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Abstract
Cross sections and rate coefficients are provided for collision processes

of electrons and protons with C�HY and C�Hy (x = 2,3 ; 1 <_ y < 2x + 2)
hydrocarbon species in a wide range of collision energies and plasma (gas)
temperatures . The considered processes include: electron-impact ionization
and dissociation of CxHy , dissociative excitation, ionization and recombi-
nation of CxHy with electrons, and both charge transfer and atom exchange
in proton channels are considered separately . Information is also provided
for the energies of each individual reaction channel. The cross sections and
rate coefricients are presented in compact analytic forms.
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1 Introduction

1 Introduction

The interaction of a hydrogen plasma with the carbon-containing wall or
with divertor plate materials of a fusion device leads to generation of hy-
drocarbon molecules C,Hy that are released into the plasma . In subsequent
collisions with plasma electrons and protons, CxHY molecules are ionized
and dissociated, producing a broad spectrum of C�Hy, and C�,Hy hydrocar-
bon species with 1 <_ x' <_ x, 1 <_ y' <_ y, as well as H, H2 , Cx, (1 < X' <_ X),

and their ions . These processes obviously play an important role in the
transport and radiation of hydrocarbon species in the plasma (as well as
carbon atoms an molecules) . The information an their cross sections (or
rate coefficients) and reaction energetics is, therefore, a crucial element in
any transport analysis or diagnostic study involving, amongst others, these
species.

Laboratory experiments Show that under hydrogen ion or atom bom-
bardment of carbon materials with impact energies in the range - 1 - 100
eV, the most abundant constituents of released hydrocarbon fluxes are CH3 ,
CH4, C2H2 , C2H4 , C2H6 and C3Hg [1] . The contribution of heavier hy-
drocarbons, C2Hy and C3Hg , to these fluxes becomes increasingly larger
with decreasing the ion impact energy, and are even dominant in the sub-eV
region .

The most important electron-impact processes of CxHY molecules and
their ions CxH+ are :

1) Direct (I) and dissociative (DI) ionization of CxHY

c + C,Hy	C xH+ + 2c

	

(la)
k x,l y'

Cx_kHy _ l + Cx,Hy +

	

CH, + 2c

(lb)

2) Dissociative excitation (DE) of CxHy neutrals :

c + CxHy ---> Cx_kHy_l +

3) Dissociative excitation (DE+) of CxHy ions :

k,l
c + CxH+

	

~

	

cx_kHy l

C,£Ha + c

C,£H,\ + c
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1 Introduction

4) Dissociative ionization (DI+) of C,H+ ions :

k xi l yi
e + CxHy --->

	

Cx kHy l + CX ' Hy +

	

C,~HA + 2e (4)

5) Dissociative recombination (DR) :

e+CXHy CIHA

where the summations in (lb)-(5) go over all dissociative channels . The
typical thresholds of reactions (1)-(3) are in the range - 5 - 20 eV, those
of reactions (4) are above - 25 eV, whereas the DR process is always
exothermic (with no threshold) .

The most important processes of plasma protons with C,HY molecules
are :

6) Charge exchange and particle rearrangement (CX) :

H+ +C,Hy -~ H+C,Hy
H2 + CxH+Y-1 ,

(6a)
(6b)

of which the rearrangement channel (6b) is important only at collision en-
ergies below - 1 eV . In the thermal energy region also the process of
dissociative particle rearrangement may take place,

H+ + CxHy ---> H2 + H/H2 + CXy-1_

	

(6c)

particularly when the reaction is highly exothermic and the number of
H atoms in the molecule is large . The number of hydrocarbon species
CxHy and Cx Hy with x = 1 - 3 and 1 <_ y < 2x + 2 is 36, and the number
of important reactions comprised by processes (1) -(6) is very large . On
the other hand, the experimental and theoretical cross section information
an these reactions is very limited . It covers mainly the "stable" species
(non-radicals) and, in most cases, only the total cross sections (without
identification of individual reaction channels) . In plasma modeling or diag-
nostic applications, however, a complete set of channel resolved cross section
data is required for a given family (or families) of hydrocarbons (C,Hy and
CxHy , with fixed x) . In this situation, the unavailable cross section infor-
mation has to be generated ("derived") an the basis of the available one, and
by using certain well established cross section scaling rules and other well
grounded physical arguments . Using such an approach, a complete cross
section database for the methane family (CHY , CH+ , 1 <_ y < 4) of hydro-
carbons has been established recently [2], including also the information an
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2 Basic Properties of Hydrocarbons and their Collisions with
Electrons and Protons

reaction energetics (energy loss by reactants and gain by reaction products)
required as input in kinetic (e.g . Monte-Carlo) transport codes [3] . That
approach will be used also in the present work . We mention that the earlier
database an collision processes of the methane family of hydrocarbons [4] is
greatly superseded by the recent one [2], both in terms of accuracy and the
number of reaction channels included . The process (4) was omitted in Ref.
[4] altogether .

In the present work we consider the collision processes (1)-(6) for the
ethane (C2Hy , C2 Hy ; 1 < y < 6) and propane (C3Hy , C3 Hy ; 1 < < 8)
families of hydrocarbons . An attempt was made recently [5] to construct
a collision cross section database for these hydrocarbon species (excluding
C3H7 , C3H8 , and their ions) . This database, however, does not include
processes (3) and (4), does not take into account the most recent experi-
mental and theoretical information an I/DI, DR and CX processes for these
systems, and the physical basis of "derived" cross sections in most cases is
difficult to justify. An adequate account of recent experimental and theo-
retical data for I/DI and CX processes of C,HY systems, as well as of the
understanding of physical mechanisms governing these processes, was re-
cently made, respectively, in Ref. [6] and Ref . [7] . The parts of the present
work related to I/DI and CX processes of C2,3Hy will be based an the cross
section information contained in these references .

The organization of this report is as follows . In the next section we give
some general information an the basic properties of C,Hy hydrocarbons and
their collision processes with electrons and protons (including the cross sec
tion scaling properties and reaction energetics) . In Section 3 we consider pro-
cesses (1)-(6) for the C2Hy /C2Hy "ethane family" of hydrocarbons, while
in Section 4 we consider the collision processes of C3Hy and C3Hy ("propane
family" ) . The basic cross section and reaction energetics information for all
studied collision systems and reactions is given in these two sections . In
Section 5, we give unified analytic expressions for the total cross sections of
processes (1)-(6) for all hydrocarbon species C,HY /C,Hy with x = 1 - 3
and 1 <_ y < 2x + 2 . In section 6, approximate analytic expressions are pre-
sented for the rate coefficients of all considered reactions . Finally, in section
7 we give some concluding remarks .

