collision systemn there are only three
ionization channels possible (see Table 10), and the
cross section for the CH' and Ct + H channels are
available up to the energy of 200 eV [14]. The energy
threshold for the third, H 4+ C, channe! is much higher
than for the first two, and its cross section should be,
correspondingly, much smaller than for the first two. In
Ref.[14], the HT ion signal was not recorded, and the
authors claimed that the maximum value of this cross
section (in the region 80 % 10 eV} was smaller than
0.1 x 107%cm?. The value of o(H") cross section is
obviously equal to the difference of the total cross sec-
tion and the sum of measured o(CH™) and o{C™) cross
sections at a given energy. For determining o(H*) we

can use the linearity of total cross sections for #(C3Hg)

{propene) and o{CsH,) for a given energy (see Figs. 3-
6), the value of o{H™) being given by the intersection
of the line connecting o{C3Hg) and o{C2H,) with the
vertical line which defines the position of CH on the
C.H, axis of o4 {C,Hy) — C,H, plane (see Figs. 3-
6). The total ionization cross section oy, (CH), found
by this procedure for E=50, 80, and 200 eV, equals
1.98x 10 '%cm?, 2.06x 107 *%cm? and 1.58 x 10~ 6cm?,
respectively. Since the total ionization cross sections
for C:Hy and C3Hg are known up to 12 keV [18, 20},
the cross section o4,:{CH) can be determined by this

procedure up to that energy as well. For instance,
using the data of Ref.[18} for £ = 1000 ¢V, one can
derive by this procedure (within the experimental un-
certainty of the data } the value of 0.55 x 10~ 8¢m?
for o;,{CH). The cross section 04:(H™), obtained as
difference between o1,:(CH) and the sum of ¢(CHT)
and o{C*) from Ref.[14], for £ = 50, 80 and 200 eV
has the values 4.0 x 107 %¢m?, 4.2 x 10~ 8em? and
3.2 % 107 %cm?, respectively, which constitutes 2% of
the total cross section. For these three energies the ra-
ti0s 0(CH™ } /010t (CH) and ¢(C*)} /o0, (CH) are almost
constant, with values of 0.76 and 0.22, respectively.
According to the discussions in Section 2.3, these ra-
tios should not change appreciably for energies above
200 eV and can be used to derive the cross sections
a(CH") and ¢(C*) in the high-energy region on the
basis of known o1,¢(CH). The cross sections o(CHT)
and a(C%) are shown in Figs. 25 and 26, respectively,
where their values above 200 eV were determined in
the above described way. We should note that the to-
tal contribution of 6(CH*) and ¢(C*) to 040 (CH) re-
mains the same (98%) for all energies above 50 eV,
and approximately the same for E < 50 ¢V, so that
the cross section ¢(H') can be written

U(H+) = 0.02Ut0t(CH), (6)
with an appropriate adjustment in the threshold re-
gion due to the difference of threshold energies for
o{H") and 0;,;(CH). The total cross section 10 (CH)
is shown in Fig. 27.

4 Cross Sections for e+ CH,
Collision Systems

4.1 Total and Partial Cross Sections for
CoHg

4.1.1 Total Cross Section

Direct absolute measurements of total electron-impact
ionization cross section for CoHg were performed in
Refs.[18-20] which together span the energy region up
to 12 keV. The data of Refs.[18] and [19] are consis-
tent with each other (when shown on a Platzman plot),
while the data of Ref[20] tend to be somewhat higher
than those of Refs.[18, 18]. The partial cross sections
for a large number of channels from e+ CoHjg ionization
were measured in Refs.[12, 25]. With proper normal-
ization (e.g. the sum of partial cross sections in Ref.[25]
was normalized on the value of g4, (CoHg) at £ = 100
eV of Ref.{19]) the sum of these cross sections should
also give a total cross sections with an accuracy com-
mensurate with the accuracy of dominant partial cross
sections. In Ref [25] the claimed accuracy of dominant
partial cross sections is =15%, while in Ref.{12] it is
20%. The total cross sections from Refs.[18], [19], [12],
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Figure 25: Partial cross section for parent {non-
dissociative) ionization of CH. Symbols: experimen-
tal data. Solid curve: least-square fit of the data, ex-
tended to high energies by using scaling relationships
(see text).
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Figure 26: Same as in Fig.25, but for the C7 + H dis-
sociative channel.
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Figure 27: Total electron-impact ionization cross sec-
tion for CH.

and [25] are shown in Fig. 28. The solid line in this
figure is a fit of the data.

4.1.2 Partial Cross Sections

The main ion-production channels with their dominant
neutral fragmentation modes for the e + CyHg colli-
sion system are shown in Table 11. The threshold en-
ergies for these channels are also given in the table.
The values for Ey of Ref.[46] are considered as the
most accurate. The thermochemical dissociation lim-
its for the listed channels are also given in the table
[43]. In the experiments on e + C;Hg ionization, all
channels in Table 11 were observed, and their cross
sections measured [25, 26], except for the CHf + CHa,
H* 4 C3Hg and Hy + CH,y channels. (In Ref [12] the
doubly charged ion-production channels were not ob-
served.) Note that some of the ionization channels pro-
duce hydrogen atoms in highly excited states [43].

In Figs. 29-37 are shown the experimental data from
Refs.[12] and [25] for the channels with peak cross sec-
tions above 1.0 x 10~ 'em?. As discussed eariter (Sec-
tion 2.3), the dominant contribution to the total cross
section give the channels CoHy +Hs and CoHT +Ho+H
(about 60% of oyt (Ca2le), see Table 6), while the con-
tribution of the parent iomization channel CoHg ac-
counts for only about 10% of o:,¢(CsHs), as is the con-
tribution of the CoHj channel (see Table 6). The data
of Refs.[12] and [25] agree well for the dominant chan-
nels, but disagree for the weak channels {see Figs. 29-
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Figure 28: Fig.28. Total electron-impact ionization
cross section for CoHg. Symbols: experimental data.
Solid curve: least-square fit of the data (see text).

37). The accuracy of more recent data of Ref.[25] is
higher than the accuracy of Ref.]12], and the solid
curves on Figs. 29-37 were obtained by fitting only the
data of Ref.[25]. The extension of these fits into the
energy region above 900 eV was done by using the ra-
tios of these cross sections and oy, (C2Hg) at E = 900
eV from Table 6, which should stay approximately the
same at high energies (see Section 2.3). The cross sec-
tions of the weak channels CoHt, CHY and CH* show
a Bethe-Born type energy behaviour already at ener-
gies of 300-400 eV and their extension in the energy
region above 900 eV was straightforward.

The large number of available dissociation channels
in the complex CsHg molecule has a consequence that
the main portion of the total cross section (say 95%)
is distributed among a larger number of channels than,
for instance, for the case of e+CHy collision system. At
the energy of 100 eV, one needs to include all the (nine)
channels whose cross sections are shown in Figs. 29-37
in order to obtain 95% of 6, (CsHs) at that energy.

We note that the weak CH™ ion-production chan-
nel contains two neutral fragmentation channels with
equal (or almost equal) thresholds (see Table 11). The
partition of CH* ion-production cross section between
these two channels can be taken by assigning equal
contribution to each of them to o(CH™).

We also note that the CyH] ion-production channel
apart from the neutral fragmentation chammel CoHJ +
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Figure 29: Partial cross section for parent (non-

dissociative) ionization of C2Hg. Symbols: experimen-
tal data. Solid curve: least-square fit of the data of
Grill et al. [25], extended to higher energies by using
scaling relationships (see text).
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Figure 30: Same as in Fig.29, but for the CgHg' +H
dissociative channel.
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Figure 31: Same as in Fig.29, but for the CoHy + H»  Figure 33: Same as in Fig.29, but for the C>Hy + 2Hs
dissociative channel.

dissociative channel (see text).
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Figure 32: Same as in ¥ig.29, but for the C-ZH§+H2+H Figure 34: Same as in Fig.29, but for the CoH™ +2Hs +
H dissociative channel.

dissociative channel.
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Figure 35: Same as in Fig.29, but for the CHj -+ CHj
dissociative chanmnel.
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Figure 36: Same as in Fig.29, but for the CH} + CHy
dissociative channel.

e+C,H,—> CH+ CH,+H + 2¢

107" . T

QG et al (1993)
O Chaham et al, {1984)

E (eV}

Figure 37: Same as in Fig.29, but for the CH+ + CH, +
H dissociative channel.

H; may contain also the channel CHf + 2H. The
thermochemical appearance potential for this chan-
nel is 16.45 ¢V and is not shown in Table 11. The
cross section shown in Fig. 31 is in fact the CoHJ
ion-production cross section and includes also the con-
tribution from the 2H fragmentation channel. Analy-
sis of the dependence of the partial cross sections on
the threshold energy indicates that the contribution of
2H fragmentation channel to o(CoH7 ) may not exceed
15%.

