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Abstract

Cross sections and rate coefficients are provided for @ilisrocesses of CH
andCH;F (1<y<4) hydrocarbon species with electrons and protons in a \eidge
of collision energy and temperature. The considered psesemclude: electron-
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recombination ofCH;" with electrons, and charge- and atom exchange in proton
collisions withCH,. In dissociative processes all important reaction chanaied
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individual reaction channel. The cross sections and ra#icients are represented
in analytic fit forms.
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1 Introduction

Because of its low atomic number (i.e. low radiative cagacind its capabil-
ity to withstand high heat fluxes, carbon (in form of graphitecarbon-carbon
composites) continues to be used as plasma facing mateniabst presently op-
erating fusion devices (e.g. JET, JT-60U, D-lll D, LHD, ASKH&), TEXTOR,
etc.), and it is the leading candidate for such materialfiéndivertor designs of
next-generation fusion machines [1].

This is the case despite one of the most critical currentgdegioblems for
fusion devices related to this material, namely the carleeteposition and tritium
co-deposition problem. On JET, operated with tritium, ttigutm inventory was
found to build up without saturation limit.

This problem may be so serious as to rule out the use of carbfursion de-
vices. That would, however, eliminate that material thgtalkzonsiderable margin,
we know most about. It therefore would be a setback for fustsearch driven to
the extreme [2].

There are several sub-components to this problem, suchgesdeale convec-
tion in the SOL, the source of carbon at the walls, and thenpdashemistry and
neutral hydrocarbon transport. In order to separate thietfins of these from the
third, by means of numerical plasma edge simulation coddgtailed and accu-
rate knowledge of the cross sections of the relevant plasremical processes is
required. This will be provided by the present report for thethane family of
hydrocarbons.

The interaction of hydrogenic plasma with the wall carborterials leads
to generation of hydrocarbon molecul€sH, that are released into the plasma.
In subsequent collisions with plasma electrons and protopHE, molecules are
ionised and dissociated, producing a broad spectru@di,- andCX/H;C
(1<x’'<x; 1<y’ <y) hydrocarbon species, as well as H,, i€ and their ions. Un-
der divertor plasma conditions (temperatures in the range20 eV), the frag-
mentation processes 6fH, andCXHj species leading to the final fragmentation
products C and H (and their ions) may not be extremely fastiwoses the prob-
lem of their transport in the plasma. The study of hydrocartoo carbon) transport
in the plasma, or the use of any plasma diagnostics basedaoaatéristic features
of hydrocarbons (or carbon), e.g., radiation, requiresiaate information on the
cross sections (or rate coefficients) for all importantismh processes and for all
hydrocarbon species present in the plasma.

Laboratory experiments show that under hydrogen ion (anptiombardment
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of carbon materials with impact energies typical for a diweplasma (sub-eV to
10-20 eV), important contributions to the released hydiooa fluxes come from
CHs, CHy4, CoHs, CoHy, CoHg, C3Hy, CsHg and GHg [3,4].

The most important electron-impact processe€ g, and CXHy+ molecules
(molecular ions) are (the summation signs below have onlyngbslic meaning,
indicating the various reaction products for different mhels):

1) Direct (I) and dissociative (DI) ionisation of C, H,, :

e + C;H, — C.H + 2 (1a)
- :ckayfl +C:E/H;; + Z CoHy + 2e
k—x'l—y’
(1b)

2) Dissociative excitation (DE) ofC, H, neutrals:

e+ CoHy — CopHy +Y CpHy + e )
k,l

3) Dissociative excitation (DE) of GH, ions:

e + CuHf — CpcH/ , + ZCHHA + e ©)
k1l

4) Dissociative ionisation (DI) omeH; ions:

e + CoHf — CppH/ | +CuH| + Z C.Hy\ + 2¢ (4)
k—x'l—y’

5) Dissociative recombination (DR):

e + CoHS — > C.H, (5)
z,y

where the summations in (1) - (5) go over all dissociativencieds.

The processes of dissociative ionisatiorgH" ions (4) have much higher en-
ergy thresholds (f >25 eV) than the dissociative excitation to neutralg, (E10
eV) and, at least in cold divertor plasmas, their role is etgxbto be less important.
However we include them here for completeness, and becheseical erosion at
main chamber components or in limiter tokamaks can produck ®ns traveling
in a plasma much hotter (with, well aboveFE,;) than typical of divertor plasmas.

The most important processes of plasma protons @itH, molecules are:
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6) charge exchange and particle rearrangement (CX):

HY + C,H, — H + C,H/ (6a)
— Hy + C.HS (6b)

of which the rearrangement channel (6b) is important onlgadlision energies
below~ 1 eV.

The number of reactions represented by Egs. (1) - (6) foCt{ié, andCXHy+
species with £x<3 and Ky<2x+2 is very large (more than 200 important reac-
tions for the 36 hydrocarbon species involved). On the dthed, the experimental
(or theoretical) cross section information on these reastis very limited. It cov-
ers mainly the chemically “stable” species (non-radicalsil in most cases only
the total (“gross”) cross sections (without identificatiofithe individual reaction
channels). In plasma modeling applications, however, apteta set of channel
resolved cross section data is required for a given famihfdmilies) of hydro-
carbons (CH, and CXHy+ with fixed x). In this situation, the unavailable cross
section information has to be generated on the basis of thitlable one by us-
ing certain physical arguments, most frequently certadis€section scaling rules.
Such an approach has been used in the first collection osiooiél hydrocarbon
data for the methane familyCH, ,CHy+, with 1<y<4) [5], and in a more recent
publication [6] covering the heavier hydrocarbdanig], andCsH,, (1<y<6). The
success of this approach for “derivation” of cross sectiatador which no exper-
imental (or theoretical) information is available in thtetature depends on how
accurate are the basic data used in the scaling procedwtdsyanwvell physically
based (and established) are the applied cross sectiongcalies. Both these crite-
ria were, in our opinion, not adequately met in the collewi{b] and [6]. With the
passage of time, the experimental cross section databasellisional processes
of hydrocarbons with electrons and protons has continuédctease, and recent
developments of experimental techniques (especially shefistorage rings) have
started to produce very accurate (of about 10-15%) and ehaesolved cross sec-
tion information for many of these processes (hotably fesdciative ionisation,
excitation and recombination). The understanding of bpBigsical mechanisms
governing these processes has also continued to advarexeimt years, providing
a better insight in the cross section scaling laws (and theiges of validity). On
this new basis, complete databases have recently beenkdeddor the electron-
impact ionisation (direct and dissociative), [7], and protharge exchange [8]
processes of hydrocarbofgHy with 1<x<3 and Ky<2x+2.
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The purpose of the present report is to provide a completefsgbss section
data for all the processes (1) - (6) for the methane familyyofrbcarbons CH,,
1<y<4), with taking into account the most recent experimentarination and
understanding of their basic physics. Information aboet ¢hergetics (energy
gain-loss) of individual reaction channels, also requiasdinput in kinetic (e.g.
Monte-Carlo-) transport codes [9], will also be provided.

The organization of this report is as follows. In the nexttieecwe give the
sources of experimental (or theoretical) data used as a fusisecommended cross
sections, and explain the procedures for deriving the gesBons unavailable in
the literature. The information on reaction energeticslss @rovided there. In
section 3, we give analytic expressions for the total andti@a channel cross
sections. In section 4 we give analytic expressions for #te coefficients for
some of the processes studied here. The summary and congligtnarks are
given in section 5.

Graphs of the cross sections and reaction rate coefficismtglhas the analytic
fitting coefficients are provided for downloading on the welmain www.eirene.de
of the EIRENE code, in the atomic and molecular data section.

2 Determination of Cross Sections and Reaction Energet-
ics
2.1 Electron Impact lonisation of CH,,

The experimental database and scaling procedures usetétodee the cross sec-
tionso; for direct andr p; for dissociative ionisation of'H, (1<y<4) by electron
impact have been described in detail in Ref. [7]. Here we givg a brief account
of them, with some emphasis on the differences with Ref. [5].

Accurate (to within 10%) total ionisation cross section swaments exist
only for CHy, [10-12] in the energy range from threshold to 12 KeV. ForsCH
CH, and CH there exist total cross section calculations peidrioy using the
Binary-Encounter-Bethe (BEB) model [13, 14]. Very accarpartial ionisation
cross section measurements have been recently performdiefalirect and for
the six dissociative ionisation channels ©H, [15, 16], the sum of which is in
perfect (to within 10%) agreement with the directly meaduxgal cross section.
Except for the dominan®H, + e andCHJ + H + e ionisation channels, the ear-
lier partial cross section measurements of Refs. [17-16ife CHJ + Hy + e,
CH™ + H, + H + e and other (weaker) ionisation channels differ by more ttan 3
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- 40% from those of Refs. [15,16]. We note that the data of REf$-19] were
used in the database of Ref. [5].

Partial cross section measurements@t, (y = 2, 3) have been performed in
Ref. [20] and forCDy, (y = 1, 2, 3) in Ref. [21] but only for the direct ionisation
channel CH, — CHy+ + ¢) and one dissociative ionisation channel
(CHy — CHyt1 + H + e). (There is no isotope effect in the direct and dissociative
ionisation channels.) Both sets of data cover the energyertom threshold to 200
eV and agree well with each other (within their experimentadertainty of about
10 - 15%). In Ref. [5] only these two reaction channels for@hig, (y = 1-3)
molecules were included (based on the data of Ref. [20])levithiRef. [7] (as well
as in the present report) additional dissociative ionisatihannels are included.

Table 1 gives the list of all important ionisation channels @H,, (y = 1-4)
molecules which are included in the present database. |saime table we give
the values of ionisation {) and appearance (Apotentials (threshold energies) for
the direct and dissociative ionisation channels, resgalgtiobtained on the basis
experimental and thermochemical data given in Ref. [22].

As mentioned above, only for th@H, molecule there exist experimental cross
sections for all dissociative channels listed in Table I.tRe otherCH,, (y = 1-3)
molecules such information, besides for the direct iofgatexist only for the
CH;F_1 + H + e dissociation channels. In order to determine the crossossdor
other dissociative ionisation channels foH, (y = 1-3) molecules, use of addi-
tivity rules for the strengths of chemical bonds in polyatomolecules has been
made in Ref. [7]. These rules, discovered many years ago @@3jot loose their
validity when the molecule is subjected to long-range fermeto delocalisation of
its free charge (as it happens during the collisions) [24ma&nifestation of these
additivity rules was the observation in Ref. [11] that tatldctron-impact ionisa-
tion cross sections for a large number of hydrocarbon méseiy Hy, with = up
tox = 5 andy up toy = 12, show a remarkable linear dependence on the number
x of C atoms inCH, for the high collision energies (above 600 eV) at which the
experiments were performed.