2

	

Basic Properties of Hydrocarbons and their Col-
lisions with Electrons and Protons

In this section we provide certain basic information an the properties of
hydrocarbon molecules and their collision processes with electrons and Pro-
tons that will be frequently used in Sections 3 and 4 for determination
the total and partial cross sections for processes (1)-(6), their threshold
energies and the energetics of individual reaction channels . The provided
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2 .1 Thermo-chemical and energy structure properties of C xHY

information and the discussions in this section hold for all hydrocarbons
C,Hy (x = 1 - 3 ; 1 < y < 2x + 2) and their ions .

2 .1

	

Thermo-chemical and energy structure properties of C�HY

The energy threshold (Eth) of all endothermic reactions, like those repre-
sented by Eqs . (1)-(4), is a parameter that critically affects the magnitude
of inelastic cross section in general, and particularly in the near-threshold
region (Eth <_ E < 2Eth) . In the case of direct ionization (I), the threshold
is defined by the ionization potential (Ip) of the target AHY or CxH+y
while in case of dissociative processes (DI, DE, DE+ and DI+) the reaction
threshold is defined by the "appearance potential" (Ap) of reaction products .
Both Ip and Ap can be measured (Ap for a given process only) experimen-
tally. They also satisfy certain thermo-chemical relations . For instance, for
the direct and dissociative ionization channels of a molecule A B C, namely,
for the processes

c + ABC

	

ABC+ + 2c

	

(7a)
c + ABC

	

A+ + B + C + 2c

	

(7b)

Ip (for (7a)) and Ap (for (7b)) can be expressed as

Ip (ABC+) = OHf(ABC+) - OH (ABC) + DE

	

(8)
Ap (A+)

	

=

	

OHf(A+) + AHY (B) + AHY (C) - AHY (ABC) + DE(9)

where AlH (X) is the heat of formation (enthalpy) of particle X at T=273K,
and DE is the (possible) internal excitation energy of the fragments . (It is
well assumed that the fragments are in their ground state, i.e . DE = 0. If
it is not the case, then that fact can be explicitly accounted for by writing
Eqs . (8), (9) for that specific channel, i.e . by associating DE with OHO for
the excited product(s) . Therefore, we may always set DE = 0 in Eqs . (8)
and (9) . )
For the dissociative excitation (to neutrals) process

c + ABC ---> A + BC + e

	

(10)

the appearance potential (for this specific fragmentation) is

Ap (A) = Ap(BC) = oHf(A) + oHy(BC) - AHY(ABC)

	

(11)

It is obvious that Eq.

	

(11) also defines the dissociation energy Do of the
molecule ABC with respect to its A+BC dissociation channel . If ABC
represents a positive molecular ion, ABC+, then its dissociation energy for
the specific fragmentation (e.g by electron impact)

c+ABC+ ---> B++AC+c

	

(12)

R.K . Janev and D. Reiter

	

8



2 .1 Thermo-chemical and energy structure properties of CxH Y

is

Do(ABC+ -> B+ + AC)

	

= Ap(B+) = Ap(AC)

	

(13)
DIIf (B+) +AHf (AC) - AHf (ABC+)

We note that Eq. (8) connects OHf (X+) with Ip (X) and OHf (X),

DIIf (x+) = DIIf(x) + ip (X),

	

(14)

so that the appearance potentials (and dissociation energies) for dissocia-
tive excitation and ionization processes involving positive molecular ions (e.g
DE+ and DI+ processes) require knowledge of AHf and Ip for the corre-
sponding neutral species only . In Table 1 we give the values of AHf and Ip
for all C,HY molecules with x = 1 - 3 and 1 <_ y < 2x + 2 taken from Ref.
[8] . Included in Table 1 are also the OHf and Ip values for H, H2 , C, C2
and C3 (from the Same reference) which are also needed in determination
of energetics of some dissociative processes. We note that for some of the
considered CxHy species, this more recent source gives somewhat different
values for OHf and Ip than the earlier recommended values [9], which were
used in Refs . [3, 6, 7] . We also note that several of C2Hy (e.g ., C2H2 ,
C2H5 ), and almost all C3Hy molecules, appear in two or more isomeric
forms (see Table 2. In Table 1 are included the isomers with the lowest heat
of formation, assuming that their abundance in hydrocarbon fluxes released
from carbon plasma facing materials in fusion devices is significantly larger
than that of other isomers (i .e . less energy is required for their formation an
carbon surfaces) . The values of AHf and Ip given in Table 1 will be used
throughout in this work.

For most of the considered hydrocarbon molecules bound excited states
have been experimentally observed . The lowest of them are listed in Ta-
ble 3, compiled from Ref. [8] . These excited states play an important role
in considered electron-impact processes, affecting particularly their energet-
ics . For instance, the dominant mechanism of dissociative recombination of
an ion AB+ requires existence of doubly excited state AB** of its parent
molecule, which in the dissociation limit correlates with an excited state of
one of reaction products . For the DE process (2), more important role play
the non-observable dissociative (anti-bonding) excited states of C�HY and
the bound states that quickly pre-dissociate . Information about these states
can be provided only through elaborate quantum-chemistry molecular struc-
ture calculations that presently exist only for CH and C2 [10, 11] . Stable
bound states of the CxH2 ions have so far been observed only for CH2 (three
states) and C2H2 (two states) [8] . Quantum-chemistry calculations for CH+
[12, 13] have shown that many bound states can be formed in this system,
the vast majority of which pre-dissociates along the numerous dissociative
states of the ion. For other C�H2 ions such calculations do not exist, but
the physical picture has to be similar.

R.K . Janev and D. Reiter
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2 .2 Basic relations for reaction energetics

2 .2

	

Basie relations for reaction energetics

Kinetic Monte-Carlo particle transport modeling codes require information
not only about the reaction rate coefficient but also information about the
energy and momentum of reactants and reaction products [3] . Total energy
and momentum of the collision system should, of course, be conserved in the
collision event . We shall discuss here only the energy conservation aspect ;
more specifically, the energy lost by the reactants, or gained by reaction
products (including any involved electrons) . Since all the processes consid-
ered in the present work (except the direct electron-impact ionization and
CX) involve excited states of C,HY and C,Hy (pre-dissociating bound and
anti-bounding states), it is obvious that for determining the energy loss of
reactants and energy gain by the products, knowledge of the energies of these
excited states is required . As we mentioned in the preceding sub-section,
such knowledge is presently available only for the CH/CH+ system . In this
situation, the determination of reaction energetics for other collision systems
has to rely an certain plausible assumptions about the energies of excited
electronic dissociating states . Such a highly approximative approach, how-
ever, cannot offer more than rough estimates for the average values of the
energy lost/gained in a reaction . Below we briefly describe the methodology
and the assumptions (as well as the physical arguments behind them) used
in determination of energetics of dissociative processes studied in this work .
(For the direct ionization process, C,HY -> CxHy +e, the energy lost by the
incident electron coincides with the ionization potential of C,HY .)