4.2 Total and Partial Cross Sections for
CoHs

There have been no experimental measurements or the-
oretical calculations of the total and partial cross sec-
tions for the CoHy radical (see Table 1). These cross
sections can nevertheless be derived using the scaling

_ relationships discussed in Sections 2.2 and 2.3. Us-

ing Figs. 3-5 for the scaling of total cross sections of
C.H, molecules for the energies 50, 80, and 200 &V
{for CoHy also for E = 40 and 1000 eV, see Figs. 4
and 5}, and using additional similar diagrams for en-
ergies below 40 eV and above 200 eV, one can find the
values of ¢4 (CoHs) up to 12 keV (the upper most en-
ergy in Ref [18] for the total cross sections of C,H, and
CaHg which are needed for the lincar interpolation of
the value of 04,:{CaHy)). The cross section o4, {CaHs)
obtained by this procedure (keeping also in mind the
value 8.25 eV of the ifonization threshold) is shown in



Fig. 38. We note that the value of Bethe-Born cross
section, Eq.(2), calculated with M2(C;H;y) = 7.85 from
Table 2, and the average C; value for all the hydrocar-
bons of 0.089, differs at £ = 1000 ¢V by ~ 6% from
the one obtained by the scaling procedure.

The ion-production channels with the dominant neu-
iral fragmenis for the e + CyH;5 collision system are
shown in Table 12, together with the ionization po-
tential for the parent ionization channel and the ap-
pearance potentials for the dissociative channels. The
latter were calculated from the thermochemical tables
(44, 45]. The CyHJ + 2H channel has a thermochem-
ical threshold of 15.65 eV (compared to the threshold
11.20 eV for the CsH} + H» channel) and is not in-
cluded in the table. (Its contribution to the o{C2H3')
ion-production c¢ross section will be discussed at the
end of this subsection).

The cross sections of ion-production channels were
obtained on the basis of o4,:(C2Hs) and the ratios
a{CoHs_ ) /00t (CaHs), £ = 0,1,2,3,4, shown in
Fig. 7 for the energy £ = 80 eV. In accordance with
the conclusions of Section 2.3, we have taken that
these ratios remain valid for all energies above ~ 40
eV. For E <40 eV, these ratios may somewhat over-
estimate the cross section. However, for the chan-
nels with high energy thresholds (~15-20 V) this en-
ergy range is relatively small, and even a direct ex-
trapolation of the cross section towards the thresh-
old may not result in large errors. The parent ion-
ization cross section ¢{C2H7) obtained by this pro-
cedure is shown in Fig. 38, while the cross sections
for the CoHy, C2HY, C:Hj and C.HT ion-production
channels are shown in Fig. 39. We note that the sum
of the above five partial cross sections accounts for
93% of the total cross section. The remaining 7%
of opt(CaHs) is distributed among the other chan-
nels listed in Table 12. The fractional contributions
of the remaining CH, CH§, CH*, C* and CJ ion-
production channels were determined by interpolation
of the known values of the contributions of these chan-
nels in the e+ CoHg (from Ref.[25]) and e+ CyIl4 (from
Ref.[26}1) systems at the energy ££ = 75 eV. The result-
ing cross sections of these ion-production channels in
the e + CoHs system are (for £ >40 eV)

c(CHT) = 0.02804,¢{C2Hs5), (7a)
o(CH} ) = 0.021044:{CoHs), (7b)
o{CHT) = 0.0120;,;(C2Hs), (7c}
o(Ch) = 0.0060:,:{C2Hz), (7d)
a(C3) = 0.0030¢,¢ (C2Hs). (Te)

For E < 40 ¢V, the values of these cross sections can
be determired by direct extrapolation towards their
{relatively large) thresholds. The small o(CT) cross
section is equally shared between the CHy + H and
CHs + Hs neutral fragmentation channels {which have
almost identical thresholds).
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Figure 38: Total and parent {non-dissociative) ioniza-
tion cross sections for CoHs (see text).
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Figure 39: Partial cross sections for CoHi |, & =
1,2,3,4, ion-production channels of C,I; (see text).
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Figure 40: Total electron-impact ionization cross sec-
tion for CoHy. Symbols: experimental data. Solid
curve: least-square fit of the data.

As we have mentioned at the beginning of this sub-
section, the ion-production cross section o(C,Hjy ) con-
tains some contribution also from the Co H{f + 2H neu-
tral fragmentation channel. An analysis of the correla-
tion of threshold energy and the maximum cross sec-
tion value indicates that the contribution of C;HF +2H

channel to o(C2HI) may not exceed 20%.

4.3 Total and Partial Cross Sections for
CyHy

The total ionization cross section in ¢ + CoHy collision
has been measured in Refs.[17, 18, 20} in the combined
energy range from threshold to 12 keV. The data of
Ref.[17], (available up to 145 eV), are considered to be
accurate within 10% and better, while those of Ref.[18]
{available in the rage 0.6 - 12 keV) have a similar ac-

curacy. The data of Ref.[20] seem to have, generally

speaking, higher uncertainties than those in Refs.[17,
18], but in the range 200-600 eV they give a relatively
smooth connection of the data of Refs[17, 18]. The to-
tal ionization cross section for CeHy can, thus, be con-
sidered as well established in the energy range up to 12
keV. The experimental cross section data are given in
Fig. 40. The solid curve through the data represents
their least-square fit.

Partial cross section measurements for this collision
system have not been performed as yet, except for the
relative measurements of the fractions of ten different

e + C,H, —> ionization
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Figure 41: Partial cross sections for the parent, CoHJ
and dissociative CoHJ + H ionization channels of CoHg
molecule (see text).

ions resulting from the ionization process in the total
number of ions for two electron-impact energies, 75 eV
and 3.5 MeV [26]. Using the fact that these fractions
do not change appreciably with the energy (as shown in
Ref.[26]}, one can derive the partial cross sections for
ion-production channels on the basis of known total
cross section.

The ionization channels for ¢ + CoHy systemn are
shown in Table 13 together with the ionization poten-
tial for CoH4 and the appearance potentials for the dis-
sociative channels (calculated from the thermochemical
tables [44, 45]).

The partial cross sections for the ion-production
channels CQH;'-Ak, kE = 0,1,2,3,4 were derived
from the values of 06y2(C2Hs) and the ratios
o(CaHy )/ 0t0t(CoHy). For the energy E = 80 eV,
these ratios are shown in Fig. 7, and we assume that
their values remain the same in the entire energy region
above 40 eV. Below 40 eV, these ratios may vary with
the energy, but the cross sections here can easily be
extrapolated towards their zero-value at the reaction
threshold. The cross sections for the channels CoHJ
and CQH;_ +H are shown in Fig. 41, while for the chan-
nels CoHy + Hy/2H, CoHT + Hy 4+ H and C5 + 2H,
they are shown in Fig. 42. The cross section ¢(CaHJ)
containg the contributions from the H, and 2H neu-
tral fragmentation channels in the proportion 81% {for
H,) and 19% (for 2H). The considered five ionization
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Figure 42: Partial cross sections for the CoHI + Ho,
CoH* 4+ Hy + H and CJ + 2H, dissociative channels of
C2H; (see text).

channels account for 96% of the total ionization cross
section a(CoHy4). The remaining 4% of o10:{C2Ha) are
distributed among the last four channels in Table 13.
Taking the fractional contributions for these channels
from Ref.[26] for F = 75 eV, and assuming their valid-
ity in the energy region (well) above the corresponding
thresholds, the partial cross sections for these channels
can be written as

o(CHF) = 0.0172040:(C2Ha), (8a)
o(CHZ) = 0.01630:0:(C2Ha), (8b)
o(CHT) = 0.007404,¢(C2Hy), (8c)

o(CV) = 0.00400:0: (C2 Hy). (&d}

These fractional contributions are consistent with the
linear extrapolation of the corresponding values for the
CyHg molecules [13] to the CoHy4 case. The small cross

section o (C™) is shared approximately equally between

the two neutral fragmentation channels, CH; + H and
CH.+Ha (see the close values of the appearance poten-
tials for these two channels in Table 13.) The cross sec-
tions (8) have to be adjusted in the energy region below
~30-40 eV to account for the vicinity of the threshold.