The analysis of more recent total ionisation cross sectaia r the hydro-
carbon molecules has showed that x-linearity of total cegssions remains valid
down to very low (& 20-30 eV) energies [7]. Moreover, the validity of addityvit
rules was checked also with respect to the number y of H ateidghl, molecules
(with fixed x) and it was found that the y-linearity is rigosdy preserved for the
CHy , CoHy and C3Hy hydrocarbon families [7]. It was, further, demonstrated in
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Ref. [7], that, not surprisingly, the additivity rules fdmet strengths of chemical
bonds result also in linear y-dependencies of the partiasadion cross sections.
(For the direct ionisation cross sections@b,, (y = 1-4) the y-linearity was first
observed in Ref. [21] for the energy of 100 eV.)

A further consequence of the additivity rules is that thégabf partial cross
sections for different ionisation channels also have alimependency ony. This
opens the possibility that, knowing the cross section saftiw different channels
in CHy4 (which is our case) and the total cross section€Hf, and CH , one can
determine the partial ionisation cross sections forCdl, (y = 1-3) molecules.
Based on the experimental estimates in Ref. [11] we know thgscsection for
direct ionisation and for th€ ™ production channel. Furthermore a contribution
of 2% to the total cross section for CH ionisation was asslgineRef. [7] to
the C + H' + e dissociative ionisation channel for energies abeva0 eV, thus
determiningo{%,;(CH) for E > 30 eV. Another important consequence of the
additivity rules (observed earlier in Ref. [25] for a largenmber of hydrocarbon
molecules and further demonstrated in Ref. [7]) is that thetfonal contributions
of various ionisation channels to the total ionisation sresction remain energy
invariant in the energy region above 30-40 eV, i.e., sufficiently far from the
energy thresholds of all important ionisation channels.is Tact has also been
used in Ref. [7] to determine the experimentally unknowsaligative ionisation
cross sections for th€H, (y = 1-3) molecules. In the energy region below 20-
30 eV, the ionisation cross section is predominantly detesthby its threshold
behavior, which experimental information shows to be (apipnately) of the form
(1-Ey / E)*, where F, is the threshold energy,(br A, in Table 1).

Kinetic Monte-Carlo particle transport modeling codesuiegjinformation not
only about the rate coefficient of a particular reaction bsb anformation about
the momentum and energy distribution of reaction produgtsRequired also in
these codes is the energy lost (or gained) by the reactaraisding any involved
electrons) in the reaction. The total energy and momentutheotollision sys-
tem are, of course, conserved. The determination of theamtitjgs in the case
of inelastic electron collisions witlWH, (or CH; ) molecules (ions) requires a
detailed knowledge of the potential energy surfaces of mplcand excited states
of these molecules and their ions. Except for the CH @hid™ systems (see, e.g.
Ref.[26-29]), such information is not available (or extedynsporadic) in the lit-
erature. In this situation, certain assumptions have to ddenabout the potential
energies of dissociating electronic statestdf, and CHy+ (y = 2-3) molecular
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systems in order to calculate at least the mean electrogetass and the mean
total kinetic energy of dissociation products in the coasid electron-impact in-
elastic processes. The assumptions on the energies ofidissg potential energy
surfaces are made on the basis of plausible theoreticaimangis and in several
cases they are supported by experimental measurements kinttic energy of
dissociated products.

For the direct ionisation channelH, — CH; + e, the energy lost by the
electron coincides with the ionisation potentigl For the dissociative ionisation
channels, the appearance potentig) &s given in Table 1, corresponds to the (un-
excited) products with zero kinetic energy. (Throughous tteport we assume
that the initial targetCH, or CH\' , is in its ground vibrational state.) Such “di-
rect” transition ofCHy, molecules to the vibrational continuum GH; ions is, of
course, possible (as indicated by the closeness of expatatheobserved appear-
ance potentials with the ,Avalues in Table 1 in many cases), but its cross section
is not expected to be large. Much stronger is the transitiom the ground state of
CH, to an excited, dissociative electronic state(]dﬁ[y+ which produces the prod-
ucts A" + B + e (sometimes A + B + C + e, see Table 1). In order to reach the
dissociative potential surface of excited ionic state (B)..., the incident electron
should spend an amount of energy
B = L,(CH,) + E.(ABY) @)

el

wherel,,(C'H,) is the ionisation potential dfH, and E,.(AB™) is the excitation
energy of (AB").,. state of theCH; ion. Assuming that the Franck-Condon re-
gions of the ground vibrational states ©t, and CH; significantly overlap, the
energy E..(AB™) is given by

Eewe(ABY) = DSP(AB") + AE.o(AB") @)

where I:%”(ABﬁL) is the dissociation energy eﬂH;F for production of A" + B
fragments (with zero kinetic energy), adxE,.,.(AB™) is the energy of excited
(AB™),. State above the A+ B dissociation limit. The energAE...(AB") is
released in the dissociation process and constitutes tlekinetic energyE of
reaction products A and B.

Since the Franck-Condon region of the ground vibratioretestf CH, has a
finite range, it is obvious that botEél_) and AE...(AB™1) = Ex have a certain
(Gaussian type) distribution (with maximum correspondinghe transition from
the center of Franck-Condon region). In Table 1, the meanegabf these quanti-
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ties (averaged over the Franck-Condon region of groundatidmal state o Hy)
are given.

We note that relations (7) and (8) hold irrespective whetherfinal products
A* and B are internally excited or not. The total kinetic enekgy released in the
dissociative process is shared among the products inyguegpbortionally to their
masses. If the number of dissociated products is N, with esalsk, M,,... ,My,,
then the kinetic energy of the product j with;N& given by

Exj = - AFe(ABY) €)

M;

wherey is the reduced mass of the products.

Since the value of @”(AB*) can be calculated from thermochemical tables
for the heat of formation [22] for any dissociative channle(]cH&F ions, and since
the ionisation potentials, lof CH, molecules are known (see e.g. again Ref. [22]),
the only unknown quantity in Egs. (7) and (8) for t6&l;" ions (except foCH™)
is AE...(AB™). The experimental measurements of the energies of dissuria
fragments in thes + CHy4 collision system at different impact energies [30-36]
have shown that, to a good approximation, the relations

AE...(ABT) = k1Do(ABT), AE...(AB) = koDo(AB) (10)

with ki, ko, ~ 0.8 - 2.5, hold. The second of above relations applies for the
dissociation ofCH, to neutral fragments only, with JJAB) being the dissociation
limit of CH,, for the A + B products. Relations (10), with the indicated values;of k
and k are confirmed also in théH/CH™ system for which the potential energies
of lower excited states are known [26-29]. For majority afsdiciation channels in
the CHy/ CH;f andCH/CHT systems, the values of constantsakd k are found
to be close to one. The closenessAd.,.(AB) and Dy(AB) (or AE...(AB™)
andDy(AB™)) can, to a certain degree, be related to the approximate “sgryim
in the energy splitting of bonding and anti-bonding molacsitates (which is well
pronounced at the large separations of the fragments).sigrasg the values for
AE...(AB™T) for the various dissociative ionisation channels in Tablevd were
guided by the above evidences and considerations.

2.2 Electron Impact Dissociation ofCH,, to Neutrals

There are no direct cross section measurements for theaaotpact dissocia-
tion of CHy molecules to neutral products only (reactions (2)). Themecross
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section measurements for @ldnd CH radical production fromCH4 upon elec-
tron impact in Ref.[37] contain contributions not only frailme dissociative ex-
citation channels (CK+ H, and CH + Hy/2H, respectively), but also from the
dissociative ionisation channels(Hz + H™ + e, and CHs + H™ + H + e plus
CHz + Hy + e, respectively). While for energies belew30 eV the contributions
of dissociative ionisation channels to the Cahd CH production cross sections
are small, at energies above 50-60 eV they may become inmpoFRar instance the
cross section of the dissociative ionisation reactichCH, — CHs + H™ 4 2¢
has at E = 100 eV a value of about 50~ °cm?, (see Appendix and Refs.[15,16]),
whereas the measured gHroduction cross section in Ref.[37] has at this energy
about the samex{ 5.2x 10~ %cn?) value. This indicates that the cross section for
the CH; + H channel should be of the order of magnitude f@n?, or smaller.
For the CH neutral production channel, the cross section reporteceii3¥] at
energies above 50 eV was beyond the detection possibitifie¢keir apparatus,
while the cross section for théHs + Hj + e ionisation channel in the energy
range 70-100 eV has values of abowt 0~ 8cn? (see Refs.[15,16] and the Ap-
pendix). Although the cross section uncertainties clainmeRef.[37] are rather
large & 100%), the sharp decrease of their cross sections foraid CH, pro-
duction from the e + Chlcollision appears to be unreasonable. Moreover, the cross
sections for production of GF-CF, and CF neutrals from the e + CEollision sys-
tem, measured by the same authors in Ref.[38] have an “egielbehavior (i.e.
cross section maxima at 100-120 eV and a decrease at higeagienin accor-
dance with E'In(E) or E~! Born laws).

Therefore, in determining the cross sections for electropaict dissociation
of CHy, molecules to neutral products only we shall adopt the ambrased in
Ref.[5], supplemented by the use of earlier discussed iwitgitules.

The total cross section for dissociation to neutrals canoaisly be represented
as difference of the total cross sectiofg’ for dissociation of the molecule (to
neutral and charged products) and the total cross sectiatieociative ionisation
(including multiple ionisation and production of more thame ion product)

tot __ tot tot
Opg — 0p — Opg- (11)

The cross section’s for CH, has been measured in Ref.[39] in the energy range
from threshold to 500 eV. For oth€’H, (y = 1-3) molecules such cross section
measurements presently do not exist. However, measursroénfS’ have been
performed for Ck, CRH, CoFg, C;Dg and GFg [40] (in the energy range from
threshold to 600 eV), showing that the additivity rules fue strengths of chemical
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bonds are valid also for the total dissociative cross sestioOn this basis one
can expect that the’" cross sections fo€H, (y = 1-4) should have a linear
dependence on y.