In an electron-impact dissociative process, such as represented by Eq.
(10), or Eq . (12), the minimum energy lost by the electron equals to the
dissociation energy, Do (for a given dissociation mode) . This energy is
sufficient to bring the system from its initial (e.g ground) vibrational state to
its dissociative continuum, with zero kinetic energy of the products, and it
corresponds to the appearance potential Ap for that particular dissociation
channel . However, this dissociation mechanism, involving overlap of the
initial (discrete) and final (continuum) state wave-function of the system
is rather weck, particularly when the initial state is the ground vibrational
state . Much stronger is the dissociative excitation mechanism which involves
a strong coupling (e.g . via a dipole, or higher multi-pole interaction) of
the initial (ground) electronic state of the molecule with its lower excited
dissociative electronic states . With respect to the dissociative excitation
mechanism, the contribution of direct vibrational dissociation to the total
dissociation cross section can (usually) be neglected .

The energy threshold for the electron -impact dissociative excitation of
a molecule AB, i.e . for the process

c+AB -> e'+AB* -> e'+A+B,

	

(15)
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2 .2 Basic relations for reaction energetics

is obviously

EDE = Eexc(AB*) --_ Do(AB) +DE�c(AB *)

	

( 16)

where Eexc(AB * ) is the excitation energy of AB* dissociative state at the
inter-nuclear distance which corresponds to the equilibrium nuclear distance
in AB ("vertical" Frank-Condon transition), Do (AB) is the dissociation en-
ergy of AB to produce the fragments A+B, and DE�e (AB*) is the part of
excitation energy of AB* above the dissociation limit, A+B . The energy lost
by the incident electron in order to induce this process is, thus, E(l) =EDE .
(The "prime" an the electron symbol "e" an the right-hand-side of Eq. (15)
indicates that, after the collision, the electron has an energy reduced by
E(-) .) The amount of energy DE�e(AB*) is released in the dissociation
process and constitutes the total kinetic energy EK of products A and B .
(In Eq. (15) A and B may obviously represent complexes of more than one
atom. Consequently, the number of dissociation products an the right side
of Eq. (15) may be larger . This, however, does not change the form of Eq.
(16) . Do (AB) is always relates to the specific mode of dissociation .) For the
dissociative excitation of AB+ ions (DE+),

where ei (ei) is the incident electron before (after) the collision and e2 is a
target electron ejected in the continuum, the Situation is slightly different .
(We note that electron exchange effects, pronounced at low collision ener-
gies, make the distinction between ei and e2 ambiguous. This ambiguity is
resolved in the theory by explicitly taking into account these effects through
proper symmetrization of the two-electron wave function .) In order to bring
the System AB from its ground ( electronic and vibrational) state to the
dissociative excited state AB+* by a vertical Franck-Condon transition, the
incident electron has to loose an amount of energy E(l

E(l
)DI =Ip(AB)+E�c(AB+*) = Ip(AB)+Do(AB+)+DEexc(AB+*) (20)

where Ip is the ionization potential of AB and Eexc(AB +* ) is the energy
of excited dissociative state AB+* at the equilibrium inter-nuclear distance
of AB molecule . The measured energy spectra of products from electron-
impact dissociative ionization of some hydrocarbon molecules (See, e.g . [14])

R.K . Janev and D. Reiter
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th
EDE+ is defined by a relation analogous to (16),

EDE+ = Eexc(AB+* ) = Do (AB+) + DEexc(AB+*) (18)

For the dissociative ionization process (DI)

ei + AB -> ei + AB+* + e2 -> ei + A+ + B+ e2 (19)



2 .2 Basic relations for reaction energetics

Show that the dissociation products may also have energies close to zero .
This can be an indication that some of the AB+* excited states energetically
lie (in the Franck-Condon region) not far from their dissociation continuum
or, else, that because of the large value of transition energy (Ip - 10 eV ,
Do(AB+) - 4 eV), the transition of the system to the dissociative AB+*
state is not anymore vertical . Thus, in the case of dissociative ionization of
C,HY , it is appropriate to define the reaction threshold as

EDI - Ip(AB) + Do(AB+) .

	

(21)

The energetics of the electron-impact dissociative ionization process of pos-
itive molecular ions (DI+)

e+AB+ ---> e+A++B++e'

	

(22)

has some specific aspects . The process takes place when AB+ ion from
its initial (e.g . ground) state is brought to the repulsive potential curve of
(A++B+) system by a vertical Franck-Condon transition . The threshold
energy for this process is, thus,

EDI+

	

=

	

Ip(AB+) + DEexc(A+ , B+),
Ip(AB+)

	

=

	

Do(AB+ -> A + B+) + Ip (A)

	

(23)

where DEexe(A+, B+) is the Coulomb interaction energy of ions A+ and
B+at the inter-nuclear distance equal to the equilibrium nuclear distance of
the AB+ ion, i.e . Dexc(A+ ,B+ ) = 1/re (AB+), (in the atomic units for the
energy and distance) . With respect to other dissociative processes, where
the process can take place through many dissociative excited states (AB*
for DE, and AB+* for DE+ and DI), the dissociative ionization of ions can
proceed only via a single "excited" state, (A+ + B+) . The total kinetic
energy of reaction products A+ and B+ is, thus, defined uniquely,

(24)

where ao is the Bohr radius . In the case of other dissociative processes
(DE, DE+ and DI), one can plausibly assume that dominant contribution
to the cross section of the process comes from the low-lying dissociative
excited states of the target (the excitation cross sections are inversely pro-
portional to the transition energy), and, in absence of any quantitative In-
formation about the excitation energy of these states in the Franck-Condon
region, introduce the concept of an "average" excited dissociative state (AB*
or AB +* ) as a representation of the group of low-lying dissociative states .
Consequently, the threshold energies for these processes (except EDI), the
associated electron energy losses and the total kinetic energies of reaction
products (= DEexc(AB* ), or DEexc(AB+)) can be characterized only by
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2 .2 Basic relations for reaction energetics

certain mean values . Inherent to the mean values for E th , E(l) and EK
is uncertainty of about 0.5 to 1 eV, and in certain cases even larger . For
E(-) and EK, this uncertainty is not much relevant because these quanti-
ties have a "natural" distribution of a few eV, caused by the finiteness of
Franck-Condon region of the (target) initial vibrational state and the repul-
sive character of the potential energy of dissociative state .