4.4 Total and Partial Cross Sections for
CoH;

There are no experimental investigation on the
electron-impact ionization of CoHj; radical reported so

e + C,H, —> total ionization
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Figure 43: Total electron-impact ionization cross sec-
tion for CoHs (see text). Dashed line: BER cross sec-
tion.

far. There exist only BEB-model calculations of the to-
tal ionization cross section for this molecule performed
recently [27]. Since for the cases of CaHs and CoH, the
BEB model underestimates the total ionization cross
section for 22% and 15%, respectively, in the energy
region around the cross section maximum, E =70-30
eV, (compare for CoHy the BEB data from Ref.[24] and
the most recent experimental data of Ref.[16], and for
C2H4 the BEB result of Ref.[21] and the experimental
data of Ref.[17]), we decided to derive the total cross
section for CoHg from the scaling properties of total
cross sections for C;H, molecules (see Section 2.2). Us-
ing the data points for g4:(CoHs) from Figs. 3-5 for the
energies & = 40, 50, 80, 200 and 1000 eV, and deriving
such data from similar diagrams for other energies (up
to 2000 eV, the highest energy for which oy, (CsHy)
data are available [28]}. The gy(C2Hs) cross section
obtained by this procedure is shown in Fig. 43. The
BEB cross section [27] is also shown in this figure for
comparison. The two cross sections agree to within 2-
8% in the entire energy region. It should be noted that
the Born-Bethe cross section, Eq.(2), with M}? = 5.71
from Table 2, gives values for o, (CaHz) which differ
by not more than 15% from BEB results for £ > 500
eV,

The ion-production channels in the e+C,Hg collision
system, with indication of dominant neutral fragmen-
tation(s), are given in Table 14. Also given in this
table is the ionization potential of CoHs and the ap-



e + C,H, —> ionization

10 T T T

1
T I
S I
° i
L] ~ ~
P N N
I ™, N
[ ~ 1
' f N
H j‘ N
. ¥ —G
1w Eid — CH+H ™. 1
: : I Ce‘ +H, ~,
| ; ——- G +H,+H \\
| | \\
) i N
('
l! ]
(l
o LLE . .
10" 19° 10° 10"
E (V)

Figure 44: Partial cross sections for the parent and
dissociative ion-production channels C,H7 ,, k& =
0,1,2,3 of CaHjy (see text).

pearance potentials of the dissociative ionization chan-
nels (calculated from the thermochemical tables [44,
45]). The cross sections for the ion-production chan-
nels CoHY, C:HY, CoHT and CJ were derived from
o¢(C2H3) and the ratios J(CzH;“_k)/atot(CQH:,»), k=
0,1,2,3 shown for E = 80 eV in Fig. 7, and assuming
that these ratios remain the same at energies above
~ 40 eV. For E < 40 eV, the cross sections were ex-
trapolated towards the corresponding channel thresh-
olds.

The ion-production cross sections o(C2H ), k =
0,1,2,3, are shown in Fig. 44. The cross section
o(C2H™) contains two neutral fragmentation channels,
CoH* +Hy and CoH7 4 2H, with significanily different
thresholds (see Table 14). An analysis of the correla-
tion of the channel cross sections and their thresholds

gives that CoH™ + H, channel contributes to ¢(C2H™)

with 90%, while the contribution of CoHT +2H channel
in o{CoHT) is 10%.

The above four ion-production channels contribute
to the total ionization cross section o:¢(CeH3) by 90%
{in the energy region when all channels are open). The
contribution of the remaining four channels from Ta-
ble 14 to 54, {C2H;3) can be determined by interpo-
lation between the contributions of the corresponding
ion-production channels to the total cross sections of
C,H, (data from Ref[26]) and CoH: (averaged data
from Refs.[16] and [26]) at £ = 75 eV. Assuming that

these relative contributions remain the same at the en-
ergies above 40 eV, the corresponding partial cross sec-
tions in this energy region can be represented as

o(CH3 ') = 0.0070¢,t(C2Hz), (9a)
¢(CHT) = 0.0300¢,,(C2Hs), (9b)
o(CT) =0.02207,;(C2H3), (9c)
o(HT) =0.02600:(C2Hs). (9d)

For energies below ~ 40 eV, the cross sections can
be obtained by direct extrapolation towards the cor-
responding thresholds. The value o(CHT)/g0:(CaHz)
agress with the extrapolation of o(CHJ ) /o0 (Calg)
from Ref.[13] to the C2Hg molecule case. It should be
noted, however, that there are significant (20-30%) un-
certainties in the (9b, ¢, d) ratios. The unaccounted
for 1.5% of the total cross section can be attributed to
doubly charged ion-production channels, not listed in
Table 14.

4.5 Total and Partial Cross Sections for
CsH,

As early as in 1932, Tate and Smith [30] measured
the efficiency for production of ions resulting from the
e+ CyH; collision in the energy range from ~ 15 eV to
500 eV. These data can be converted into total ioniza-
tion cross section [29]. Other direct total cross sections
for CoHs have not been performed. Partial cross sec-
tions for six ionization channels in e + C,H, collision
have been measured in Ref.[16] (up to E = 600 eV},
Ref.[29] {up to E = 800 eV) and for seven channels in
Ref]28] {up to £ = 2000 eV). The relative ion frac-
tions in the total number of ions resulting from the
e+ GoHy collision were also measured in Ref.[26] for
two energies (75 eV and 3.5 MeV). The most accurate
of these measurements are those of Ref.[16] with an ac-
curacy of 10% for the dominant channels and 15% for
the weak channels. The claimed accuracy of the cross
section measurements in Ref.[29] is +13%, while that
in Ref.[28] seerns to be higher (the claimed one is 15%).

The total cross sections from these references are
shown in Fig. 45. The solid curve in this figure rep-
resent the fit of the data of Ref.[16], combined in the
threshold region with those of Ref[30]. For energies
above 600 eV, the cross section (represented by the
solid curve) was derived by using the scaling relation-
ships from Section 2.2. The BEB cross section [24] lies
below the data of Refs.[16] and [29], and for E > 100
eV goes through the data of Ref[28].

The main ionization channels in the e + C3H, colli-
sion are shown in Table 15. The CyH, ionization po-
tential and the appearance potentials for the dissocia-
tive ionization channels (from Ref.[46]) are also given
in the table. The values of appearance potentials, cal-
culated from thermochemical tables (Refs.[44, 45]) are
also shown.
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Figure 45: Total electron-impact ionization cross sec-
tion for CyH,. Symbols: experimental data. Solid
curve: least-square fit of selected sets of data (see text}.
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Figure 46: Partial cross sections for the parent and dis-
sociative jon-production channels CsH;_,, k¥ = 0,1,2
of CoHly. Symbols: experimental data. Solid curves:
least-square-fits of selected sets of data {see text).
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Figure 47: Same as in Fig.46, but for the CH* + CH
dissociative channel.

The cross sections for CoHf, CyH' and C§ ion-
production channels are shown in Fig. 46. The solid
curves in this figure are fits of the data from Refs [16]
and [29], with preference given to the data of Ref.[16].
They are extended at higher energies by using the av-
erage ratio a(CaHJ_,)/ot0¢(C2Ha) of the data from
Ref[16] (for F =400-600 V) and assuming that it re-
mains the same in the high energy region. For the
other three ion-production channels the cross sections
are given in Figs. 47-49. The solid lines in these figures
have the same meaning as in the previous figure, and
in the high energy region have been determined in a
similar way.

The partition of the CJ ion-production cross section
between the Hy and 2H neutral fragimentation chan-
nels remains somewhat unclear despite the indication
of experimental thresholds that the two-body neutral
fragmentation channel could be favoured in this sys-
tern. A similar remark can be made also for the CH /
C + H and CH,/CH + H neutral fragmentation chan-
nels associated with the CHT and O~ ion-production
channels.

4.6 Total and Partial Cross Sections for
C.H

There have been no total or partial ionization cross
section measurements or calculations for the e + CoH
collision system. The total cross section for CoH can be
derived using the scaling relations discussed in Section
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Figure 48: Same as in Fig.46, but for the CT + CH,
dissociative channel.
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Figure 49: Same as in Fig.46, but for the HT + CoH
dissociative channel.

2.2 (cf. Figs. 3-5). The partial cross sections for the
CoH* and C3 ion production channels can be derived
from the scaling relations discussed in Section 2.3 (cf.
Fig. 7). These procedures were explained in detail in
the previous sub-sections.

In Table 16 the ionization channels for the e + CoH
system are given, together with the ionization potential
for CoH and the appearance potentials for the disso-
ciative channels [44, 45]. The total and parent ion-
ization cross sections are shown in Fig. 50, while the
C3 ion-production cross section is shown in Fig. 51.
The CoHT and C; ionization cross sections contribute
jointly about 1% to the total cross section. The re-
maining 9% are shared by the CH*, CT and H* ion-
ization channels. We have assumed that these ion frac-
tions share the remaining 9% of the total cross section
in the same proportion as they do that in the case of
CoHy at E = 80 eV. (In the CyHs case, the contribu-
tion of CH', C* and HT fractions to the total cross
section at E = 80 eV is 18.5% [16].) Assurning that
the energy variation of this contribution is small (see
Section 2.3), this procedure gives

O’(CH+) =~ 0.0350}03(021{), (IOa)
O'(C+) s O-OIQUgOt(CQH)7 (10b)
o(Ht) = 0.0360:,¢(C,H). (10¢)

The values for the CHT and C* fractions are consistent
with those obtained by extrapolating (linearly) the val-
ues of these fractions at E = 75 eV of Ref.[26] for the
e + CoH, and e + CoHy collision systems. The cross
sections for CH, Ct and HY ion-production channels
are shown in Fig. 52. In the region below ~ 40 eV, the
cross sections (10) have been adjusted to account for
the vicinity of the threshold.