The channel resolved experiments on direct and dissoeiativsation ofCH,

(y = 2-4) molecules [15-21] have shown that the ion productibannels with
doubly charged products (or with more than one charged jgtsfihave a minor
(below ~ 5%) contribution to the total dissociative ionisation @@ection. This

is related to the much higher appearance potentials (ab@®@@- 40 eV) for these
channels. Therefore, in using Eq. (10) for determining ttaltcross section for
dissociation to neutrals:r}‘;% , one can neglect the contribution of the multiple
charged product channels 45 . The determination oS, for CH4 up to E
=500 eV has been done on the basis{§f (C H,) data from Ref.[39] andS}
data from Refs.[15,16] (or the present report; see Appénéiar E> 500 eV, the
cross section can be extrapolated in accordance with itseBRBbrn behavior. It
should be noted that the cross sectid$},(C H,) determined in this way is consis-
tent with the sum of measuréiH; and CHs production cross sections of Ref.[37]
in the energy range below 30 eV (within the claimed experi@emncertainties).

It should also be noted that the broad maximunw{gf, appears in the same re-
gion (~ 70 - 90 eV) as fow?! ,,;(C'Hy). From the proportionality of13%, (C'H,)
with o1% , ,(CH,) (following from the additivity rules), and knowing the rati
o84 (CHy) /o' p;(CHy) , one can determine the cross sectioff§,(C'H,) for
CH, molecules withy = 1 — 3, at least in the energy region above 20 - 30 eV. In
the region below~ 20 eV, the cross section is governed by its threshold behavio
(1-E,,/E)*, o ~ 3.

For determining the cross sections for different neutrasaiiation channels
of the CH, molecule, one has to consider the operating dissociaticchamesm.
At least at energies above30-40 eV, when all dissociation channels are open, the
dissociation of &H, molecule to neutrals only and its dissociative ionisatitis-(
sociation to neutral and charged products) are intereelptocesses. This is due to
the fact that the neutral dissociation channels corresporkcited anti-bonding
states of theCH, molecule which are mixed with the repulsive states of it ion
CHy+ . Most of the excited states (with exception of a few, loweegreven in the
simplest CH hydrocarbon molecule are repulsive, and thw@rmial energy curves
enter the continuum of H ion at internuclear distances belew3a, (where g is
the Bohr radius) [26-29]. Thus, most of the excitations aftred CH, molecular
states lead to auto-ionisation (i.e. to dissociative itni®). This picture [41] is
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supported also by the numerous experimental studies ofigsealated products
(their energy distribution, relative abundance, radiatiooperties, etc.). The pic-
ture of competing dissociative auto-ionisation and neuwissociation processes
is also supported by the observed isotope effect in the aledissociation chan-
nels of CHy/CD, systems [42]. While the auto-ionisation is a mass indepande
process (governed only by the interaction of a discretereleic state embedded
into a continuum with the continuum states), the dissamatiepends on time the
system spends in the dissociating state embedded in theeomt, and, thus, on
the masses of products.

Because of the above described common mechanism for ditisocto neu-
trals and dissociative (auto-)ionisation, one can expettthe contributiorRpz(A)
of a particular channel’HH, — A + ... to the total dissociation cross section of
CH, to neutrals, will be the same as the contributiBp;(A™) of dissociative
ionisation channeC'H, — A" + - - + e to the total dissociative ionisation cross
section ofCHy, i.e.,

pp(4) = Rpg(A) = Rpr(A") = oprA”)

_opr(d) - ool )
UtD%(CHy) UtD?(CHy)

By knowing the values of B;(A™) for all dissociative ionisation channels G,
and ¢'$t,(CH,), one can determinepg(A) from Eq. (12). In the energy re-
gion above~ 30 eV, the values of?;(A™) appeared to be only very weakly
dependent on the energy. Therefore, their values at E = 8(ag¥ Iheen ascribed
to Rpr(A). These values are given in Table 2 for all the dissociaticannobls
of CH, molecules. It should be mentioned that the dissociativesation chan-
nelsCH,; — CHgL +H+eandCH,; — CHs + HT + e are related to the neutral
dissociation channel€H, — CH3 + H andCH, — CHg3 + H*, where H is an
excited H-atom. Since we do not distinguish the productshieyr tstate of exci-
tation, theRpg(C Hs/CH,) value in Table 2 is sum oRDI(CH;/CH@ and
Rpr(H*/CHy). (The contribution ofRp; (H ) to Rpgp(C Hs) is, however, less
than 10%.) TheRpg values for neutral dissociation channélél; — CHy; + H
(associated with th€H; — CH;L + H + e dissociative ionisation channel), and
CH3 — CH, + H* (associated with th€ H3 — CH, + H™ + e channel) where
similarly combined into the?pz(C H,/C H3) value given in Table 2. L

In Table 2 are also given the threshold energigs, mean energy IosEé;)
of incident electron (equal to the threshold energy) andntiean kinetic energy,
Eg, of the dissociation products. These quantities have betmated on the
basis of known dissociation energies @H, molecules for zero-kinetic energy
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of dissociated product®,(AB) (“dissociation limits”) (calculated from thermo-
chemical data in Ref.[22]), and taking that the dissocip{irepulsive) state lies
above the dissociation limit in the Franck-Condon regiotlf, ground state for
avalueAE,,.(AB) close to the dissociation limit enerdy,(AB) (i.e. k2 =~ 1in
Eq.(10)). The justification of this approach was discussdtie preceding subsec-
tion. The mean total kinetic energy of dissociated prodigtistributed among
them according to Eq.(9).

2.3 Electron Impact Dissociative Excitation of CH

Total cross section measurements for the dissociativeagiori (DE) of C H, ions
have not been performed as yet. Cross section measureniighes(o+ H ™ dis-
sociation channel of H+ ion, and of theC'H + H* channel from Clg‘ electron
impact dissociation, have been performed recently in gisring experiments in
Refs.[43] and [44], respectively. Crossed-beam measuresnoéthe cross sections
for production of H- and H; ions from electron collisions with all CHions (in-
cluding Cl—gr) have also been performed [45, 46]. Since no resolution ofithe
(or H; ) production channels was made in crossed beam experimeategdorted
data are the sum of (at least) the dissociative excitatiohdissociative ionisation
cross sections of %ions. The contribution of dissociative ionisation pro@sss
(e.g. CT + H* + e in the case ofH* dissociation) to the total/ = and H,
production cross sections is, however, negligible for giesrbelow 25 - 30 eV,
because of their high energy thresholds Z5 - 30 eV). Thus, the storage-ring
and crossed-beam data for C and Hroduction, respectively, from CHagree
perfectly well for energies below 30 eV, while those for thel;Csystem agree
well for energies below 50 eV. From the structure df production cross sections
of Refs.[45, 46] and calculated thresholds of dissociativesation channels for
CH; ions (using the thermochemical data of Ref.[22]), one caimese the con-
tribution of these channels to the measuredptoduction cross sections (see next
sub-section) and obtain the dissociative excitation csessions for the channels
CH; — CHy_; + HT, up to the energies of 70-80 eV. The DE cross sections ob-
tained in this way have their maxima at about 35-45 eV (ext®pEH" when the
DE cross section maximum is at 25-35 eV).

The extrapolation of these derived DE cross sections inrikegy region above
70-80 eV can be done in accordance with the Born-Bethe cexg®or behavior
at high energies. It should be noted that the values ofthg(H™) cross sec-
tion for H + neutrals production from C?j—l(y = 1-5) at the energies- 40-50
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eV show a strict linearity with respect to(decreasing from 1.87106cm? for
CHT to 0.83x 10~ 16cm? for CHY ). The measured pg(H,") cross section values
at E~ 30-50 eV for C@ (y = 3-5) also show a similar linearity, butpz(H;")
increase with increasing (from 0.12<10~6cm? for CHZ to 0.34x 10~ cm? for
CHZ at E~ 30-50 eV). These linear dependenciesr@fp(H ') andopr(Hy)
on y are a manifestation of earlier mentioned additivity rulesd are expected
to manifest themselves also in the cross sections of otlsspdiative excitation
channels of CH.

From the known dissociative excitation pattern@* ion (to C* + H and
C + HT fragments), and the experimentally knowpz(H"/CH™) cross sec-
tion, one can derive the totaflS’,(C'H ™) cross section for the CHion by as-
signing a value for thepr(CT/CH™) cross section of th€* + H fragmen-
tation channel. The experiments [43, 45] show that the timesenergy of the
CH* — C + HT channel is about 4.5 - 5.0 eV, while from the known dissocia-
tive potential energy curves of CH27-29] it follows that the energy threshold of
Ct+H dissociation channel is about 12.2 eV. On the basis ofatgeldifference
of threshold energies of G-H and C+H" channels (and the observed effects of
such differences on the cross sections of other inelastHg-processes; e.g., in
dissociative ionisation), we have assigned a contributiba,z(C™) cross sec-
tion to the total dissociative excitation cross sectidff,(CH*) of CH" ion of
about 10%. This gives a value of 0480 5cm? for opp(C™) at energies 30 -
40 eV, where the maximum efS%,(CH") is expected (on the basis of the values
of UDE(H+)).

We should note, however, that in the caseCdf * ions there is another pro-
cess, hamely electron capture to a doubly excited disseeistiate ofC H, which,
after auto-dissociation, produces the same reaction ptedu" + H as the di-
rect DE process. This capture-auto ionisation disso@dBAD) channel will be
considered at the end of this subsectior: 4p(C™) is significantly larger then
ope(CT) [47].

2.3.1 “proper” DE processes forCH;

The above mentioned approach for determining the totabdigBve excitation
cross sections cannot be applied for the othej@tbhs because of the large num-
ber of channels involved. However, in accordance with thditaity rules, we
expect that the total DE cross sectiari§; (C'H,) increase with increasing (at
least in the energy range abowe20 - 30 eV). Using the similarity of dynami-
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cal mechanisms governing the electron impact dissocigtionesses in CjHand
CH, molecular systems, we adopt that the linear increasg®f(C H,") with y

is the same as that ofiS%,(C'H,) in the energy range above 20 - 30 eV. (As
emphasized earlier, below& 20 eV all inelastic cross sections of Gldnd CHf
are determined essentially by their threshold behavian)tiie energy of- 40eV
(where the maxima o35, (CH,") (y = 2 — 4) are expected), the values of
ol5t,(CH,) for CHy, CHy and CH[ are 2.3%10 '®cn?, 2.52x10*Scn?® and
2.75x10"1%cn?, respectively. The value ef’St,(C HT) at this energy, as deter-
mined earlier, is 2.0510cm?. This has been used in fixing the position of the
line i35 (CH,") = f(y) having the same slope a$7(CH,).