Since the dissociation energies Do (AB) and Do (AB+) can be calculated
from the known values of the heat of formation of AB and AB+, and their
fragments (see Table 1 and Eq. (14)), the determination of Eth (or E(l
and EK requires knowledge only an DEe �(AB* ) (for the DE process) and
DE�, (AB+*) ( for DE+ and DI) (see Eqs . (16), (18) and (20)) . Since
DE�,(AB+) and DE�,(AB+* ) are directly related to the energies of the
dissociation products (see later, Eq . (26)), they can be determined from
the energy spectra of products, if these are experimentally known . Alter-
natively, they can be also determined from the experimental thresholds for
the corresponding reaction channels by using the relations (16) and (18), re-
spectively. Thus, the experimental thresholds for the H- and H2-production
channels of dissociative excitation of CH+ ions [15, 16] consistently Show
that DE�,(AB+*) for the methane family of ions is related to Do(AB+) by

DE�,(AB +* ) = XDo (AB+),

	

X- 0.3 - 0.35

	

(25)

This relation is consistent also with the mean value of measured energies of
H products from the DI process c+CH4 ->CH3+H+2c [17] . In the present
work we shall assume that relation (25) holds also for the higher hydrocarbon
ions, C2,3H+, and the value x = 0.35 will generally be used . The only
hydrocarbon molecule for which DE�,(AB * ) can be estimated is CH, for
which the energies of lowest excited states are available [10] . The span of
these energies suggests that the relation DEe �(AB* ) - 0.35 Do(AB) can
also be used for this molecule . In absence of any similar information for
C2,3HY molecules, we shall use, as a rule, this relation for them as well .

It is noteworthy to emphasize that the above estimates of DE�,(AB *)
and DE�,(AB+* ) relate to the lowest dissociative excited states of AB and
AB+, respectively, which give the main contribution to the dissociative (exci
tation or ionization) cross sections . The higher dissociative states, while not
so much important for the absolute value of the cross section, can neverthe-
less affect the mean electron energy loss and the mean total kinetic energy of
dissociation products . An additional amount of energy, SE�,(AB* ) should
be added to DE�,(AB* ) (and similarly for DE�,(AB+*)) in order to ac-
count for this effect . Since, generally, the higher dissociative excited states
are (co-) related to the bound excited states (when these exist), a rough
estimate of dEe�(AB * ) can be made from the known energies of the latter
(see Table 3) . This approach was used when determining DE�,(AB* ) and
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DE�,(AB+* ) in Ref. [2] . However, in view of involved uncertainties, we
shall refrain from it in the present work .

We also note that the reaction DE� , = XDo, with X - 0.35 is not
expected to be applicable when Do is very small (< 1 eV, as in the case of
C,HY and C,Hy with x = 2,3 and y ti 2x) . A more appropriate value for
X in such cases would be X

	

1 . It is also obvious that the upper limit for
DE�,(AB*) (or DE(AB *) + A&�(AB *)) is the value Ip (AB) -DO(AB),

above which the excited states become auto-ionizing .
The total kinetic energy EKreleased in the dissociation process is shared

among the products inversely proportionally to their masses . If the number
of reaction products is N, and their masses are Ml , M2 . . . . MN, then the
kinetic energy of the product .7 with mass Mj is given by

where p is the reduced mass of the products . (In all previous discussions
by reaction products we meant only the fragmented particles of the target
molecular species ; not the scattered or ejected electrons .)

The energetics of dissociative recombination (DR) process

c + AB+ A AB** ---> A + B*

	

(27)

is characterized by the absence of a threshold . Even electrons with zero ki-
netic energy, accelerated in the Coulomb field of AB+ ion, can be captured
an a doubly excited dissociative state (AB**) of the parent molecule, that
dissociates producing (normally) an excited product . The total kinetic en-
ergy of the products from the DR process (27) induced by an electron with
kinetic energy (in the center-of-mass system of reference) E" is

EK = Eel + EKO) - Eexc(B * )

	

(28)

where E�,(B*) is the excitation energy of B* product, and

(26)

EK°) = OHf(AB+) -

	

(AHY (A) + OHf(B))

	

(29)

with AHf(X) being the hegt of formation of particle X in its ground state .
The dissociation products share the energy EK according to Eq. (26) . lt
should be noted that evolving along the repulsive state (AB**), the system
passes through regions of inter-nuclear distance of A and B (or, in the multi-
product case, regions an a hyper-surface) where the state AB** is strongly
coupled with other excited states of AB (including its Rydberg series), re-
sulting in possible production of many excited B* (or A) products . Some of
these states may be bound and, through pre-dissociation, may even lead to
ground state products, A+B .
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General properties of collision Cross sections

The Charge exchange (CX) process of H+ with all studied hydrocarbon
molecules are exothermic, but some particle rearrangement (PX) channels
may be endothermic . The exothermicity AEfi of reactions

can be expressed as

H+ + AB -~

AEfi =

reactants

	

products

where the first and second surr include all reactants and products, respec-
tively and i and f in AEfZ indicate the initial and final arrangement of the
particles involved in the reaction . We note that the molecular species in Eq.
(31) are assumed to be in their ground vibrational (and rotational) state .
If molecular particle X is vibrationally excited after the process, the value
of its vibrational energy has to be subtracted from the value of OHf(X) .

The possibility of vibrational excitation of molecular products in reactions
(30) can considerably reduce the reaction exothermicity, and may even bring
the initial and final reaction particle arrangement into an energy resonance
(AEfi = 0) . The establishment of energy resonance between the entrance
and exit channel of a charge exchange reaction has dramatic consequences
for the magnitude of its cross section (see Sects . 3.6 and 4.6 . The reaction
exothermicity AEfZ (after its correction for the possible vibrational excita-
tion of reaction products) is released in the kinetic energy of products, which
share this energy in accordance with Eq. (26) .

The question of energy distribution of ejected electrons in I, DI, and DI+
processes will not be discussed here . We refer to Ref. [18] for information
an this subject .

Regarding the angular distribution of heavy-particle reaction products,
it is generally assumed that it is isotropic . This assumption is based an
the consideration that for plasma temperatures higher than - 0 .5 eV, the
molecules and their ions in the plasma are rotationally highly excited, so
that averaging over the rotation of a selected molecular axis (with respect
to the electron velocity vector) results in an isotropic angular distribution
of dissociation products .