5 Cross Sections for e + C3H, col-
lision systems

5.1 Total and Partial Cross Sections for
CsHs

5.1.1 Total Cross Section

There exist three sets of direct total ionization cross
section measurements for the e + C3Hg collision sys-
tem [18-20] which jointly cover the energy range from
threshold to 12 keV. The cross sections of Refs.[18]
{energy range 0.6-12 keV) and [19] (from threshold to
240 eV) are believed to be accurate to within 10%,
while those of Ref.[20] (from threshold to 3000 eV) have
larger uncertainties. Very extensive partial cross sec-
tion measurements for this collision system were per-
formed in Ref.[31] (including 23 ion-production chan-
nels) in the energy range up to 950 eV. The sum of
these cross sections (normalized to the data of Ref.[19)]
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Figure 50: Total and parent ionization cross sections
for CoH (see text).
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Figure 51: Partial cross sections for the CJ + X
CH' + C dissociative channels of CoIl (see text).
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Figure 52: Partial cross sections for the CT + CH and
H* + C, dissociative channels of C,H (see text).

at E = 100 eV) should also give an accurate (to within
10%) total ionization cross section. The data from
Refs.[18], [19], and [31] are shown in Fig. 53. The solid
line in this figure represents a least-square fit of the

data.

5.1.2 Partial Cross Sections

The number of observed ion-production channels in
the e + CzHg system is 23 [31], the most important
of which are given in Table 4. In Table 17 we give also
the dominant neutral fragmentations associated with
these channels, as well ag their appearance potentials
[44, 45]. The ionization channels listed in Table 17 ac-
count for 95% of the total ionization cross section at
100 eV {see Table 4). As can be seen from Table 4, the
dominant ion-production channels are CoHJF, CoHT
and Cyllf, which apart from the neutral fragmenta-
~ tions shown in Table 17 may have also other fragmen-
tation channels. For instance, apart from the CHjy
nentral fragment, the C.HZ ion-production channel
may consain contributions also from the CH, + H and
CH + Hs neutral fragmentations. The thermochemical
appearance potentials for these two neutral fragmenta-
tion channels are 16.88 eV and 16.74 eV, respectively,
much higher than the thermochemical appearance po-
tential of 11.99 eV for the CHjz neutral fragmentation
channel. Their contribution to the total CoHZ ion-
production cross section may be of the order of 10-15%.
However, the amount of this contribution to o{CoH;)
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Figure 53: Total cross section for electron-impact ion-
ization of C3Hg. Symbols: experimental data. Saolid
curve: least-square fit of the data.

may still be, in its absolute value, comparable to the
cross sections of minor ion-production channels which
have similarly large appearance potentials (such as the
CsHy, C3HY, CyHT and CHY channels). In a more
detailed analysis of the collisional kinetics, which takes
also the minor channels into account, one has to make
an appropriate partition of the cross sections of domi-
nant ion-production channels among the dominant and
sub-dominant neutral fragmentation channels. (This
remark is, of course, also valid for the dominant ion-
production cross sections of all C,H, molecules.)

We shall not, however, undertake to make this par-
tition for the ion-production cross section in e + C3H,
system, since in absence of rigorous criteria, it will al-
ways contain certain level of arbitrariness and, conse-
quently, produce large uncertainties in the derived neu-
tral fragmentation cross sections. In case when there

exist sufficiently clear basis for a plausible cross sec-

tion partition among the possible neutral fragmenta-
tion channels we shall provide the corresponding sug-
gestions {as we have been doing that in the previous
sections). Such is the case, for example, with the
CoH* ion production cross section, which should be
shared approximately equally by the CHz + 2H, and
CHy + H, + H neutral fragmentation channels because
they both have almost equal appearance potentials (see
Table 17).

The partial cross sections for the strongest ionization
channels for the e+ C3Hy system are shown in Figs. 54-

e+GCH, —> CH," +2e
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Figure 54: Partial cross section for parent (non-

dissociative) ionization of C3Hg. Symbols: experimen-
tal data, [31}. Solid curve: least-square-fit of the data,
extended to higher energies by using scaling relation-
ships (see text).

58 [31]. The solid lines in these figures are least-square
fits of the data, continued at energies above 950 eV
by maintaining the contribution of the corresponding
partial cross section to the total ionization cross section
of CsHg at 900 ¢V constant.

5.2 Total Cross Sections for CaH; — C3H

The only total ionization cross section measurements
for e + C3H,, systems with y < 7 were performed for
CsHe in Refs.[18] (energy range: 0.6-12 keV) and [20]
{from threshold to 3000 eV). The measurements were
done both for the propene and cyclopropane isomers
of CsHg. Total cross section calculations were per-
formed within the Deutsch-Mérk classical model for
CgHs and C3H3 [32] and C3H4 [33] The measured
total cross sections for C3Hg (propene) are shown in
Fig. 59. In view of the relatively large uncertainties in
the total cross sections measurements of Ref.[20], ob-
served in the cases of CHy, CyHg and C3Hjg, we have
constructed the cross section for CaHg (propene) on
the basis of scaling relationships discussed in Section
2.2. Figs. 3-5 immediately give the values for £ = 50,
80, and 200 eV, and using similar diagrams one can
determine the values for 04, {C3Hg) for other energies.
For determining ¢:.,{C3Hg) at a given arbitrary col-
lision energy independently of the data from Ref.[20],
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Figure 59: Total cross section for electron-irnpact ion-
ization of C3Hg. Symbols: experimental data. Solid
curve: least-square fit of the data. (The data of
Nighimura (1994) (Ref.[20]) were reduced by a correc-
tion factor of 0.935 before fitting; see text).

Figure 60: Total cross sections for electron-impact ion-
ization of C3H; and C3H, based on the data of Table
18.

For determining 6.0:(C3Hs) and 4,:(CsH), only the

first of these two procedures can be applied. For en-
ergies below ~ 30-40 eV, particularly for processes
one needs only the values of 0:,(CH) and 01,:(CaHe)  with large energy threshold, the above described pro-
at that energy. Then, like in Figs. 3-5, the intersection codyres had to be applied with due consideration of the
of the line connecting o1,(CH) and o10:(CaHa)} in the  rapid decrease of the cross section when the energy ap-
0t01(CeHy) — C.Hy plane with the vertical line erected proaches the threshold. Since the ionization potentials
at the position of CsHg gives the value of 0,6:(C3Hs)  of C3H,, molecules do not show a clear regularity (with
at that energy. The cross section os0:t(C3Hs) obtained increasing y), the linearity properties of 6(C3H,) for
by this procedure (from the known cross sections for g <20 — 30 eV are not any more present.
CH and C>Hy, see Figs. 27 and 40)‘is shown by the  ‘We would like to note that the C3H, molecule also
solid line in Fig. 59. This CroBs section goes through o 00 isomers, propyne and allene, with different ap-
the de‘zta, of Ref.[18] for energies a‘?ove 600 eV (_taken a8 pearance potentials (10.36 eV and 9.69 6V, respectively
a basis for its construction in this energy region) ax?d [44]). In deriving the total cross section for CzH, we
by a factor 0.935 {6.5%) below thg data of F.{ef.[QO} M have used the appearance potential for allene.
the energy region below 600 eV (with exception of the  Tye valyes of the total ionization cross section for
data poin.ts m the interval 300-500 eV which lie close C3H7 and CsH; - C3H, molecules, calculated by using
to the solid line). . the above described procedures, in the interval from an
The total ionization cross sections for the systems e+ energy close to the threshold up to 7 keV, are given in
C3H; and e + C3H,, 1 <y < 5 have been determined Table 18. The ionization potentials of these molecules
by a similar procedure to the one described above. For (single, non-dissociative ionization) are also given in
C3Hy, CsHs, CsHy, and C3Hjz one can use both the this table. As illustration, the cross sections for C3Hy
linearity of total cross sections for a given energy along and C3H are shown in Fig. 60, while in Fig, 61 is shown
the CzH,, series (with the gy (CsHe) and o (CsHg) the cross section for C3Hy, together with the results of
determining the siope of the proportionality line} and calculations performed within the Deutsch-Mark (D-
the linearity of oyo¢ (CoH, ) —010: (CoH,, ) series {which M) model [33]. Figure 61 shows that the two cross
define mutually parallel lines in the o4 (C.Hy) — C.H, sections agree well in the energy region below ~ 60
plane) and their intersection with the vertical lines eV, but disagree at higher energies. The D-M model
erected at the position of CsH,., on the abscissa. predicts the cross section maximum at £ ~ 70 eV,
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Figure 61: Total cross section for electron-impact ion-
ization of CzHs. Solid curve: based on the data in
Table 18. Dashed curve: results of calculations using
the Deutsch-Mirk model (Ref.[33]).

while the cross section obtained by the scaling pro-
cedure exhibits its maximum at around ~ 80-90 eV,
in accordance with experimental findings for all C.H,,
and CgH.y hydrocarbon motecules for which total cross
sections have been measured. A similar shift of the
maximum of calculated D-M cross section with respect
to the experimental cross section peak is observed also
for C3Hg and C3Hg molecules [32]. Being based on a
pure classical picture for the collision dynamics, the D-
M model does not incorporate the logarithmic energy
dependent factor in the cross section, typical for high-
energy inelastic processes (see Eq.(2}) and, therefore,
the D-M cross section decreases more rapidly at high
energies than do the experimental cross sections. For
the C3H, molecule, the Bethe-Born formula, Eq.(2),

with M7 = 9.3 (from Table 2) and C; = 0.089, gives

values for 040;(C3Hs) which for >300 eV differ from
those given in Table 18 by less than 15%. In Table 19
we give the Bethe-Born total ionization cross sections
for the considered molecules for a number of energies
above 300 eV. From this table we see that the Bethe-
Born formula, with the M? factors determined from
the empirical additivity rules of Ref.[18], gives resuits
for the C3H; and CaHs ionization cross sections which
in the energy region above 300 eV agree with the cross
sections from Table 18 to within 3.5% and 8%, respec-
tively. With decreasing the number of H atoms in the

CsH, molecule, the agreement becomes worse, but for
CaHy and C3H; it is still within 15-16 %, if we exclude
the £ = 300 eV point for g, (CsHz}. For C3H, and
CzH, Bethe-Born results deviate from those given in
Table 18 by about 20% and 30%, respectively, for en-
ergies above 600 eV. This analysis indicates that the
empirical additivity rules for M7 might be less reliable
for C.H, molecules with small number of H atoms.