Knowing the totab-i3%,(C H,') cross sections at 30—40 eV, and therpp(H ™)
and opr(H;) channel cross sections for all @Hone can determine the con-
tributions of other dissociative excitation channelss{6f,(CH,") at this energy
by using their linear dependencies on y. Firstly, for the™Cidn we already
know opp(CY) at~ 30 — 40 eV (~ 0.18x10'5cm?). It is plausible to assume
that the contribution of € + neutrals channel in the case of CHissociation is
smaller than in the case of CHion because the number of dissociative excita-
tion channels in CH is much larger (see Table 3). Taking this into account, as
well as some other arguments connected with the weightedofathe threshold
effects on the total cross section, we assign tosthg (C'1) cross section for the
CH; — C* + neutrals dissociation a value of 0.3210*6cm?. The values of
opr(C™T) for CHJ and CHf at E~ 40 eV are now obtained by linear interpola-
tion (by virtue of linearity ofrp(C*) from C H,! as function of y). For th€' H;"
ion, the cross sections for all dissociative excitationntteds are now uniquely de-
termined, because the valuexf z(C H™") is the difference betweefflg’%(CH;)
and the cross sections for the' HHJ", C™ + neutrals channels. (The,z(H*) and
opr(CT) cross sections for CHare each further shared between the respective
Ht+CH andH*T +C+ H,andCt + H, andCT 4+ 2H channels, in accordance
with the threshold energy weights.) A similar procedure wsed for determining
the channel cross sections of g:land CH ions (including the use of linearity of
ope(CH™) from CH} with y). The ratios of channel cross sectionsp(A™),
for a particular ‘A™ + neutrals” dissociative excitation 6fH,', to the total cross
sectionso S5, (CH,),

opp(AT)
o5 (CHy)
for the energies B 35-40 eV are given in Table 3. In analogy with the case of
dissociative ionisation, we except that these ratios areklyedependent on the

Rf, = (13)
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collision energy above E 20-30 eV. (For EX 20 eV, the cross section behavior is
dominated by the threshold effects.) L

The values of threshold energ¥;;;,, mean electron energy IosEé;), and
mean total kinetic energy of the producSy, are also given in Table 3 for the
considered dissociative excitation channels. These waterrdined in the same
way as for other dissociative reactionseir- C H,, collisions, as described in the
previous two subsections.

2.3.2 CAD processes foCH;

As mentioned earlier, besides by the direct DE mechaniswitéddon of a repul-
sive state oCHy+ ion from its ground electronic state), the dissociation(]tﬁy+
ions may be induced by electron capture into a doubly exdtssiociative Ryd-
berg stateC’ H,;* which, after auto ionisation, (ejection of the captureccetm),
can produce the same reaction products as the direct DEg#0ERis capture-auto
ionisation dissociation (CAD) process should have muchlleménresholds than
the corresponding DE process producing the same reactaugts.

There is only one cross section measurement for this procas®ly the cross
section for the reactions+ CHt — (CH)** — e+ C™" + H [47], that indicates a
threshold of~ 2.5 eV. The cross sectionc4p(C*/C H™) for this reaction consti-
tutes about 70% for the cross sectiopp(H/CH™") fortheCHT — HT + C
dissociation channel in the energy range abov@) eV. The estimated total kinetic
energy of theC+ and H products from this process is about 4.0 eV.

In absence of any experimental information, or potentiakgy calculations of
dissociative auto-ionising states, it is not possible t&ena more accurate judg-
ment about the CAD cross sections@’nﬁrg;L ions withy = 2 — 4. However, if the
magnitude of the resonant structures in the dissociatigendination cross sec-
tions of CH,} ions (see sub-section 2.5) is taken as a measure of thevectate
of processes proceeding via the doubly exited dissocidtive )** states, then,
with increasingy in CHJ the CAD cross section should rapidly decrease (ap-
proximately by a factor of two for each decreaseydfy one). This can be also
inferred from the rapid decrease of the electron capturescsection to the doubly
excited state o’ H, with increasing “vertical” transition energy from the bmtt
of ground electronic state c(ngj to the dissociative potential curve 6fH;*
(which increases whepincreases).
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2.4 Dissociative lonisation ofCH;r lons

As we have mentioned at the beginning of the preceding sciimse the disso-
ciative ionisation (DI) cross section for t@H ™ ion can be determined by sub-
tracting the knowropr(H™) cross section [43] (up t&& ~ 60 eV) from the
known cross section foff * production,ocpr(H™) + opr(H™) [45]. For the
opr(H™) cross section o H ions there are also theoretical calculations [48],
which agree withop;(H 1) derived from the experimental data, and extend the
cross section into the KeV energy region. Sinceddi * ions the only DI channel
iSCHT — CT+ H™ +e, obviouslyop;(H") = oSt (CH™). This cross section
has its maximum a&’ ~ 80 — 100 eV.

The main reaction channels of dissociative ionisatiol'éf,” ions are given
in Table 4. All of them aref ™ - ion production channels. Therefore, the total DI
cross section for a givefi H,! ioniso$;(CH,}) ~ op;(H*/CH,f), and can be
determined from the total experimentél"- ion production cross section [45,46]
by subtracting from it the partiatpp(H*/CH,") cross section (determined as
described in the preceding sub-section). Since the expatahH *-ion produc-
tion cross sections are known up to the collision energy of\/,dhe extension of
O'D[(H+/CH;_) to higher energies can be accomplished by using the energy in
variance of the ratiep;(H* /CH,})/opr(H" /CH™) in the region above- 50
eV. Note that!S,(CH,") ~ opr(H/CH™) follows from the fact that7;" -ion
production cross sections measured in Ref.[46] are an ofdaagnitude smaller
than theH ™ ion production cross sections. Besides, the threshomszroducing
DI channels are usually larger than those for Ehe producing DI channels.

The threshold energies in Table 4 for DI channels were déteahin the fol-
lowing way: For theC H™ ion, for which potential energies are known [26-28],
the “vertical” energy to reach th@* + H ™ potential energy curve from the energy
minimum of C H* ground electronic state is 29.0 eV. It lies 11.78 eV above
the (C* + H™) dissociation limit (infinite internuclear distances). Tdraount of
11.78 eV is the Coulomb interaction energy 6f- and H " ions, after the Franck-
Condon transition from th€' H* ground electronic state to ti€'™ + H ) disso-
ciating state is accomplished. This (interaction) energgyethds on the ion charges
only and has been added to the calculated dissociation ieadgsing thermo-
chemical tables, Ref.[22]) of all DI channels in Table 4. Tdirged reaction
products share the amount bf.78 eV according to Eq.(9). The neutral products
in DI channels of Table 4 have zero kinetic energy.

The ratios of channel cross sectioaﬂ§1(A+/CHy+) for a given DI reaction
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channels producingl* + H* to the total cross sectiongs;(CH,),

opr(At/CHY)

RE (AT JCHT) =
. ! oS (CHy)

(14)

are also given in Table 4. These ratios have been calculgtedibg the observed
E;,*° dependence of 5t (C'H,") in the threshold region and assuming that any
two R}, (A] /CH,[) andR}, (A3 /CH,) branching ratios have the same energy
dependence (if any) in the threshold region. Then ,

E N 1.55
Rb (A} JCH) /R (A JCHT ) ~ (—) |

whereE,;, 1 andEy, » are the threshold energies for th§ + H+ and A3 + H* DI
channels. Using these ratios and the conditions Byat(A;" /C'H,) should sum
up to one, we obtained thEBI values given in Table 4. Under the assumption
made in their derivation they should be valid at all energies

2.5 Dissociative Recombination of Electrons wittCH; lons

Systematic measurements of total dissociative reconmbimatoss sections of elec-
trons with Cl—gj ions (y = 1-5) have been performed in Ref.[49] by the merged-
beam method, in the energy range 0.02 - 1.7 eV. It has beegnized later, how-
ever, that due to a calibration error, the reported crossosecin Ref.[49] are by
a factor of two too large [50]. These, uncorrected, crossiges were used in
the compilation [5]. More recently, accurate 0%) total cross section measure-
ments were carried out by using storage rings, forGsl], CHQF [44], CH;f [52]
and CH' [53], and in a much broader energy range (fré6m2 — 10~2 to 10 -
20 eV). Moreover, the use of storage rings made it also plestitdetermine ex-
perimentally the branching ratios of the various dissdammthannels in e + ijl
recombination. It turned out that, contrary to certain tieioal assertions [54,
55], the three-body fragmentation becomes increasinglgermportant than the
two-body dissociation with the increase of complexity of ibn. In the present
database, the total recombination cross section and thedailision branching ra-
tios from these recent experimental sources have been eseebt for the CE{I
for which the total cross section data of Ref.[49] (reducga@ fflactor of two) have
been taken. The dissociation branching ratios for]Gtdve been determined by
interpolation between the values of corresponding dissioci channels for C§1
and CH'.
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The dissociative recombination channels for e +;C®I = 1-4) collision sys-
tems are shown in Table 5, together with the values of bragchatiosRpr of
individual channels. It should be mentioned that thesedbiag ratios were de-
termined at collision energies below 0.1 eV (e.g. for CH'), where they do not
vary with the energy. However, as the dissociatiohibin indicates [56], this may
change at higher energies. In Table 5 we also give the tatetiki energy of the
dissociated productsE(O), calculated (using Ref.[22]) under the assumption that
both CH; ion and the products are in their ground states, and for the wden
the recombining electron has zero energy. For an electrimaninite energy, its
center-of-mass system energy should be added to the va‘még)cgiven in Table
5.