2 .3

	

General properties of collision cross sections

2 .3.1

	

Energy behaviour of Cross sections

Both total and partial (for individual channels) cross sections for electron-
impact processes considered in the present work that exhibit a threshold
(such as I, DI, DE, DE+ and DI+) have similar energy behaviour . This
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behaviour is characterized by a relatively sharp rise of the cross section
immediately after the threshold, a broad maximum in the energy region
70-100 eV (but - 30-50 eV for DE+), and a decrease beyond the maximum
in the form E-1 ln(E), in accordance with the Bethe-Born theory. Only
for those individual reaction channels, in which a dipole transition is not
involved, the high energy decrease of the cross section is faster (- E-1 or
- E-3 ) . Hence, except for dissociative recombination, the total and partial
cross sections for studied electron-impact processes have the general form

Q = A C1 -
EEh

	

E ln(c + cE)

	

(32)

where E is the collision energy, Eth is the threshold energy, A, a and c very
weakly depend an E and can be considered as constants, and c = 2.71828 . . .
is the base of natural logarithm, introduced in Eq. (32) for convenience. The
parameter a determines the near-threshold behaviour of the cross section
and is different for different types of processes. The range of its values is
between a = 1 .55 (for DI+) to a = 3.0 (for I, DI, DE) [2] . The previous
studies of electron-impact processes of hydrocarbon molecules ([2, 6]), have
shown that for a given process the parameter a and c remain to a high degree
constant when C,HY varies, while the parameter A changes. The changes
of values of A, when the number of C and H atoms in C,HY varies, follow
certain rules, meaning that the Cross sections of electron-impact processes
of C,HY satisfy certain scaling relationships .

2 .3.2

	

Cross section scaling relationships

As early as in 1966, it was experimentally observed [19] that the Cross sec-
tions for total electron-impact ionization of hydrocarbon molecules C,HY ,
with x and y ranging up to x = 5 and y = 12, Show a striking linearity with
the number x of C atoms in C,HY for the high collision energies (> 600
eV) at which the experiments were performed . The analysis of more recent
total ionization cross section data for CxHY molecules has showed that the x-
linearity of these cross sections can be extended down to very low (- 20 - 30
eV) energies [6] . Moreover, this analysis has also showed that the total ion-
ization cross sections (orZÖt) for CxHy molecules (x = 1 - 3 ; 1 <G 2x + 2)
obey a similar linearity with respect to the number y of H atoms in C,HY for
any fixed value of x. lt was demonstrated in [6] that the y-linearity of
o?~n(C,Hy ) is also strictly preserved down to collision energies of - 20 - 30
eV.

The observed x-linearity of (TM(CxHy ) was related in Ref.

	

[9] to thezon
additivity rules for the strengths of chemical bonds in poly-atomic molecules .
These rules, discovered many years ago [20], do not loose their validity when
the molecule is subjected to a long-range force (e.g . a multi-pole interaction)
or to de-localization of its free charge (as it happens during the collisions)
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[21] . Because of their "stability" with respect to external perturbations, or to
de-localization of the free molecular charge, the additivity rules remain valid
irrespective of the type of process the molecule (or molecular ion) undergoes
in a collision . Indeed, it was shown in Ref. [6] that the experimental partial
ionization cross sections (both I and DI) of C,Hy (x = 1-2; 1 <_ y < 2x+2)
also exhibit linear dependences an x and y, while in Ref. [2] the x- and y-
linearity was demonstrated for the DE process of CxHy (see also Section 3.2 .
Therefore, the additivity rules for the strengths of chemical bonds should
manifest themselves in linear x- and y-dependences of total and partial
cross sections of other electron-impact processes studied here . Hence, the
energy independent factor A in Eq. (32) for the cross section of an inelastic
electron-impact process with CxHY of C,Hy can be written as

A = AoL(x, y)

	

(33)

where Ao very weakly depends an E (and can be replaced by a numerical
constant) and L(x, y) is a function that linearly depends an both x (for fixed
y) and y (for fixed x) for energies above 20 - 30 eV. The forms of L(x, y)
for specific processes will be determined in sections 3) and (4 where these
processes are discussed, whereas the general forms of L(x, y) for all studied
types of processes will be given in section 5.

2 .3.3

	

Cross section branching ratios for multichannel processes

As indicated by Eqs. (1)-(6), all studied processes in this work have many
reaction channels, all of which (except the direct ionization, (la), and the
pure electron capture, (6a)) are related to the molecular dissociation (or
particle rearrangement in the case of CX process) . The total cross section of
a given type of process for a given CxHY molecule is the sum of partial cross
sections of individual reaction channels of that process for the considered
molecule . The contribution of a particular reaction channel j to the total
cross section Qä

t of the process A a given collision energy E is given by the
branching ratio

or~ (E)
R;' (E) = tot

	

(34)
A

where 0-~(E) is the partial cross section of channel j . Obviously, this rela-
tion can be used to determine o-~(E) when o-tt(E) and R~(E) are known.
Since the information for Qät (E) is much more available (experimentally or
theoretically) in the literature than that for Q~ (E), determination ofR(E)
an the basis of theoretical or empirical arguments would be very useful for
deriving the partial cross sections from the total one. We shall discuss here
the branching ratios R~ (E) for the electron-impact processes I, DI, DE, DE+
and DI+ (Eqs . (1)-(4)) which show certain general properties .
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Direct measurements of R~ (E) (or of the "relative" partial cross sec-
tions ~~ (E)) have been performed in the early sixties for the direct and
dissociative ionization channels of C2H2 (7 channels), C2H4 (10 channels)
and C2H6 (13 channels) at two electron impact energies : 75 eV and 3.5
MeV [22] . It was found that the values of Ri n(7.5 eV) and Rj n(3.5 MeV)
for a given molecule are the same (within the experimental uncertainties) .
Using more recent experimental data for partial ionization cross sections of
CH4 (7 channels), C2H6 (13 channels) and C3Hg (23 channels) available in
the energy range from threshold to 900 eV (200 eV for CH4), it was shown
in Ref. [6] that the Cross section branching ratios RJ

n for these molecules
remain the Same in the entire energy region above - 20 - 30 eV (within
the uncertainties of the data, 8-10 %) . The observed energy invariance of
channel branching ratios for this process indicates that the basic dynamical
mechanism for all ionization channels is the same, and the differences in the
values of R,.n are related to structuralfactors.

The determination of R~o' in Ref. [6] for the reactions with unknown
partial cross sections was based an the linear x- and y-dependences of both
(TZÖn and ~~n, and an the sufficient experimental information an both ~ZÖn
and (T~n for normalization of there dependences . Similar procedures were
used in Ref. [2] to determine R~ for other processes . For the C2Hy and
C3Hg molecules, however, for which the information an a~ is completely
absent (except for ionization), we have to adopt another approach to deter-
mine R~ . We first note that there is a strong correlation of the magnitude
of partial cross section o-j for the reaction channel j with the value of its
threshold energy, Ethj . From the Bethe-Born theory for ionization and ex-

2of atoms by charged particles, it follows that Qj - Eh j However,
the dissociative processes have a more complex nature (for instance, in DI
processes Eth is not related to the electron binding energy but to the appear
ance potential), and the dependence of o-j an Eth~ can be quite different. In
accordance with the energy invariance of R~ (at least for E> 20-30 eV), we
assume that the channel cross sections Q~ have the Same energy dependence
as 0-.t, given by Eq. (32), which extends down to the threshold . Very close
to its threshold, the partial cross section behaves (see Eq. (32))

A -

	

[(E - Eth)lE] aa	-[(E- Eth)lEth]" ,

	

E -> Eth .