The accuracy of the total cross sections in Table 18 is
not very high. The linear interpolation for i (CaHy)
from the values of g¢0: {C3Hg) and o10: (C3Hg) in the en-
ergy range above ~ 30 eV provides cross section data
perhaps with same accuracy as that of o4, (U3 Hg) and
gt {C3Hs) data themselves (10-15%). The linear ex-
trapolation to CzHs should also not increase the cross
section uncertainty very much. However, for the last
two members of CzH,, family, C3Ha and CgH, the cross
sections of which are obtained by linear extrapolation
of CsHg and C3Hy data only, the uncertainty may in-
crease up to 4-5 tirmmes more than is the uncertainty of
C3Hg and C3Hy data. In the threshold region (up to
20-3C eV), where the scaling relations for the total cross
section are not anymore strictly valid, the uncertainties
of derived cross sections may also be large.

5.3 Partial Cross Sections for C;H, —
C;H

As we have mentioned before {see also Table 1), there
is not presently any information, experimental or the-
oretical, regarding the partial ionization cross sections
for the e + (C;H; — C3H) collision systems. On the
basis of known total ionization cross section for these
systems, siich information is possible to derive, at least
for the dominant ionization channels. This can be done
by assuming that the linear behaviour of the fractional
contributions of different channels to the total cross
section with varying the number of H atoms in the
C:H, hydrocarbon family, as observed for CH, and
CaH,, {see Figs. 6 and 7) holds also for the CsH, fam-
ily of molecules. The weak variation of these fractional
contributions with the energy, at least for the domi-
nant ionization channels and sufficiently far from the
threshold region (~ 40-50 eV), has already been ob-
served in the case of CsgHg molecules {see Table 7).
Based on the hypothesis that all observed linearities
in the total ionization cross sections with the number
of C atoms in C,H, (Figs. 1, 3-5), or in the fractional
contributions of different channels to the total cross
section with the number of H atoms in C.H, (Figs. 6,
7}, are reflection of the same additivity rules embedded
in the mechanism of the ionization process, we make
the additional assumption that the fractional contribu-
tions of the dominant ionization channels for the C.H,
molecules depend linearly not only on y {is in Figs. 6
and 7}, but alsc on x, the number of C atoms in C.H,.
This assumption reduces to the extrapolation of exist-
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Figure 62: Cross section ratios of parent (C;H}') and
dissociative (C.HJ_,) ionization channels relative to
the total ionization for C H, molecules at E = 80 eV

{see text).

ing (or derived) ratios of partial to total cross section of
a specific ionization channel in CH,, and C,H, systems
to the same channel in the C3H, system. The correct-
ness of this assumption can be subjected to a consis-
tency check: the derived partial cross sections should
not exceed the known total cross section for any value
of the collision energy (or, the fractional contributions
should not exceed one).

In Fig. 62 we have plotted the ratios
O’(CZH;—)/J‘{O}_(C;H?) and U(CxH;ﬁl)/Utoi(czHy)
for # = 1 and 2, and y = 1 — 4, for the energy
E = 80 eV taken from Figs. § and 7, and have lincarly
extrapolated the values for a given number of H atoms
in CHy and CaH, to C3H, with the same number of
H atoms. In Fig. 63, similar extrapolation is done for
the cross section ratios a(Cij_z)/aiot(CxHy) and
J(CZH;_:),)/atog(C,Hy) for E = 80 eV. Obviously,
extrapolation of the ratios o(C;H) ,)/0s0t(C.H,)
to CzH, along the y =const series can be done only
up to ¥y = 4 {or k£ = 4). (The points for CsHJ_,
and CgHg ; in Fig. 63 are determined from other
considerations; see later.) The determination of
O’(C3Hj_k)/0'tog(03Hy), k = 0 - 3, by the above
extrapolation procedure can be, of course, performed
for other energies (higher than ~ 40 — 50 eV} as
well.  For C3Hy molecules with small number of H
atoms, the above ionization channels are the dominant
ones, as can be seen from Figs. 62 and 63. Thus,
the parent ionization of CaH accounts for 35% of the
total ionization cross section, while C3H] , channels,
kE =0~ 3, account for 89% of the toial ionization of
CsHy. Only in CgHg — C3Hg molecules, the ionization
channels associated with breakup of a C-C bond
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Figure 63: Cross section ratios of the dissociative

C:H; , and C;H}_, channels relative to the total jon-
ization for C.Hy molecules at E = 80 eV (see text).

become important, or dominant {as in C3Hg and
CsHy).

The  extrapolated values for the ratios
o(CsH]_)/0:ot(CsH,), k = 0 — 3, from Figs. 62
and 63 are reploted in Fig. 64 (an analogon of Fig. 7
for Cyll,) and shown with solid symbols. In this
representation they also exhibit a linear behaviour
(as the corresponding ratios in Figs. 6 and 7), which
may be considered as an indication of the validity of
extrapolation procedure in Figs. 62 and 63. The slope
of the lines for the ratios o(CsH})/040:(C3H,) and
o(CsH]_3)}/010{C3H,} is changed at CsH, to account
for the experimental values of these ratios for CsHg
[31], and to avoid unphysical consequences if they
are continued with the same slope (zero-value for the
U(CgH;) cross section for ¥ > 5, in contradiction with
the observation of this channel in C3Hg, and non-
conservation of unitarity of the sum of all fractional
contribution in the case of o(CsH/_,)/01,4(C3H,), as
well as the possible contradiction with the experimen-
tal value of this ratio for C3Hg). Certain arguments
related to the molecular structure of C3;Hy and the
possible break-up mechanisms for these reactions

‘can also be invoked. Similar reasons have lead us to

continue the lines of the ratios O'(CgH;__l) /710 (C3H,)
and O'(C3H;_3}/0'got(03Hy) up to CsHs and C;Hg,
respectively.

In Fig. 64 we have plotted also the cross section ra-
tios for the CsH] ;, CoHi,CoH; and C3;H7 ioniza-
tion channels, the last three of which are dominant
i the C3Hs electron-impact ionization (see Table 7).
Since the appearance of a CQH'{ ion from C3H, re-
quires that y > k, and since the break-up of a C-
C bond when y = k is associated with a significant
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Figure 64: Relative coniributions of different jon-

production channels in the total electron-impact ion-
ization cross sections of CsH, molecules at £ = 80 eV.

loss of incident electron energy (high energy thresh-
old}, one can linearly extrapolate the known values of
fractional contributions of CoH; channels for e+ C3Hg
system to the systems with £ < y < 8. For the CzH,
molecule, the fractional contribution of CyHj channel
can be taken either zero or be assigned a very small
value (which does not change the overali distribution of
fractional contributions). Using these arguments, the
fractional contributions for CoHf, C:HJ,C.H7 and
C3H,_5 for CsHg from Ref.[31] were extrapolated lin-
early to the C3H, molecules with smaller number of H
atorns. These extrapolations are shown in Fig. 64 by
dashed lines.

For the C3H, systems with a few H atoms, the
H™ jon-production channel is expected to have a rel-
atively significant contribution to the total cross sec-
tion, as observed in the CIl, and C;H,, families of hy-
drocarbons with small value of y. Using the values of
o(H1)/040t(CH,) from the C;H, and CoH, systems,
we have determined by extrapolation these ratios for
the C3H, molecules, y = 1~ 3. The values of these
fractional contributions are also shown in Fig. 64.

The values of the fractional contributions to the to-

tal cross section of the ion-production channels repre-

sented in Fig. 64 are given in Table 20. In this table
also shown is the sum of these contributions to the to-
tal cross section of a particular C3H, molecule. We see
from the table that the considered channels account
for about 80% (or more) of the total cross section in
all cases, except for the CgH; molecule where this per-
centage is about 80%. {We note that the considered

eight channels in the e+ C3Hg system give a contribu-.

tion of 76% to the total cross section; see Table 7.)
In Table 20 we have not included the channel Cs H;’_ 4
since in the case of CgHg if its coutribution to the to-

tal cross section is very small [31], and our extrap-
olation procedure predicts that for the other CsH,,
molecules, 4 < y < 7, its contribution to the cor-
responding o1, (C3Hl,) cross sections would be even
smaller. Among the neglected channels in Table 20,
which in the case of C3H; gives the next in importance
contribution with respect to those shown in Table 20,
is the CH;‘ ion production channel. As seen from Table
7, its contribution to o4, (C3Hs) is about twice smaller
than that of the C3H7 ion-production channel for colli-
sion energies above 30 eV. Other channels with minor
contributions to o¢o:(CsH,) are the Co2HI and CHF
ion-production channels.