It should be, however, noted that the dissociative recoatimin process, by
its physical nature (electron capture to a doubly excitetesdf CH, molecule),
generally produces excited products. The guestion of gonastates of dissocia-
tive recombination products has been experimentally tiya&ted only for the case
of e + CH" recombination [51]. This study indicates that even at “Zémgpact
electron energy, predominantly populated are the first toited states of C, i.e.
the channels CD) + H(1s) and C(S) + H(1s), with branching ratios 0.79 and
0.21, respectively. These channels remain dominant éifptg ~ 0.3 eV, but with
different branching ratios (0.75 and 0.25, respectivedg $able 5). With further
increase of electron impact energy, the higher exited stateC become domi-
nantly populated, and fdtc; > 9 eV, the H(nl) states begin to be populated. The
fulfillment of conditions for favorable population of newited product recombi-
nation channels when collision energy increases, prodesehance structures in
total recombination cross sections. These structuresliese seen in the total re-
combination cross sections for all QHons, and they are particularly pronounced
in the energy region above 1 eV (with strong peaks at 1 — 2 eV and~ 9 — 10
eV).

From the detailed study of excited product states in e + @etombination
[51] and the fact that the main high-energy resonance peakka + CI—[j (y=1-5)
systems appear approximately at same energigs{2 eV and~ 9—10 eV), one
can infer that for energies below 8 —9 eV the hydrogenic recombination products
H and H, are electronically still not excited. One can, thereforgeet that the C
atoms in theC' + Hy andC + H + H channels ot + C'H, recombination will
have a similar quantum state distribution as in the casetof’ H ™ recombination
for energies below 8 — 9 eV (see Table 5). Thé€'H molecule in theCH + H
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dissociative channel of + C'H," recombination should be both electronically and
vibrationally excited. Taking into account these consitiens, the values ofg@,
given in Table 5 for the unexcited products, have to be rediligethe amount of
excitation energy of the products.

Another important result of the detailed study of reactioodoicts ine + CH™
recombination [51] is that the angular distribution of digisted products (in the
C.M. system) is not isotropic. The angular distributionsatriopy of products is
different for different excited product channels and vaigth energy. It becomes
isotropic only in the limit of zero energy of recombined e¢teas. However, in a
plasma with temperatures higher than).5 eV, the CH" (as well as other ijl)
ions are rotationally (perhaps even highly) excited, sbdkaraging over the rota-
tion of internuclear axis (with respect to the electron e@ovector) results in an
isotropic distribution of dissociation products.

2.6 Charge Exchange and Particle Rearrangement Processesil ™ + CH,
Collisions

The cross section data for charge and particle exchangesses (6a) and (6b)
have been discussed in detail in Ref.[8] for alllg, (z =1 —-3,1 <y < 22+ 2)
molecules. Here we give a brief account of the data for@fig, (1 <y < 4)
molecules only.

Total charge exchange cross section measurements'for GH, (y = 1 - 4)
collision systems are available only for the Chholecule [57-63], and cover the
collision energy range from- 200 eV/AMU to several MeV/AMU. More re-
cently [64], charge exchange cross sections measuremengsperformed for the
O™ - CH, collision system down to collision energies of about 10 eMi4, which
due to (practically) the same ionisation potentials of O ldndan be considered as
an extension of proton impact data. (The data foradd H™ projectiles are indeed
the same in the overlapping energy region, and those foatnergies below 200
eV/AMU conserve the trend of behaviour oftH+ CH, cross section data.) In
the energy region below 10 KeV/AMU, the H" + CH, charge exchange cross
section shows a behavior typical for resonant charge exghprocesses (a loga-
rithmic increase of the cross section with the decrease erfggn[65]). Although
the H™ + CH, charge exchange reaction is exothermic-by.1 eV, the resonant
conditions for the electron capture process are neveghdidfilled because the
reaction exothermicity can be easily expended on excitaifanternal degrees of
freedom of CH reaction product. A similar resonant behavior of the cressisn
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is expected also for the H+ CHs charge exchange reaction. However, for.CH
and CH molecules the number of internal degrees of freeddffer@ht modes of
vibrational motion, rotations within a given vibrationabade) are reduced, and the
fulfillment of resonant conditions for the process becomesentlifficult. There-
fore, for CH, and CH, the cross sections as function of the collision gnsiguld
behave as those typical for non-resonant charge exchangesses (with a broad
maximum in the range 1 - 20 KeV/AMU and decrease with decnggitie energy,
[65]). Using the parameters for'H+ CH and H" + CH, charge exchange reaction,
and certain criteria for the position and magnitude of ceEgion maximum, as
well as for the steepness of the slope of its decrease witledgiog the energy, the
cross sections for these two reactions were derived in&ef\[further element in
deriving the cross sections for these two reactions, asagdlr those of Ckland
CH, in the region below~ 1-5 eV was the use of known total reaction rate coeffi-
cients for all these reactions in the thermal energy reds®i [These reaction rate
coefficients include contributions from both the pure ckamgnsfer (or electron
capture) reaction, H+ CH, — H + CH/, and from the particle rearrangement
channel,H* + CH, — Hy + CH, . The total reaction rate coefficients in the
thermal energy region fat/ * + C'H,, charge exchange and particle rearrangement
reactions are given in Table 6, together with the branchétigs R x of the reac-
tion channels. It should be noted that the rearrangemennehéor the H™ + CHs
collision system is endothermic and, therefore, not inetuéh Table 6. In this
table we also give the energy defektt for each reaction channel which, if not
absorbed by the internal degrees of freedom of the prodwatsld give the total
kinetic energy of the products. As argued above, for the pleetron capture re-
actions of CH and CH; with H™, the exothermicitie\ £’ are fully absorbed by
the ro-vibrational motion of the productsH; and CH; , respectively, and the
reaction products should have zero (or close to it) valudradtic energy. In deter-
mining the values of branching ratios for charge exchangaméls inf+ + C' H,
thermal collisions we have taken into account that the gitibaof particle rear-
rangement channel increases with increasing of reactiothexmicity.

In Table 6, we have added also the exothermic charge exchraagtton H-
+ C — H + C*, for completeness. (This reaction is also needed in theoopdr
bon/carbon transport modeling.)
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3 Analytic Representations of the Cross Sections

The cross sections determined by the procedures descriktbe preceding sec-
tions can all be fitted to appropriate analytic expressionadilitate their use in
hydrocarbon transport modeling codes or in other apptioati The adopted ana-
lytic representations of determined cross section do rthtae the accuracy of the
cross section data.

3.1 Electron Impact lonisation of CH,,

The direct, dissociative and total electron impact iomigatross section deter-
mined in Ref.[7] were represented by an analytic fit functidthe form

10713 E N [c (4-1) 9

where I. has a value close (or equal) to the appearance potentiale@san in
eV), E is the collision energy (expressed in eV) afid(j = 1, ..., N) are fitting
parameters. The number of fitting parameters was deternfiingdthe condition
that the r.m.s. of the fitis not larger than 2-3%. The numbéittofg parametersv
for all ionisation channel cross sections wés= 6, except for the total ionisation
of C'H for which N=8.

For the total and partial ionisation cross sections of the @H; (y = 1-4)
collision systems, the values &f and A; are given in Table 7.

For completeness, we have fitted also the electron-impaiddation cross sec-
tion of ground state C atom (taken from Ref.[67]) by the ati@lgxpression (15),
and the correspondinf;> and A; values for this reaction are also given in Table 7.

3.2 Electron Impact Dissociation ofCH,, to Neutrals

The total electron impact dissociation cross sections of @Heutral fragments
(dissociative excitation), determined in sub-section,2.2n be represented by the
following simple analytic expression (y = 1-4)
Eax\*" 1
oSt (CH,) = 34.6 [1 + 0.29y] (1 - %‘) = In(e+0.15E) (x1076¢em?)

(16)
where E;, and E are the threshold and collision energy, respectieglyressed in
eV, and e = 2.71828... is the basis of natural logarithm. &eisn thatS%, has
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proper physical behavior both in the threshold region arugit energies (Born-
Bethe asymptotics). (The value @f;;, in the total cross section is that of the
dissociative channel of CHwith smallest energy threshold.) Eq.(16) also reflects
the linear increase of!St. with the increase of the number of hydrogen atoms in
CH,. The partial cross section for a particular neutral disstomn channel A of
CH, is given by

opr (AJCH,) = Rpg(A/CH,)-o'St(CH,) (17)

where the value of branching ratiddpr (A/CH,) is given in Table 2 for each
dissociation channel. The values of threshold enerdigs, for individual disso-
ciative channels are also given in that table.

3.3 Dissociative Excitation of CH; by Electron Impact

Similarly as in the case of Cflissociation to neutrals, the total cross sections for
dissociative excitation of Cyl (y = 1-4) ions by electron impact, determined in
sub-section 2.3., can all be represented by the analytiession
B \25 1
oBE(CH) =294[1+0.71(y — 1)] (1 - %) = In(e+0.9E) (x10™ %em?)
(18)

where Ey, and E are the threshold and collision energy, expressed ,iramey/
e=2.71828....

The partial cross sections of the individual dissociatixeitation channels are
given by

opr (AT/CH)) = Rpy, (AT /CH[) - o8p(CH)) (19)

whereR},, (A*/CH,) is the branching ratio of the channélt from the disso-
ciation of CHf ion. The values ofz},, and Ey, for each dissociative excitation
channel of CljL ions are given in Table 3.
For the capture-auto-ionisation dissociation cross eeatf C H ' ions dis-
cussed at the end of sub-section 2.3, we have the followiatytmexpression
2.5

2.5
1
o4p(CT/CHS) =20.6 (1 — f) = (e +0.9E) (x107*em?)  (20)

where we took into account that the threshold for this reads E;;, ~ 2.5 eV.
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3.4 Dissociative lonisation ofCH} by electron impact

The cross section data determined as described in sulois&cti for the total dis-
sociative ionisation of’ H, ions can be fitted to the following analytic expression:

E 1.55 1
o1 (CH,) = 3L0[1+0.086(y — 1)] (1 - —”L> = In(e+05E) (x10'%cm?)

E
(21)
whereE and E are in eV units, and the values fék;, are given in Table 4.
It should be remarked that the y-dependenceﬁgﬁ(CH;) is relatively weak.
With the above expression fers;(C'H,") and the values of branching ra-
tios R}, (AT /CH,) from Table 4 one can calculate the partial DI cross sections
opr(AT/CH,) for any particulartC H,” — AT + H" + e reaction channel (see

Eq.(14)).