	

(35)7

The ratio of two partial cross sections (Ti and Qz with thresholdsE1

	

Eth,i and
Eth,2 respectively, in the vicinity of their thresholds is o-i/0-2 - (Eth,2lEth,1)aÄ .

Since (Ttt has the saure type of threshold behaviour, then it follows that the
branching ratios RA and R2 in the threshold region are related by

RA = Eth,2 aT

R2 Eth,i
(36)
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Assuming that the two branching ratios have the Same energy dependence
(if any), then the ratio (36) can be extended up to the region - 20 - 30
eV, when the energy invariance of RiIRA certainly holds. The assumption
of the same energy dependence of all R~ is highly plausible in view of the
similarity of the basic mechanism that governs all reactions of a given type
A . The relation (36), together with the unitarity relation for the branching
ratios,

than the values of RA are given by

= 1, (37)

is sufficient to determine all R~ . If the reaction thresholds appear in the
order

Eth 1 < Eth 2 < Eth 3 < . . . Eth,k < . . .

	

(38)

A = Eth,1 )_A A

	

A _

	

1RA

	

Eth,k

	

R1

	

R1 - 1 + r-k>2(R"/RA)

	

(39)

The use of unitarity condition (37) in determination of RA ensures their
validity at sufficiently large energies when all reaction channels are open .
However, it is obvious that in the energy region Eth,1 < E <_ Eth,2, when
only the channel with lowest threshold is open, RA should be one, while Eq.
(39) gives a smaller value. The partial cross section (Ti calculated as Ri(Ttt
will be reduced. In other words, in any part of the energy region when not all
reaction channels are open, the unitarity condition is not satisfied (y-k (Tk <
O-tt) . In order to satisfy the unitarity condition at any collision energy, RA
have to be modified . This requirement translates into a requirement that
RA depend an energy.

One way to modify Rk in order to account for unitarity in the threshold
regions is the replacement of RA by

a
Rl (E)

	

1-xl(Eh,i/E),1

	

xl = 1 - Rl

	

(40a)

_

	

RA
Rk (E)

	

-

	

1-xk(Eth,k/E)a

	

xk = 1 -

	

k 1 l. .a

	

(40b)
1 - ~j-1 Rj (E)

where ß is a (positive) parameter. The RA (E) defined by Eq. (40) have the
following properties :
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(i) R" (E) -> RA , for E -> oo (41a)

(ii)
k
ZR

_
j~' (Ek ) = 1 , (41b)

j=1

(ZU) Ri (E) -~ 1 , for E -> Eth,1 (41c)
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Hence, the unitarity of RA is satisfied at every threshold (and for E »

Eth,max),but, as evident from the expression for Ri (E), Eq. (40a), it is

violated at energies between the thresholds . Except for Ri (E), however, this
violation of unitarity for E :7~ Ethj is relatively small, and for each specific
reaction channel can be minimized by a suitable choice of parameter ß . An
optimum choice for ß is ß - 1.5(±0.2) . Decreasing ß improves the unitarity
at E 7~ Ethj , but the asymptotic values RA are then reached slowly.

lf one slightly de_parts from the analyticity of this approach for rectifying
Rk'x , one can take Rl (E) = 1 in the interval Eth,1 < E <_ Eth,2, and use
Eq. (40a) only in the region E > Eth,2 . This would result in a (small)
discontinuity in the energy dependence of partial cross section (TA (E) at E =
Eth,2, which may not affect the continuity of corresponding rate coefficient
at all.

	

_
We note that Eq. (40b) is a recursive relation for calculation of Rk' The

ordering of threshold values according to _Eq. (38) is, therefore, essential.
The described procedure for determining R' works best when the values of
RA also follow the ordering of Eth,k (i .e .

	

Rl > R > . . . RA > . . . ) . With
the definition (39) for Rk'x , this is always the case .

Another way of determining RA (E) is to take

R1 =

	

1,

	

R">2 = 0,

	

for_

	

Eth,1 < E < Eth,2

	

(42a)

Rl (E)

	

1-(1-Ri)(Eth,21E)y'

	

E > Eth,2

	

(42b)

Rk (E)

	

=

	

Rk [l - (EEhk )'

	

° ] ,

	

E > Eth,k,

	

k > 2

	

(42c)

where y is a parameter. For E-> cc, R

	

RA, and for E_	_

	

Eth,k
RkA (Eth,k) = 0,

	

k >_ 2.

	

The unitarity of RA (E) is not preserved in this
approach (except for Eth,1 < E < Eth,2, and E » Eth,max), but the degree
of its violation can be regulated by the choice of parameter y. This parame-
ter also determines how quickly the asymptotic values RA are reached when
E increases. Values of y - 1 .5 - 1 .8 seem to provide an optimum c_hoice.
An attractive feature (besides its simplicity) of this approach is that RA (E)
are smooth monotonic functions (except for RA(E) at E= Eth,2), ensuring

that QkA (E) = RÄ (E),jät (E) are also such functions.
Finally, the simplest way of improving the values of RA in the threshold

regions is to re-normalize them in each energy interval between two thresh-
olds, so that their unitarity in that interval is ensured, i.e .

RA
R~ -

	

k j A , 1<j<k,
~t-1 RZ

Eth,k < E < Eth,k+l (43)

Since the value of R~ changes at each next threshold, the partial cross section

o-~ (E) = R~(T~tot experiences discontinuity also at each threshold. When the

R.K. Janev and D. Reiter

	

20



2 .3

	

General properties of collision Cross sections

number of reaction channels is very large, and reaction thresholds are closely
spaced, this approach for determining R~ may not be so bad, especially for
R~ in the higher part of the threshold spectrum .

In closing the discussion an R' (E), we would like to note that the uni-
tarity (E k R'X (E) = 1) and continuity requirements for R' (E) cannot be
satisfied simulta_neously. The above considered three possible ways for de
termination of RA (E) demonstrate well this statement . The origin of the
problem is the discreteness of the spectrum of threshold energies . The func-
tion F(Eth,k) is highly non-analytic, while the unitarity condition for RA (E)
at any energy requires its analyticity. Only at E = Eth k this requirement
can be reconciled with the non-analyticity of_

	

F(Eth,k), preserving the ana-
lyticity of R' (E) (as in the case of Eqs.