In view of the uncertainties associated with the
determination of fractional contributions of ion-
produciion channels to the total cross section
010:(C3H,), it would be perhaps an overestimation of
the accuracy of our extrapolation procedures if we try
to determine these contributions for a sufficient num-
ber of collision energies above ~ 40-50 eV to determine
the partial cross sections for the ion-production chan-
nels given in Table 20. Based on already established
fact that fractional contributions of individual ion-
production channels do not change appreciably their
values in the energy region above ~ 40-50 eV, we can
take that the values given in Table 20 can be used
for all energies above 40 eV. For the reaction channels
with an energy threshold not much different (larger)
than the threshold for parent ionization, their values
of fractional contributions can be extended in the en-
ergy region below 40 eV without introducing a signif-
icant error in the derived partial cross section. On
the other hand, the reaction channels with a thresh-
old much higher than that for parent ionization (which
is at the same time the threshold for the total cross
section), the corresponding partial cross sections are
already very small at E ~ 40 &V, i.e. their fractional
contribution to the total cross section is already very
small, and their improvements with respect to their
values at E = 80 eV is immaterial. Therefore, within
the accuracy of adopted procedures for determining the
fractional contribution of individual reaction channels,
and the accuracy of the procedures for determining the
total o4t (C3H,) cross sections (the combined uncer-
tainty might be up to 30-50%, or even more), the par-
tial cross section for an ion-production channel C;jHg
(7 = 2,3) given in Table 20 can be written as

o(CsH{) = F(C;H} )01 (CsHy), 7 =12,3 (1)

where F(C;H[} is the fractional contribution of the
C_,-Hk:“ ion-production channel in oy (CsHy) for the
e + CzH, collision system given in Table 20. (Still,
an adjustment of o(C;H;) in the threshold region is
recommendable, if Ey, 1s large.)

It remains now to identify the neutral fragments
{or neutral fragmentation channels) associated with
the ion-production channels given in Table 20. The



adopted guiding principle, as before, is that the dom-
inant neutral fragmentation channel is the one with
smallest appearance potential. The application of this
principle gives the following dissociation channels as-
sociated with the ions listed in Table 20:

e+CsHy = CsH , +H, k=1 (12a)
= CgH}_, +H,y, k=2 (12b)
-3 CgH;-_k +Hs+H, =3 (12¢)

—CeHf_, +2H, +H, k=5 (12d)

e+ C3H, — CHj + CHy_g,

k=3,4,5y > k; (13)

e+CsH, = HY 4+ GH,, y=1,2,3 (14)

The appearance potentials for the dissociative channel
(12), taken (or calculated) from Ref.[44], are given in
Table 21, while those for the channels (13) and (14)
are given in Table 22. (The appearance potentials for
C3H ions coincide with the ionization potentials of
C3H, and are given in Table 18.)

We note that the values of appearance potentials in
Tables 21 and 22 are consistent with the trends of the
fractional contributions of ion-production channels in
the total cross section for a given C3H,, molecule.

6 Analytic Fits of Recom-
mended Cross Sections

All the ionization cross sections discussed in the pre-

vious three sections, for which a set of data has been

selected either on the basis of critical assessment of

available experimental data or derived by using the

observed empirical scaling relationships, can be rep-

resented in the entire energy region by the following
T EL
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where I, is a parameter close (but not always equal)

to the ionization or appearance potential for a given
ionization channel {expressed in units of eV), E is the
collision energy (expressed in units of eV) and B; (¢ =
1 — N} are fitting coefficients. These coefficients have
been determined by fitting the expression (15) to the
selected set of cross section data, and their number
N determined from the condition to achieve an r.m.s.
deviation of the fit from the data below 3-5 %.

An expression of the form of Eq.(15) was also used
in Ref.[50] for fitting the ionization cross sections of

electron-atom collision systems. An attractive feature
of the analytic fit function (15) is that at asymptot-
ically large collision energies it reduces to the Bethe-
Born form for the ionization cross section (see, Eq.(2))

1072 [Bl In (TEP) +Bo] (em®).  (16)

EI,
In the threshold region, the expression (15) gives a
power-law increase of the cross section with the in-
crease of energy.

For the total and partial ionization cross sections for
which there were experimental data available, the se-
lected set of data fitted by the analytic function (15)
was the one obtained by critical assessment of the avail-
able data. In the figures with cross sections shown in
the previous three sections, this set of data was rep-
resented by a solid Line. In cases when only one set
of experimental data was available, the fitting was per-
formed on the original set of data, extended in the high
energy region (when it was found necessary) by using
scaling arguments. For the cases when no experimental
cross section information was available, we have fitted
the cross sections obtained by using the scaling pro-
cedures, as discussed in the previous three sections.
However, in the energy region below ~40-50 eV, where
these procedures cease to be quite reliable, especially
for the reactions with large energy threshold (~ 15-20
eV), a plausible direct extrapolation of the cross sec-
tion towards the threshold was used.

The neutral fragmentation channels associated with
a given ion-production channel were identified (and
the corresponding ion-production cross section parti-
tioned) only in the cases when there was a sufficiently
clear physical basis for that identification and parti-
tioning. Despite of the significant effort in that di-
rection, the uncertainties of the derived cross sections
for neutral fragmentation channels within a single ion-
production channel remain quite large. Such cross sec-
tions should be used with considerable caution in ki-
netics modeling (or other) applications.

‘The parameter I, and the fitting coeficients B; en-
tering Eq.(15) for each of the considered reactions (for
both the total and partial cross sections) are given in
Appendix 1. The graphs of all cross sections repre-
sented by the analytic fit function (15), together with
the corresponding reaction rate coefficients, are given
in Appendix 2.

TB-B =

7 Reaction Rate Coeflicients

With the analytic form {15) for the total and partial
ionization cross sections, one can easily caleulate the
corresponding reaction rate coefficient (v} at a given
temperature T assuming a Maxwellian velocity distri-
bution of the particles



A =0
(ov) = %/ Pdvo(E) exp(—v/u?) (17)
w2l L
where u = (2T/m)*/?, where F = mv?/2 is the (rel-
ative) collision velocity, and vy, is the velocity corre-
sponding the the threshold energy F, (the ionization
or appearance potential) for the ionization reaction.
The rate coeflicients were calculated for all the consid-
ered reactions in the temperature range from 1 eV to 1
keV. They are shown in the graphs of Appendix 2 {solid
lines) together with the cross sections represented by
the fit function {15) {dashed lines).

We note that with the analytic expression for ¢(E),
Fq.(15), the integration in Eq.(17) can be carried out
analytically, but the result is expressed in terms of inte-
gral Tepresentations of certain special functions which
does not bring much practical advantages.

8 Concluding Remarks

In the present report we have critically assessed the
available experimental and theoretical cross section
data for the electron-impact ionization of hydrocarbon
molecules C,H, with r =1,2,3and 1 <y < 2z + 2.
The analysis included both the total and partial cross
sections and the energy range covered was from the re-
action threshold {~ 10 eV) up to ~10 keV. We have
established that both the total and partial cross section
obey certain empirical scaling relationships at energies
above ~ 40-50 eV, having their origin most probably in
the additivity rules for the collision strengths for transi-
tions of molecular electrons directly to the continuum
or to dissociative states lying in the ionization con-
tinuum. On the basis of available experimental data
and the empirical cross section scaling relationships,
we have derived a consistent set of recommended cross
sections, both for the total ionization and for the in-
dividual (direct and dissociative} ionization channels.
The accuracy of the recommended cross sections is of
the order of 10-15 %, when they are derived from the
most accurate experimental data presently available,
and about 15-30% for the cross sections derived by us-
ing the scaling relationships. In this latter case, the
uncertainty may be even higher (~ 40-50%) in the
threshold region, where the scalings are less reliable,

particularly for the weak channels of the systems C, H,, .

r=y=1272

The data analysis performed in the present report
clearly indicates thai the overall experimental informa-
tion on the total and partial cross sections for electron-
impact ionization of CpH, molecules is rather sparse
and that further work in this direction would be very
desirable.