3.5 Dissociative Recombination of Electrons witrCH;L

For break-up reactions (such as the electron dissociaoambination with molec-
ular ions), Wigner predicted [68] that the reaction crosgiee should behave as
E~1, as long as there are no other competing processes. Thdregptal data
one+ Cl—y dissociative recombination (DR) all confirm this generdidgor for
sufficiently low collision energies. At higher collision engies (above- 1 — 2
eV), resonance structures appear in the total recombimatimss section, indicat-
ing that indirect mechanisms begin to contribute to themdaoation, and that the
dissociating state (or states) may be strongly coupled @ifibr reaction channels
(e.g. auto-ionisation of doubly excited dissociating est@rocesses involving the
high Rydberg states of the molecule, etc.). As we have seéarethe thresholds
of competing dissociative excitation channels of Ctppear at 5 - 10 eV, and at
these and higher collision energies the DR cross sectiandktart to fall off more
rapidly thanE~! with increasingE. Combining these facts, and averaging over
the resonance structures, the total cross seefijpfor dissociative recombination
of CHy+ ions can be represented in the form

A

tot +\ —
7o CHy) = pe v aEn

(x1071%em?) (22)
whereF is the collision energy (in eV) and, «, a and~ are some constants. In
accordance with the Wigner law, the valuecoghould be close to one. However,
Eq.(22) is only an analytic fit function and the values of paegersA, «, a and~y
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are determined from the experimental data given in a wideggrrange (103 —20
eV) by criteria of fit optimization. With the analytic funoti given by Eq.(22) we
have fitted the experimental data for glﬂom storage-ring experiments [44, 51,
52] (averaging over the resonance structures), and onlgifr we have used for
the fit the old (corrected) merged-beams data [49]. The wbtavalues for the
fitting parameters in EQ.(22) are given in Table 8. The fitsecdlie energy range
10~* — 20 eV (for CH; the upper limit is~ 5 eV), but their extension to higher
energies should be considered as reasonable.

The cross sections for the individual recombination chinaee obtained by
multiplying the total cross section with the correspondimgnching ratio,

opr (A/CH/) = Rpr(A/CH,) - o5x(CH,) (23)
where the values of branching rati®s, i are given in Table 5. It can be assumed
(in the spirit of Wigner’s law) that the values of these ratwill remain the same
as long as the resonances do not dominate the cross sedtiavidre
3.6 Charge Exchange and Particle Exchange Processes
The cross sections for pure charge exchange (electronregptu

H* + CHy — H + CH/ (a)
and particle exchange (or rearrangement)
H* + CH, — Hy + CH, | (b)

processes in the thermal energy regign((05 eV) can be related to their thermal
rate coefﬁcientsR(cf”;g(b) - K%, by the relations

(a) . o

O'gl))( - 7.9 chl# (X107166m2) (24a)
(b) L Kto

ol = 126 FETES  (x107°an?) (24b)

where K% (in units of 10°cm?/s) and branching ratioR(C‘?;(’(b) are given in Ta-
ble 6,c = 0.8,y = 2.5, andF is the collision energy, in eV. The values of constants
¢ and~ have been chosen to ensure that for energies alsoveeV, the particle
exchange channel constitutes not more thd®% ofo—(ca))(. The expressions (24)
for agl))( and ag’}( are not expected to be valid for energies abexel eV. How-
ever, Eq.(24a) can serve as a good low-energy limit of thescsection for the pure
electron capture process (a).
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The charge exchange cross section ih HC,H, collisions have been fitted
in Ref.[8] by using a polynomial fit based on the Chebishewpamials. In the
present report we use an analytic expressionstex which provides physically
correct behavior of the cross section outside of the randé&ed data as well. The
analytic form fora(ca))( is

S _ ay N by exp(—by/E)
CX ™ E1/2 4 gyFas ' Eb1 4 bsEbe + by Ebs 4 by Eb10

(x107*em?)  (25)

wherea; andb; are fitting parameters and the collision enefgys expressed in
eV units. The values of fitting parameters are given in TablEl# above analytic
representation of(co‘))( is valid from thermal to MeV energies.

The cross section for reactidiit +C — H + C* can be taken from Ref.[69].
Its analytic fit has the form [69]

exp(—cy/E) exp(—cgF)

%106 ¢m? 26
14 B 4 e B ST per ( em’) - (26)

O’C)((E) =C

where the energy is expressed in units of KeV and the fitting parameters are:
c1=14.2,c0=0.686,c3=1.96 103, ¢,=1.49 10, c5=18.9,c6= 10.2 anc;= - 3.02

4 Reaction Rate Coefficients

The cross section of an electron impact reaction with, @rd Cl-lj, averaged over
a Maxwellian velocity distribution of electrons, gives tlae coefficient for that
reaction (we use the unita, = 1, kg=1, kg being the Boltzmann constant)

:w| S}

4 © . 2
<ov> = 5,8 /Uth vWo(v)e - dv (27)
whereu = (2T)1/2, T is the electron temperature,is the electron collision ve-
locity, anduyy, is the velocity corresponding to the reaction thresholdg@né;, =
(2Ew)'?).

For the charge exchange reactions, we assume that the praoa a Maxwellian
velocity distribution characterized by a temperatilive m,,u?/2, and that the hy-
drocarbons have certain kinetic eneegy M V2 /2. The charge exchange reaction
rate coefficient is then defined as

1 © 2 _(wr=v)? _ (wrtv)?
<ov> = gy vio(vp) (e w2 —e W2 - dv, (28)
0
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wherev, = |ii—V|is the relative collision velocity, and we have taken into@mt
that the considered charge exchange reactions are allezrath In Eq.(28), thus,
€ appears as parameter.

With the analytic expressions for the cross sections peavid the preceding
section, the computation of corresponding reaction ragdficgents is straightfor-
ward. Some of these analytic expressions also allow to leacst ov > in closed
analytic form.

With the expression (15) for electron impact ionisationssreection, the cor-
responding rate coefficient, in unifsm?/s), has the form (using Ref.[70])

1/ 8\
: = 876-107°= ([ — .
<OV >jon 8.76 - 10 I <27TIC>

N
AE1(B)+ ) Al e PPW_s0(B)|  (29)
j=1

where = I./T, E1(—3) = —E;(—p3) is the exponential integralV_;., /»(3) is
the Whittaker function, and. andT" are expressed in eV units.

The total cross section expressions for dissociative @it of CH, to neu-
trals, Eq.(16), and dissociative excitation and ionisabCH;", Egs.(18) and (21),
respectively, can also be integrated over the Maxwelliatribution of electron
velocity in closed form. The analytical result in this casewever, is only approx-
imate. By writing the total cross section for these procegs¢he form

o = Aoy) (1 — %) % In(e + cE) (30)

the rate coefficient takes the form

8A0(y)Eth o 1 ¢ -B
< ov > :W/l 1—5 1D(€+CL$)€ mdm (31)
wherea = cEy, and( = Ey,/T. With the values of parameterand Ey;, for the
processes involved, the product cFyy, is always larger then one, and far > 1

the functionln(e + ax) can be represented (with an accuracy better than 1%) by
the expression

2.62
In(e + az) ~ T+ az + In(ax). (32)
Then Eq.(31) reduces to
8A E
<ov> = M(ﬂ + 1y +13) (33)

1/243
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where
I, = 262/00 ! 1 afﬁxd (34a)
L 1 a z) € “
T, = In(a) / (1 — 1) e 57 da, (34b)
1 A
[ee) 1 [e% B
Iy = / <1 — —) In(z) e 7 da. (34c¢)
1 X
The integralZ, is given in Ref.[70] and has the form
1
7, = na) (30 + @) e P2 W 1n9)) (@)

wherel'(z) is the gamma function. Keeping in mind that the main contidouto
the integralZ; comes from the regiom ~ 1, the factor(1 + ax)~! can be replaced
by (1 + a)~!. Then the integral is reduced to the formZfand has the solution

262 (1
I = Tra <B I(1+a)e Wa;1/2(5)> : (36)

The main contribution to the integral (34c) comes from thgiae of largerx.
Hence, retaining the first term only in the expansior(lof- 1/z)* in powers of
1/z, one obtains approximately

I3 ~ % Ep = — %El(—ﬁ), (37)
whereE (3) is the exponential integral function. (The neglected teanesrelated
to the higher order Schldmilch’s exponential integrdls(3).)

In order to obtain the rate coefficient in éfs units, the expression (33), in
which o was expressed in units of éyshould be multiplied by the atomic unit of
velocity, vy = 2.19x10° cm/s. ([, and T, as before, are expressed in eV units.)

With the expression (22) for the total cross section foraliggive recombina-
tion of electrons WitI’CH;' ions, the integration in Eq.(28) for ov > can also
be carried out analytically and the result is [70]:

< ov >W= 84 !

BITeT3 B2 1(2 — a) Wacion 220 (f1)
2 ’ 2
(38)
whereA, a, «, -y are the parameters in Eq.(22), afd= 1/aT". In order to obtain
< ov >4 in units ofecm? /s, EQ.(38) should be multiplied by the atomic unit of
velocity, vy = 2.19 - 108 cm/s, withT being expressed in eV.
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The Whittaker functionV), ,(z) and the exponential integrdl, (z), in terms
of which the rate coefficient for electron impact processesapressed, have the
following asymptotic behaviour for high values of their angent [70]

Waul(z) = 2t e /2 {1 L (AZ_ V27 o (1/22)} (39)

Bi(2) %ée_z [1—%—}—%4—(’)(1/2’3)} (40)

With these expansions one can easily obtain the leadingstefrrate coefficients
of electron-impact processes at low temperatures.

The averaging of charge exchange cross sections Eqs.(BdaRdb) (valid
in the thermal energy region) over the Maxwellian velocitstiibution can easily
be performed by assuming that the kinetic energyf hydrocarbon molecules is
zero. Then, as is well known, the rate coefficient for thetebeccapture process,
described by Eq.(24a), is constant, while for the partislehange channel (Eq.
(24b)) it tends to a constant value when T tends to the therataés (below~ 0.05
eV). For temperatures of interest in the context of magrfeson edge plasmas
(temperatures above 0.5 eV) and for hydrocarbon moleculbsnon-zero kinetic
energy (as they come from the walls or are produced in dig8oniprocesses), the
calculation of charge exchange rate coefficients shouldebeymed by using Eq.
(31) with the expression (25) far.,. This integration cannot be carried out in a
way so as to obtain a result in compact analytical form.