	

(40)) . lf unitarity is enforced an
R'X (E) for any E, then RA becomes also a non-analytic function of E (as in
the case of Eqs . (43)) .

The determination of branching ratios RA by Eq. (39) reflects only the
role of the threshold an the magnitude of a partial cross section, but not
other dynamical features that may characterize a specific reaction channel .
Such features are related to the number and type of reaction products, types
of chemical bonds broken in a reaction (e.g ., C-H, C-C, C=C), etc . To in-
clude these specific aspects of a particular reaction channel into its branching
ratio RA, we modify the value of Rk given by Eq. (39) in the form

Rk _

	

k Rk

where the coefficient ~A accounts, phenomenologically, for the non-threshold
related dynamical aspects of the considered reaction channel . The determi-
nation of ~'x values will be discussed in the following sections when specific
collision processes are considered . Generally speaking, for reactions in which
only one C-H bond is broken, ~A > 1, while for reactions in which more
than one C-H bond, or a C-C or C=C bond are broken, < 1 . It is ob-
vious that the modified branching ratios RA, also must satisfy the unitarity
condition

(44b)

(44a)

The values R)" have to be used when calculating R'x from Eqs. (40),(42)
or (43) . For all studied I/DI, DE+ and DI+ reactions in this work, the values
RAl are given in Table 5-7 and 12-14.
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3 .1 Electron-impact ionization of C2Hy (I,DI)

3

	

Collision Processes of C 2Hy and C 2Hy with Elec-
trons and Protons

3 .1

	

Electron-impact ionization of C2Hy (I,DI)

3 .1 .1

	

Cross section availability, reaction channels and energetics

The experimental and theoretical database for total and partial ionization
cross sections in e+C2Hy collisions, as well as the procedures for determining
the cross sections unavailable in the literature, were described in Ref. [6] in
detail . We shall, therefore, present here only a brief account of them.

Absolute total cross section measurements for the electron-impact ion-
ization of the C2Hy family of molecules have been performed so far only
for C2H2 [23, 24], C2H4 [19, 25, 26] and C2H6 [19, 26, 27] . The combined
energy range of those experiments extends from threshold to 12 KeV. The
cross sections of Refs . [19, 25, 27] for C2H4 and C2H6 are consistent with
each other (when shown an a Platzman plot) within 10%, while those of Ref.
[26] are consistently somewhat higher . Total ionization cross section calcula-
tions have been done within the Binary-Encounter-Born (BEB) method for
C2H2 [28], C2H3 [29], C2H4 [30] and C2H6 [30] . Generally, the BEB cross
sections Show good agreement with the experiment .

Extensive partial ionization cross sections measurements have been per-
formed for C2H2 [22, 31, 32, 33], C2H4 [22], and C2H6 [22, 34, 35], which
involve respectively 7 (6 in [32, 33]), 10 and 13 (11 in [34]) reaction chan
nels . While in Ref. [22] the measurements were done for only two energies
(75 eV and 3.5 MeV), in other measurements they cover the region from
threshold up to - 1000 eV (- 2000 in [31]) . The experimental data of Ref.
[33] (for C2H2 ) and Ref . [35] (for C2H6 ) have a very high (better than
10%) accuracy.

It should be emphasized that the measured partial cross sections in the
experiments are related only to the ion-production channels, i .e . they are
cross sections QDI(A+) for the processes

e +C2Hy	--->

	

A+ + B + C+ . . . + 2c

	

(45a)

where A+ is a well specified ion, but the other neutral products are un-
known. This reflects the experimental difficulties for detection of neutral
reaction products in coincidence with the ionic products . (The latter can
be easily identified by mass spectrometry, and their numbers, or relative
contribution to the positive ion current resulting from the collision event,
easily determined .) Only in the case of direct ionization process, when
A+=C 2Hy is the exit reaction channel in Eq. (45a) defined unambiguously.
For determining the most important neutral fragmentation channels within
a given ion-production channel, one can use the sensitive dependence of
the magnitude of the channel cross section an the threshold energy for that
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channel . From Eq. (21), it follows that the threshold energies of dissociative
ionization channels (or their appearance potentials Ap) are given by (for the
reaction (45a))

h - ADI = OHf (A+) + AHf (B) + AHf (C) + . . . - OHf (C2Hy) (45b)

Of all possible fragmentation channels B+C+ . . . within a given ion(A+)-
production process, the largest cross sections have the channels with small-
est thresholds, i.e . with smallest value of the sum of enthalpies of neutral
reaction products . By applying this principle, and knowing the values AHf
for all possible neutral fragments (see Table 1), one can easily determine the
most important neutral fragmentation channels in reaction (44) . It is obvi-
ous from Eq. (45b) that the ion-production channels with only one neutral
fragment will have, in the general case, smaller threshold energies than the
channels with more neutral fragments . Only in certain specific cases this
general rule is violated .

The most important reaction channels in e+C2Hy ionization processes,
identified by this method, are shown in Table 4 . Included in this table is
also the e+C2 collision system, for reasons of completeness . Table 4 gives
the values of Eth (calculated by using Eq. (45b)), mean electron energy loss
Et - ) (calculated by using Eq. (20)) and mean total kinetic energy of all
(heavy) products . The value of EK was calculated from the equation (see
Eq . (25))

EK = XDo (C2Hy -> A+ + B + C . . . )

	

(46)
Do is the dissociation energy of C2Hy ion for production of A++B+C+. . .
products, and x= 0.35 (with a few exceptions; see discussion in Section
2 .2) . The values of EK and E(- ) in Table 4 are related to each other
by the reaation Eel)= Etn+EK . The values of Eth for C2H2 and C2H6 in
Table 4 are consistent with those determined experimentally for the appear-
ance potentials of corresponding ion-production channels in Refs . [32, 36]
and [34, 37], respectively. We see from Table 4 that for the more complex
C2Hy molecules, three (and even four)-body fragmentation DI channels be-
come also important .