When using the present database in kinetics mod-
eling applications, one has to keep in mind that large
difference in the cross section values for various ioniza-
tion channels. For the molecules with small number

of H atoms only a few channels {the parent ionization
and dissociation with one H-atom or H. molecule re-
leased) give the predominant contribution {over 90%)
to the total cross section. For the more complex hydro-
carbons the number of dominant ionization channels
increases, but is always limited to a small fraction of
the total number of ionization channels. In a kinetics
modeling scheme it is advisable to include only those
channels for each C.H, molecule which in their sum
contributes to the total cross section up to a certain
percentage (e.g. 90%). The number of selected ioniza-
tion chanrels which for a given C_H, molecule have to
be included in the kinetics scheme can further be corre-
lated with the initial concentration of C;H, molecules
in the gas (plasma). The distinction between dominant
and non-dominant ionization channels in the context of
collisional kinetics is important also from the poing of
view of the accuracy of results of kinetics modeling:
the cross sections presented in this report are, gener-
ally speaking, more accurate for the dominant channels
than for the weak channels.
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Table 1. Cross Section Data Sources for Electron-Impaci

lonization of C,H{T:Theory; others:experiment)

Molecule First Author(year) Ref.  Cross Section Remark
Partial Total
{No.Channels)

CH, Adamczyk(1966) 11 Yes{7) Yes (a)
Chatham(1984) 12 Yes(7) Yes (a)
Orient(1987) 13 Yes(5) Yes (a)
Tamovsky(1996) 14 Yes(4) Yes @)(CDy)
Straub{1997) 15 Yes(7) Yes (a)
Tian(1998) 16 Yes(7) Yes (a)
Rapp(1965) 17 — Yes o)
Schram(1966) 18 — Yes ®
Djuric(1991) 19 — Yes (b)
Nishimura(1994) 20 - Yes {b)
Hwang(1996) 21 — Yes T(BEB)

CH, Baiocchi(1984) 22 Yes(2) — (CDs3)
Wang(1988) 23 Yes(1) —
Tarnovsky(1996) 14 Yes(2) — (CD3)
Hwang(1996) 21 — Yes T(BEB)

CH, Baiccchi(1984) 22 Yes(2) — (CDy)
Tarnovsky(1996) 14 Yes(2) — (CDy)
Hwang(1996) 21 — Yes T(BEB)

CH Tamovsky{1996} 14 Yes(2) — (CD)
Kim(1997) 24 — Yes T(BEB)

Notes: (a):0,, is sum of partial cross sections
(b):Direct measurement of G,
BEB:Binary-Encounter-Bethe approximation
TFable 1. {Cont'd)
Molecule First Author(year) Ref No Cross Section Remark
Partial  Total '
{No.Channels)

C.H; Chatham(1984) 12 Yes(11)  Yes (a)
Grili(1993a) 25 Yes(13)  Yes (a)
Melton(1962) 26 Yes(13) — {c)
Schram(1966) 18 — Yes ()]
Duric(1991) 19 — Yes b)
Nishimura(1994) 20 — Yes b)
Hwang(1996) 21 — Yes T(BEB)

C,H; — — -

C,H, Melton(1962) 26 Yes(10) -— ©)
Rapp{(1965) 17 — Yes (b)
Schram(1966) 18 — Yes (b)
Nishimura(1994}) 20 — Yes () .
Hwang(1996) 21 — Yes T(BEB}

C,H; Irikura(2000) 27 — Yes T(BEB)

C:H; Gaudin(1967) 28 Yes(7) Yes (a)
Zheng(1996) 29 Yes(6) Yes (@)
Tian(1998) 16 Yes(6) Yes (a)
Melton(1962) 26 Yes(7) - (c)
Tate(1932) 30 — Yes ®)
Kim(1997) 24 — Yes T(BEB)

C.H — — -

Remark: (c):Relative cross sections for E=75¢V and 3.5MeV only,



Table 1. (Cont'd)

Molecule First Author(year) Ref.No  Cross Section Remark
Partial  Total
(No.Channels)

C;Hg Grill(1993b) 31 Yes(23)  Yes (a)
Schram(1966) 18 — Yes (®)
Djuric(1991) 19 — Yes (b)
Nishimura(1994) 20 — Yes (b
Hwang(1996) 21 — Yes T(BEB)
Deutsch(2000) 32 — Yes T(DM)

CH, — — -

C3Hg Schram(1966) 18 — Yes b)

{propene and Nishimura(1994) 20 — Yes )

cyclopropane) Deutsch(2000) 32 — Yes T(DM)

C3H; - — —

CH, Deutsch(2000) 33 — Yes T(DOM)

G;H;

C;H, — — —

CH

Note: DM: Deutsch-Mérk model

Table 2. Values of Mi” for C,H, Calculated by the Additivity Rule.

(Experimental values, when available, are also shown.)

Molecule  Mi*(CH,) Mi’(CH,) Mi’(CH,)
Calc. Exp. Cale. Exp. Calc. Exp.

CH 1.07 3.6 6.11

CH, 2.14 464 533281 7.15

C.H; 321 571 82

CH, 428 4.28[18] 678 7.25[17} 9.3

C.Hs 7.85 10.35

C.H, 8.92 8.63[18] 11.4 12.0{18]®

C.H, 12.5

CH; 136 13.0{31]

13.8[18]

(2) This value is for the propen isomer. For cyclopropane M12=10.2[18}.

Table 3. Polarizabilities ¢, of C,H, Molecules (in a,” units).
(From Ref. 9, and Ref. 41 for C3Hy)

Molecule CH, C.H, GH,
C.H 12.03 22.49. 33.10
CH, 1344 24.05 34.58
CH; 1493 2547 36.00
C,H, 16.41 2695 3749
C.H; 28.37 38.98
C,He 29.86 40.39
C.H; (41.80%°
C,H, 42 49

a: Interpolated value



Table 4. Fractional Contributions of Partial Cross Sections of
Dominant Ion-Production Channels to the Total Tonization

Cross Section of C3Hg at E=100 eV .(From Ref.[31])

CyH,* 0.063 C,Hs" 0.239 CH,' 0.051
CH;" 0.049 CH," 0.119 CH," 0.019
C,H," 0.015 C,H,;" 0.156 CH' 0.006
C;Hs" 0.035 C.H," 0.062

CH," 0.009 C,H" 0.009

CH;" 0.087

C,H," 0.025

C,H* 0.005

Table 5. Fractions of Partial Cross Sections of Dominant fon-
Production Channels in Total Ionization Cross Section of CH,.
(From Ref.15; for last two energies, from Ref.11)

E(eV) cH,t CH," CH," CH' H
20 0.62 0.36 0.011 — —
30 0.52 0.40 0.051 0.011 0.11
50 0.45 0.36 0.082 0.041 0.073
100 0.41 0.33 0.079 0.043 0.11
200 0.42 0.34 0.074 0.037 0.11
300 0.41 0.34 0.070 0.032 0.092
500 0.47 0.38 0.070 0.030 0.086
1000 0.46 0.37 0.062 0.025 0.066
1500 0.47 0.44 0.065 0.022 —
2000 0.47 0.43 0.066 0.021 -

Table 6. Fractions of Partial Cross Sections of Dominant Ion-Production
Channels in Total Ionization Cross Section of C;Hy.
(From Ref.25; the values for E=3.5MeV are from Ref.26)
EeV) G GCHS GCH' CHYY GHY CH
20 0.13 0.095 0.37 0.20 0.067 0.002
30 0.11 0.087 042 0.19 0.092 0.006
50 0.08 0.079 0.39 0.19 0.13 0.022
100 0.08 0.078 0.38 0.19 .13 0.032
200 0.085 0.085 0.39 0.18 0.12 0.026
300 0.09 0.087 0.40 0.18 0.11 0.022
500 0.10 0.089 0.43 0.185 0.11 0.018
900 0.11 0.052 0.46 0.18 0.095 0.014

3.5%x10°  0.14 0.102 0.49 0.14 0.071  0.013

Table 7. Fractions of Partial Cross Sections of Dominant Ion-Production
Channels in Total Ionization Cross Section of C;Hg.(From Ref.[31])

EeV) CiHy" GCH,' GHyY GCHs GH,” CH," CHS'
20 0091 0061 0020 028 015 0.157 0036
30 0080 0059 0074 027 014 0170 0040
50 0069 0054 0089 025 (I3 0160 0052
100 0063 0049 0087 024 012 0156 0051
200 0065 0051 0079 024 012 0158 0047
300 0069 0054 0083 025 012 0.164 0.046
500 0070 0051 008 024 013 0163 0044

900 0066 0052 0080 0325 012 0162 0043




Table 8. lonization Channels for CH4 and Their Threshold Energies,

Eth(in eV).

Ionization Channel Eg Ey Thermochemical
Ref.[42] (Ref.{12]) value[43]

CH, — CH, 12.63(a) 12.6 —

— CH'+H" 14.01 143 14.35

— CH,'+H, 15.06 15.1 15.24

— CH'+H+HT  19.87 222 19.85

— C'42H, 19.56 2522 19.46

— H'+CH, (18.11) 18.11

— H,"+CH, (20.27) 20.27

Note: (a): The most recent value for I(CH,) is 12.5]eV.
*%: H atom in a highly excited (Rydberg) state[43].

Table 9. Ionization Channels for CH, and Their Threshold
Energies, Ey, (From Refs.[44.45]).

Tonization Channel Ey (V)

CH; — CH;" 9.84
— CH, +H 15.27
— CH'+H, 15.88
— C'+H,+H 19.54
— H'+CH, 18.48
— H,"+CH 20.18

Tablel0. Ionization Channels for CH, and CH and Their Threshold
Energies, By, (From Refs.[44,45]).