5 Concluding Remarks

In this report we have presented a collisional databasdnéomtost important elec-
tron and proton impact processes with the hydrocarbon mlesC' H,(y = 1—4)

and their ionsCHy*. These processes are given by Egs. (1) - (6). Although the
cross sections for these processes are given in a widei@olésergy range (from
the threshold to several KeV for electron-impact excitatand ionisation pro-
cesses, and from thermal to several hundred KeV/AMU forgmrémpact charge
exchange), the selection of the processes for inclusiohérptesent report was
done on the basis of their expected important role in fusidgeeplasmas with
temperatures up to about 50 eV. On this basis, processessuulther ionisation

of CH;r by electron impact, or dissociative charge exchange, whale suffi-
ciently high thresholds (above 30 — 40 eV), and, therefore, small cross sections
at energies below: 50 — 60 eV, have been excluded from the scope of the present
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report. The cross section database for these processeslisidt systems is also
virtually non-existent.

The present database is aimed mainly for hydrocarbon toainspudies in fu-
sion edge plasmas and, therefore, the question of quanaies sif reaction prod-
ucts (which may be important in the context of plasma spectpy studies) has
not been addressed.

In establishing the present database all the cross sedfimmiation presently
available for the considered processes has been takercotara. Since this infor-
mation is by far incomplete, well established semi-emplraross section scaling
relationships have been used to derive the cross sectidok whkre unavailable in
the literature. This approach, nevertheless, introducesnainties in the derived
cross sections, particularly in the near threshold regidrere the scaling relations
become less reliable. The confidence in the determinatidheofross sections in
this region (below~ 20 — 30 eV) originates from the fast increase of the cross
sections in this region according to the power lgw— Ey, /E)* with a ~ 2 — 3
(observed for the experimentally available cross sections

A particular attention was given in the present report tmaat accurately for
the different channels in dissociative excitation, iotiga and recombination pro-
cesses. Experimental cross section information existdhéomajority of dissocia-
tive channels. The branching ratios of the dissociativemdsnation channels are
experimentally known for alC’H, ions (except folCH;", where is has been de-
termined by interpolation). For the dissociative exattatof C'H,, to neutrals and
CH;, the channel cross sections were determined using argarbaséd on the
application of additivity rules for the strength of chenmibands and the similarity
(or identity) of dissociation mechanisms with those of tiesdciative ionisation.

All cross sections for the reaction channel considered mpeeesed by ana-
Iytical functions of relatively simple form. Tables of thdtifig parameters are
provided. Except for the case of charge exchange, for adiratbnsidered pro-
cesses the reaction rate coefficients are also calculasathigtic form, expressed,
however, in terms of Whittaker- and exponential-integtaddtions.

The graphs of the cross sections and rate coefficient fotualled reactions as
well as the analytic fitting coefficients are provided for ebwading on the web-
domain www.eirene.de of the EIRENE code, in the atomic antbocutar data
section.

An additional effort has been made to determine the enesyédiverage en-
ergy lost by the projectile and gained by the products) fahaaaction. This in-
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formation, required in the kinetic transport modeling cadar for plasma cooling
studies, is given in Tables 1 — 6.

The accuracy of provided cross sections varies for the warnmocesses con-
sidered. For electron impact ionisation reactions it isual6 — 15% for the cross
sections based on experimental information, afd- 30% for those derived by
using the semi-empirical scalings. For dissociative exiah of C'H,, (to neutrals)
andCHg;L by electron impact the uncertainties of derived cross @estare larger
and may reach0 — 100%. In certain cases, however, such as the neutral dissoci-
ation of C Hy and theH ™ and H, ion production channels of dissociative excita-
tion, this uncertainly is much smaller, abat — 30% or less. Similar accuracies
have also the cross sections for dissociative ionisaticﬁﬁ[elﬁ ions.

The cross sections for electronjﬂy+ dissociative recombination are believed
to be accurate to withia0 — 30%, although the total recombination cross section,
based on recent storage-ring data, should be much moreatedir — 15%). The
charge exchange cross section ¢6F,, based on the available experimental data
is believed to be accurate to withis — 20% in the entire energy range. For the
other CH, hydrocarbon molecules the derived cross sections have taugér
uncertainties:30 — 50% for energies below~ 1 eV and above~ 1 KeV/AMU
and even more for the energies in between;ddf; these uncertainties should be
somewhat smaller.

Because the energies of excited dissociating state§hf andCHy+ systems
are unavailable in the literature (except 6 andC H ™), the estimated average
electron energy loss and total kinetic energy of productdissociative electron
impact reactions have uncertainties of about 1 - 2 eV. Fowek processes (usu-
ally having a large energy threshold) this uncertainty mayeten higher. These
processes, however, play only a minor role in the reactiontids.
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7 Appendix: Tables

Table 1

lonisation (;,) and Appearance4,) Potentials foilC H,(1 <y < 4)
Dissociative lonisation Channels (Ref.[22]) and Reackmergetics
(Er = kDy, k = 0.3 normally).

Reaction I, or A, (eV) Ei[) (eV) | Ex (diss. Products) (eV
e+CH; — CH} + 2e *) 12.63 12.63 —

— CHf + H + 2e * 14.25 14.55 0.3 (k=0.8)

— CH + Hs + 2e * 15.1 17.10 2.0 (x=0.8)

— CHY+Hy+H+2 (¥ 19.9 22.05 2.15

— Ct +2Hy + 2¢ 19.6 21.64 2.04

— H* +CH;3 + 2e 18.0 19.91 1.91

—  Hf +CHy+ 2e 20.1 22.36 2.26
e+CH; — CHy +2e *) 9.84 9.84 —

— CHY + H +2e * 15.12 16.74 1.62

— CH™ + Hy + 2e 15.74 17.41 1.67

—  CY+ Hy+ H +2e 19.50 22.42 2.92

— HT + CH, + 2e 18.42 21.00 2.58

— Hy +CH +2e 20.18 23.28 31
e+CHy, — CHY + 2e *) 10.40 10.40 —

— CH™ + H +2e * 15.53 16.93 1.40

— Ct + Hy+2e 14.67 15.97 1.30

— H™ +CH +2e 18.01 20.30 2.29

— Hy +C +2¢ 18.83 21.37 2.54
e+CH — CH™' + 2e * 10.64 10.64 —

— Ct+ H + 2e *) 14.74 15.99 1.25

— HT +C +2e * 17.07 19.02 1.95

(*): Reaction channels included in the database of Ref.[5] .

Note: B\, = A, + Bx
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Table 2
Neutral Dissociation Channels 6fH,,

Threshold Energiess,,, Mean Electron Energy Los%;

and Mean Total Energy of the Producisy .

(=)

el 1

Reaction Channel RpE EHFF;_) (eV) | Ex (products) (eV)
e+CH, — CHy+H+e (% |0.760 6.6 2.2 (+=0.5)
—  CHy+Hy+e 0.144 7.0 2.3 (x=0.5)
— CH+Hy;+H+e 0.073 12.0 3.0
— C+2Hy+e 0.023 10.6 2.5
e+CH; — CHy+H+e (%] 083 6.9 2.3 (x=0.5)
—  CH+Hy+e 0.14 7.2 2.36 (:=0.5)
— CH+2H + e 0.02 12.4 3.1
— C(C+Hy+H+e 0.03 10.6 2.5
e+CH, — CH+H+e (¥ ] 090 6.4 2.1 (:=0.5)
- C+Hy+e 0.08 6.6 3.3 (x=1)
— C+2H +e 0.02 10.4 2.6
et CH — C+H+e ™ | 10 5.3 1.8

(*): Reaction channels included in the database of Ref.[5].

Notes:
1) Ex = KDy, k = 0.3 normally.
2) By, = Do + Ex
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Table 3
Dissociative Excitation Channels GfH;,

Threshold Energiess,;,, Mean Electron Energy Losg,,,

and Mean Total Kinetic Energy of the Producky .

Reaction Channel R}y Ethzﬁfj) (eV) | Ex (products) (eV)
e+ CHf — CHf +H+e (*) | 0.360 35 1.3 (x=0.8)

— CHs+H' +e (*) | 0.315 8.29 (#) 1.91

— CHY + Hy+e 0.140 4.5 2.01 (:=0.8)

- CHy+ Hy +e 0.073 9.77 (#) 2.25

— CHY+Hy+H+e 0.068 9.33 2.15

— Ct +2Hy+e 0.044 8.85 2.04
e+ CHf — CHY +H +e (*) | 0.256 7.03 1.62

— CHy+H' +e (*) | 0.515| 11.18 (#) 2.58

— CHY 4+ Hy+e 0.125 7.22 1.67

- CH+ Hf +e 0.048 11.3 (#) 3.1

— CT+Hy+H+e 0.056 12.65 2.92
e+CHS — CH"+H+e (*) | 0.195 6.08 1.4

— CH+HT +e (*) | 0.675 9.0 (#) 2.29

— C+H+H'+e 0.040 14.53 3.35

— Ct+Hy+e 0.056 5.62 1.3

- C+Hf +e 0.021 11.6 (#) 2.54

— Ct+2H +e 0.013 11.52 2.66
e+ CHt — Ct+H+e (*) | 0.09 6.5 () 2.5 ()

— C+HY+e *) | 0.91 5.0 (#) 1.5 @)

(*): Channels included in Ref.[5]

(#): Experimental threshold energies, Refs.[45,46]

(8): Obtained from Ref.: A.J. Lorquet et al., J.Chem.PI§5.4053 (1971)
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Table 4

Main reaction channels in dissociative ionisatior(]i{;f:

branching ratios R&, threshold energie&;;y,,
mean electron energy Ios]_Sgl_)(: Etn),

and mean total kinetic energy of ionic produdis; (ion.prod.)
(Ex (neutr.prod.) = 0)

Reaction  Channel RY, | Ew = Eil_) (eV) | Ex (ion.prod.) (eV)
e+CHf —e+CHf +H" +e 0.33 27.05 11.78
—e+CHf +H+H" +e 0.24 32.48 11.78
—e+CHY+Hy+H" +e 0.23 33.09 11.78
—e+CT+Hy+H+H"+e| 0.20 36.76 11.78
e+CHf —e+CHf +H"+e 0.39 30.81 11.78
—e+CHY"+H+H" +e 0.30 35.94 11.78
—e+Ct+Hy+H +e 0.31 35.09 11.78
e+CHf —e+CH"+HT +e 0.55 30.41 11.78
—e+CT+H+H +e 0.45 34.15 11.78
e+CHY —e+CT+H' +e 1.00 29.0 11.78
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Table 5

Dissociation Channels ia+ CH; Recombination,
their Branching RatiosR g, and Total Kinetic Energy
Eﬁ?) of the Products (in their ground states and £y = 0).

Reaction Channel ‘ Rpr ‘ E}?) (eV) ‘ Excited products foFy < leV ‘
e+CHS — CHs;+ H * | 0.1 8.17 C Hs(3s); CH3(3p)
— CH> + Hy 0.09 7.83 CHs(a;b;c;d)
— CHy+H+H (¥ 0.43 3.30 C Ho(a; b)
— CH+Hy+H 0.25 3.42 CH(a; A; B)
—  C+ Hy+ H 0.02 4.43 C(*D;'S)
e+ CHf — CH,+ H *) | 0.40 4.97 C Hy(a; b; c)
— CH + H, 0.14 5.10 CH(a; A; B; C)
—~ CH+H+H 0.16 0.64 CH(a; A)
— C+Hy+H 0.30 1.57 C('D)
e+CHy — CH+H * 0.25 6.00 CH(a; A; B; C)
— C + H, 0.12 7.00 C(*D;'S)
— C+H+H 0.63 2.47 C(ID;1S)
e+ CHt — C+H *) 1.00 7.18 C(*D;'s)
e+CHTY — C(ID)+ H(1S) 0.75 (#) 5.92
—  C(1S)+ H(19) 0.25(#) | 4.50
for Eq(CM) <0.9eV
e+CHT — C(D)+ H(1S) 0.075 (#)| 5.92
—  C(19)+ H(19) 0.025 (#)| 4.50
—  C(P% + H(1S) 0.25#) | -0.30
—  C(*P% 4+ H(1S) 0.20(#) | -0.50
—  C(D% + H(1S) 0.45@#) | -0.76
for Eq(CM)=0.9—-9eV

(*): Channels included in Ref.[5].
(#): From Ref.[51].
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Table 6

Charge Exchange Reactionifi + C'H, Thermal Collisions;
Total Thermal Rate Coefficients %, Branching RatiosR¢ x,
and Reaction Exothermicitied\ F.

Reaction Channel ‘ Kl (107 %m?3 /s ‘ Rex ‘ AE (eV) ‘
HY+CHy — H+CH} (¥ 3.8 04 | 11

—  Hy+ CHS 3.8 0.6 2.96
Ht+CH; — H+CHf () 3.4 1.0 | 3.78(#)
H*+CHy, — H+CHf () 2.8 0.36 3.2

— Hy+CH* 2.8 0.64 | 5.17
Hf"+CH — H+CHT (¥ 1.9 031 | 247

—  Hy+C+ 1.9 0.69 | 5.28
Ht+C — H4+Ct — — 2.33

(*): Reaction channels included in the database of Ref.[5]
(#): These exothermicities are absorbed by reaction pteduc
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Table 7

Values for the fitting coefficients in Eq.(15) for the totaldgpartial ionisation
cross sections ia + C'H,, collisions. For each proceds and A; (i from 1 to N)
are listed. 5.1090E+02 meahd090 x 102.

e+ C
Cross section

‘ process ‘ I.

| 4;,i=1-3

\ e+ C — ionisation\ 1.1260E+01\ 2.1143E+00| -1.9647E+00 -0.6084E+oo\

e+ CH
(a) Total cross section

process 1. A;, 1=1-3
A;, i=4-6
A;, i=7-8

e + CH — total ionisation| 1.1200E+01| 1.2258E+00| -3.0764E+00| 2.6182E+01
-1.4891E+02| 4.3224E+02| -6.6387E+02
5.1090E+02| -1.5314E+02

(b) Partial cross sections

process 1. A;, i=1-3
A;, i=4-6

e+CH — CH"Y +2¢ 1.1300E+01| 1.4439E+00| -1.2724E+00| -2.2221E+00
9.2822E+00| -1.5506E+01| 8.2778E+00

e+CH — CT + H + 2 | 1.4800E+01| 4.3045E-01| -4.1305E-01| -5.6881E-01
3.2957E+00| -5.6549E+00| 3.4295E+00

e+CH — C+ H" +2e | 1.7140E+01| 4.4144E-02| -1.8579E-02| -4.1046E-01
2.3115E+00| -4.1040E+00| 2.7436E+00
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e+ CH-
(a) Total ionisation
process 1. A;, i=1-3
A;, i=4-6
e + CHy — total ionisation| 1.0910E+01| 2.9597E+00| -2.6451E+00| -3.7136E+00
8.9168E+00| -1.2872E+01| 5.8594E+00
(b) Partial cross sections
process I, A;, 1i=1-3
A;, 1=4-6
e+ CHy — CHY +2¢ 1.0400E+01| 1.7159E+00| -1.7164E+00| -6.5529E-01
2.1724E+00| -5.4186E+00| 3.1616E+00
e+CHy — CH" + H + 2e | 1.5530E+01| 8.1919E-01 | -7.5016E-01| -3.8063E-03
1.4065E+00| -3.6447E+00| 2.6220E+00
e+ CHy — CT + Hy+2e | 1.7100E+01| 3.8400E-02 | -2.91786E-02| -0.98490E-01
0.73008E+00 -1.2111E+00| 0.85722E+00
e+CHy — CH+ H" +2e | 2.2300E+01| -5.8168E-02| 8.2064E-02 | 5.2048E-02
3.1915E-01 | -1.3363E-01| 2.3477E-01
e+ CHy — C+ Hy +2e 2.4800E+01| 2.7682E-02 | 5.0215E-02 | 3.7494E-04
5.1300E-01 | -6.1525E-01| 6.2835E-01
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e+ CHjs
(a) Total cross section
process 1. A;, i=1-3
A;, i=4-6
e + C'H3 — total ionisation| 9.8400E+00| 2.4221E+00| -2.4368E+00| -7.4454E-01
4.6634E-01| -4.1606E+00| 4.5799E+00
(b) Partial cross sections
process I. A;, i=1-3
A;, i=4-6
e+ CHs — CHF + 2e 9.8000E+00| 1.9725E+00| -2.1011E+00| 1.0593E+00
-6.3438E+00| 8.0140E+00| -4.2440E+00
e+CHsy — CHS + H + 2e 1.4000E+01| 1.2824E+00| -1.3906E+00| 6.2993E-01
9.4521E-01 | -5.3629E+00| 4.3087E+00
e+ CHs — CHY + Hy + 2¢ 1.6000E+01| 1.1666E-01| -1.1254E-01| 1.5594E-01
-7.3177E-02| -2.1307E-01| 5.5290E-01
e+CHs — CHy+ H" +2¢ 1.8480E+01| -2.1667E-02| 3.2699E-02 | -1.3308E-01
1.1473E+00| -1.9437E+00 1.5827E+00
e+ CHs — C* + Hy + H + 2e | 1.9540E+01| -9.5279E-03| 1.7251E-02| -5.1275E-02
4.0755E-01 | -6.5843E-01| 5.1835E-01
e+ CHs — CH + Hy +2e 2.0180E+01| -4.4067E-03| 8.6072E-03 | -2.0148E-02
1.6728E-01 | -2.6542E-01| 2.1110E-01
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e+ CHy
(a) Total cross section
process 1. A;, i=1-3
A;, i=4-6
e + C Hy — total ionisation| 1.2630E+01| 2.3449E+00| -2.6163E+00| 2.1843E-01
1.0890E+01| -2.9718E+01| 2.4582E+01
(b) Partial cross sections
process I, A;, 1i=1-3
A;, i=4-6
e+ CHy — CHJ +2¢ 1.2630E+01| 1.3541E+00| -1.4665E+00| 1.6787E-01
6.1801E+00| -1.5638E+01| 1.0767E+01
e+CHy — CHJ + H + 2e 1.4010E+01| 1.6074E+00| -1.4713E+00| -2.7386E-01
1.9556E-01 | 1.1343E-01| 9.0166E-03
e+ CHy — CHY + Hy + 2e¢ 1.6200E+01| 1.6252E-01| -1.0708E-01| -3.2252E-01
8.7125E-01 | -1.8747E-02| 1.3071E-01
e+CHy — CHY + Hy + H + 2e | 2.2200E+01| -1.2458E-01| 1.6287E-01 | -3.3395E-01
3.5738E+00| -5.0472E+00| 2.8240E+00
e+ CHy — CT +2Hy + 2e 2.2000E+01| -6.2138E-02| 4.4747E-02| 1.7054E-01
-2.2989E-01| 7.7426E-01 | -2.9020E-01
e+ CHy — CHy+ Hy +2e¢ 2.2300E+01| -1.7615E-02| 1.8347E-02 | -5.0664E-02
2.6118E-01| 1.5316E-01| -1.7314E-01
e+ CHy — CH3+ HT + 2e 2.1100E+01| -3.4698E-01| -1.6026E-02| 4.3296E+00
-1.5155E+01| 2.4766E+01| -1.0873E+01
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Table 8

Values of Fitting Parameters in Eq.(22) for the- CH; Systems.

Collision System| A a « vy
e+ CHJ 3001 ]125] 1
e+ CHy 48 | 0.8 |1.10| 05
e+ CHy 6.7 | 1.2 | 1.15| 0.5
e+ CH™T 3.16| 0.13| 0.75| 1.0

Table 9

Values of Fitting Parameters in Eq.(25)
Parameter CH CH, CHs CH,
a 4.28 7.32 17.0 3.93
as 0.001 0.005 385.0 445.0
as 3.0 3.0 2.5 2.3
by 20.2 20.95 51.3 46.2
by 5.3 1.55 0.00 0.00
bs 0.35 0.57 — —
by 0.00 0.00 0.096 0.094
bs 1.12-107% | 2.35.10°7 | 2.0-107° 9.0-10°
be 1.45 1.55 2.00 1.2
by 1.10-107%0 | 5.86-1072! | 5.5-1072! | 2.845.10~ 18
bs 4.3 4.26 4.3 3.8
by 0.00 0.00 0.00 5.81-10722
bio — — — 4.4