CH, CH
Ionization Channel EgleV) Tonization Channel EgeV)
e+CH, — CH,' 10.40 e+CH — CH' 11.13
— CH'+H 15.53 - C'4H 14.80
— C'4H, 14.67 — H4+C 17.14
— H'+CH 18.01 — —
— H,"+C 18.83 — —




Tablell. Tonization Channels for C2H6 and Their Threshold

Energies, E,,.
Ionization Channel EneV)  Eg(eV) Thermochemical
Ref[46] Ref[12] value[43]
e+C,Hs — CH, . 11.56{a) 114 —
— C M +H” 12.45 12.1 12.61
— C,H,+H, 11.81 12.1 11.93
= CH, +H4H 14.50 145 —
— C,H,'+2H, 14.51 1521 14.64
— CH+2H+H" 224 — -
= C,+3H, 22.9 — 21.56
— CH+CH, (c) 1663 — 16.77
— CH,"+CH, 13.65 14242 13.67
— CH,+CH, 14.69 17.0%2 14.57
— CH +CH,+H, 20.10 267 () 19.17
+CH+H™ — 267 (b 19.18
— C'+CH,H, 203 — 18,18
- H+CH; (0) — 235 () 17.85
= H,+C,H,  (¢) — 35 (b) 16.85
- CH+H 32.3 —

— 1,7 +H,+H 35.5 —

Notes: (a)The most recent value for [(C,Hy) is 11.52eV.
(b)Appearance potentials from Ref.[43]
(c)This ion-production channel was not observed in experiments.
#*. H atom in a highly excited state(n~20-30)[43].

Tablel2. lonization Channels for C,H; and Table13. Ionization Channels for C;H, and
Their Threshold Energies, By, Their Threshold Energies, Eg,.
lonization Channel E4(eV) Ionization Channet E;(eV)
e+CHs — CH,' 8.25 e+C,H, — CH,* 10.45
— CH,+H 12.14 — GHj'+H 13.42
— CH; +H, 10.59 — C,H,"+H, 13.25 (a)
— GH, +H,+H 14.93 - CH +H,+H 19.01
— C,H{"+2H, 16.23 ~» G +2H, 20.11
— C, 42H,+H 21.79 — CH;"+CH 16.94
> CH,*+CH, 14.22 — CH,"+CH, 17.96
— CH, +CH, 14.78 — CH'+CHy 18.22
— CH'+CH, 15.42 — C*+CH;+H 21.89
— C*+CH,+H 19.10 — +CH+H, 22.24

—  +CHg+H, 18.06

Note: (a) The appearance potential for
C,H,"+2H channel js 17.77¢V.



§

Tablei4. Ionization Channeis for C;H, and Tablels. lonization Channels for C,H, and

Their Threshold Energies, Eg. Their Threshold Energies, E;, (in eV).
onization Channel Eug(eV) Ionization Channel Eg(eV) Eg{eV) Thermochem.

e+CH,; — CH,* 9.45 Ref.{48] Ref.[29] value.[44,45]

L CH,+H 12.80 e+CH, — CH," 11.40 11.4+0.2 —

— CH'+H, 1511 (@) — GH+H 1670 17.240.2 17.22

G +HH 2066 - Cy'+H, 2260 22.9+0.3 1828 ()

— CH,"+CH 18.40 — CH'+CH 23.9 23.6+0.5 2112 (¢)

L. CH'+CH, 19.52 — C*'+CH, - 249405 2039 (d)

'+ CH, 1792 - H+CH 1893 (a) 19.2405 18.43

— H'+GH, 16.01 Notes: (a) Value from Ref.[49].

(b) The appearance potential for C,"+2H channel is 22.79 eV.
(c) The appearance potential for CH*+C+H channel is 24.65 V.
(d) The appearance potential for C'+CH+H channel is 24.79 eV.

Note: The appearance potential for
C,H"+2H channel is 19.63eV.

Table16. fonization Channels for C,H and Their Threshold Table17. Ionization Channels for CyH; and
Energies, Ey. Associated Threshold Energies.
lonization Channel Eg(eV) Ionization Channel I/A(eV) Thermochemical
et+CH — CH 12,41 [44] value[44 ,45]

ol 17.97 e+CyHg — CHg' 11.08 —

—» CH'4C 19 83 — GH,+H 11.53 12.39

— C*4CH 19.87 — C3H'+H 12.2 11.00

— H'+C, 19.58 - C3Hs"+H+H 14.76 12.71
- CH+2H, — 13.23
— C3Hy2H,+H — 14.41
— GH, 43H, — 16.93
— CH'+3H,+H — 18.47
— C,H;"+CH;, 12.15 11.99
— CH,*+CH, 11.35 11.26
— CH;"+CH+H , 14.5 14.18
— CH,"+CH+H, 14.1 15.60
— CH" +CH,;+2H, — 19.61
> +CH+H+H — 19.65
— CH;"+C,H, 14.0 13.43
— CH,™+C;Hy — 13.92
— CH'+(C,H,+H, -— 17.84




Fable 18 Total Tonization Cross Sections for C;H, Molecules
(y=7.5-1) in units of 10 ¢m’

The Tonization Potentials are also given (in eV} [44].

\I.p(eQ CH, GCH GH, CH GCH C.H
E(eV) 9.10 960 969 834 12.50 13.40
12 025 010 0.15 037 — _
13 0.50 0.25 035 057 . —
14 075 046 066 085 008 0.01
15 1.10 0.83 090 115 030 0.03
16 150 117 120 150 060 015
18 2.15 1.90 180 210 1.30 0.70
20 2.92 2.71 234 270 2.0l 1.45
22 3.50 330 295 330 270 210

25 431 4.02 362 3.93 345 2.77
28 500 470 435 451 410 350
30 5.27 5.01 495 4388 448 4.00
35 6.11 5.86 570 564 536 490
40 6.84 6.56 643 628 603 5.65
45 7.20 6.90 685 668 650 6.20
50 7.65 731 718 700 685 6.70
55 7.80 7.60 740 720 715 6.95
60 3.02 776 760 745 745 7.15
70 8.30 .10 795 785 780 755
80 3.60 8.35 818 807 797 787
90 8.54 834 825 810 792 7.80
100 847 833 817 8.0l 7.85 770
120 8.25 8.10 800 775  7.60 7.40
130 8.15 8.00 780  760. 745 730
150 7.81 7.54 750 728  7.13 6.99
170 7.50 7.20 720 100 685 6.80
200 7.02 6.82 673 663 642 635
250 6.20 6.20 600 59 570 5.65
300 558 5.44 532 520  5.09 4.98
400 4.60 460 450 418 400 3.90
500 4.00 3.90 380 353 330 3.30
600 3.60 3.48 325 303 282 2.80
300 2.95 2.80 262 235 230 220
1000 250 237 220 200 1.93 1.85
1500 1.90 1.67 160 142 137 1.30
2000 1.50 1.34 124  1.14 1.10 1.05
3000 1.10 1.00 093 084 0738 0.75
4000 0.88 0.80 075 068 062 0.60
5000  0.73 0.66 063 056 052 0.50
7000 0.57 0.50 048 043 040 0.38

Table19. Bethe-Born Ionization Cross Sections for
C;H;and C;Hs-C;H for EZ2300eV (in units
of 10"%m?). (From Eq(2) and Table 2.)

EeV) CH, CH; CH, Gl GCH, GH
00 656 545 489 431 377 322
600 398 329 296  2.61 2.27 1.95
1000 269 223 2.00 1.77 1.54 132
2000 1.55 1.29 1.16 1.02 0887 0758
4000 0.879 0729 0655 0577 0503 0430
7000 0551 0456 0410 0361 0315 0.269




Table 20. Fractional Contributions of Dominant lon-Production
Channels to Total Jonization Cross Section in
e+C;H, (y=1-7) Collisions at E=80eV.

Jlon- CH CH, GCH; GCH, GCH, GCH, GH,
Channel
C;H," 095 0745 0552 0.355 0282 0206 0.184
CH,," — 0010 0077 0145 0213 0156 0.102
GH,," — 0.055 0206 0310 0272 0137 0100
CH, ;" — — 0010 0047 0083 0125 0077
CH,s" — — — — 0.005 0030 0.057
CH;" — — — — 0006 0082 0.160
CH,S — — — 0.008 0.035 0065 0.094
CH,' = — 0.006 0.034 0064 0093 0122
H' 005 0120 0010 — — — —
Total 100 0930 0861 0.899 0960 0894 (.79
Table 21. Appearance Potential A (in eV) for C3Hy_k*(k=1—3,5)€
Dissociation of C;H, Molecules. (From Ref. {44.,45])
CH, GCH,,~  GH,' CsH, ;" GH, "
CH 14.67 — — -
CH, 130 16.4 — -—
CH; 1538 12.40 20.39 -—
CH, 1234 13.86 15.40 —
CH; 13.10 9.76 16.80 21.90
CHy, 1144 11.96 13.15 17.20
CH, 1123 8.42 13.47 17.14
Table 22. Appearance Potentials Ay(in eV) for C;H; "(k=3.4.5)
and H' Jon-Production Channels in e+C3Hy (y=1-7)
Dissociative Tontzation. (From([44,45])
C;H, CH," CH," CH," H
CH — — — 21.40 (a)
CH, — — — 14.15
C,H, 16.38 - — 17.59
C3H, 15.86 16.41 — —
C,H; 14.40 15.83 15.61 —
C;H; 13.31 14.73 15.48 —
C;H; 9.92 11.44 12.59 —

Note: (2)The C* and C," ion-produciton channels from C,H
dissociative ionization fave A_'s 25.3¢V and 24.1eV,

respectively.
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