3 .1 .2

	

Cross section determination

A . Total cross sections
In the present database (as well as in Ref. [6]), as the basis for the

recommended total ionization cross section of C2H2 , is taken that of Ref.
[33] (uncertainty< 10%), extended in the high-energy region (above 1000
eV) by using the BEB data [28], normalized to the experimental ones at
E- 300 - 500 eV. For C2H4 , the experimental total ionization data of Ref.
[25] (accuracy - 10%), available up to - 450 eV, were used, extended to
higher energies by the data of Ref. [26], normalized to those of Ref. [25]
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at E- 350 - 450 eV, and the data of Ref. [19] (accuracy 10%) available
from 600 eV up to 12 KeV. For C2H6 , the mutually consistent experimen-
tal data of Refs . [19, 27, 35] were used in determining the recommended
total ionization cross section from threshold to 12 KeV . The total ionization
cross sections for other C2Hy molecules were derived from those of C2H2 ,
C2H4 and C2H6 by using the linear cross section scaling with the number
of H atoms in C2Hy (see the discussion in Section 2.3.1) . As we mentioned
before (Sect. 2.3 .1), this scaling relationship is experimentally demonstrated
down to 20-30 eV. Below these energies, the cross section is dominantly de-
termined by its threshold behaviour, o-ion - (1 -EthIE) a . The experimental
total ionization cross sections for C2H2 , C2H4 and C2H6 Show that the pa-
rameter a determining the near-threshold cross section behaviour for this
process has the value a - 3.0 . In view of the similarity of ionization mecha-
nism for all C2H2 molecules, it can be safely assumed that the value a - 3.0
characterizes the near-threshold cross section behaviour also for the other
molecules of C2Hy family . In this way, the total ionization cross sections
for C2 H, C2H3 and C2H5 have been uniquely determined . We note that the
independently calculated (T?on for C2H3 [29] by using the BEB model agrees
with 0-Zoon(C2Hy ) derived in the above described way better than 8% in the
entire energy region (from threshold to - 10 KeV) .

B . Partial cross sections
As we have mentioned in the preceding sub-section, experimental ion-

production cross sections are available only for C2H2 [33, 34, 35] (6 channels)
and C2H6 [35] (13 channels) . For C2H4 , they are available only at E= 75 eV
and E= 3 .5 MeV [22] . The experimentally studied ion-production channels
for these systems are complemented in Table 4 with specification of the neu-
tral products . As can be seen from this table, certain of ion-production chan-
nels (e.g C2H2 and C+ channels in e+C2H4 , or CH+ channel in e+C2H6 )
are associated with two or more neutral fragmentation channels . The mea-
sured ion-production cross section is then distributed (partitioned) among
the corresponding neutral fragmentation channels in accordance with the
branching ratios for these channels determined from their threshold ratios
(see Section 2 .2) .

The partial cross sections for the ionization channels of C2H2 were de-
termined from the accurate (better than 10%) experimental ion-production
cross sections of Ref. [33], extended to higher (>900 eV) energies by us
ing the Bethe-Born scaling. The partial ionization cross sections for the
e+C2H6 system were determined in a similar way, taking for a basis the ion-
production cross sections of Ref. [35] (accuracy better than 10%) . For the
other e+C2Hy collision systems, the partial cross sections were determined
by using the energy invariance of the branching ratios R,.,n(A+C2Hy), and
their linearity with respect to y. (For more details, see Ref. [6] .) It has to
be noted that in Ref. [5], beside the direct ionization, only the DI channels
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producing H and H2 neutral products were included in the database .

3 .1 .3

	

Analytic representation of cross sections

The total and partial ionization cross section, determined by the procedures
described in the preceding sub-section, can all be fitted to appropriate an-
alytic expressions to facilitate their use in hydrocarbon transport modeling
codes, or in other applications . For both total and partial cross sections,
the following analytic expression was found appropriate

-l0-13 Al In (E)) +
NN

E . Ic

	

j-2
Aj (cm2)

	

(47)

where I, has a value close (or equal) to the appearance potential (expressed
in eV), E is the collision energy (in eV) and Aj (j = 1. . . . N) are fitting
parameters . The number N of fitting parameters was determined from the
condition that the r .m.s . of the fit is not larger than 2-3%. With N = 6,
this condition was satisfied for all considered cross sections . The values of
parameters I, and Aj are given in Appendix A.l for all reactions .

Note that expression (47) has the proper physical behaviour in the
threshold and asymptotic regions . In contrast to this, the analytic expression
used in Ref. [5] have a fixed (E - Eth) 2 behaviour in the threshold region,
and an exponential decay behaviour (- exp(-aE)) in the high-energy re-
gion (beyond the cross section maximum) . Such asymptotic behaviour of
ionization cross section is completely unphysical .

As we have discussed in Section 2 .3, the total ionization cross sections
for all e+C2Hy systems should have the general energy behaviour given by
Eq. (32), and have a linear dependence an y, i.e .

tot

	

ion

	

Eth
a 1

	

16 2Orion (C211	=AOF2
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(x 10-	cm )

where Ao , a and c are numerical constants, (c = 2 .71828 . . . ), and

(48)

F2on (y)

	

=

	

a + by

	

(49)

with Eth and E in Eq. (48) expressed in eV units. By fitting expression (48)
to the values of total cross sections orion(C2Hy ), we have found that in the
energy region below - 250 - 300 eV, the expression (48) with

Ao = 84.0,

	

a= 3.0,

	

c = 0.09,

	

F2on (y) = 2 .97 + 0.073y

	

(50)

can represent the total cross sections with an accuracy better than 5% . Only
at energies above - 500 eV, the parameters a and b in Eq. (49) begin slightly
to depend an the energy, but the constants Ao and c remain the Same (with

Qion
-
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an accuracy of 10%) . (At high energies, the parameter a does not play any
role .) Despite the fact that the parameters a and b in Eq. (49) attain a
weak energy dependence at high energies (this dependence is much weaker
for b than for a), the linearity of the function F2on (y) is preserved .

We note that the analytic expression (48), (50), describes (within an ac-
curacy of 5-8%) also the 0-Zon(C2) cross section , calculated by the Deutsch-
Märk model [38] .

3 .2

	

Electron-impact dissociative excitation of C2Hy to neu-
trals (DE)

3 .2.1

	

General remarks, reaction channels and energetics

There have been numerous experimental studies in the past of electron-
impact dissociative excitation of C2H2 , C2H4 , and C2H6 molecules, [39]-[46],
but all of them were concerned with the production of excited dissocia-
tion fragments in this process (optical measurements) . Therefore, emission
cross sections for various electronically excited dissociation products (such
as H*, C*, CH*, C2) do exist in the literature, however they cannot be as-
sociated with a particular dissociation channel since several such channels
(including cascade processes) may be involved (in general) in the produc-
tion of a given excited fragment . Production of excited dissociation frag-
ments obviously involves excitation of higher electronically excited states
of C2Hy molecule and, therefore, requires high collision energies . In the
context of low-temperature fusion plasmas, most important are the disso-
ciative excitation processes producing ground-state neutral fragments which
are unattainable to optical measurements . Due to experimental difhculties
of neutral particle detection, particularly coincident detection of several neu-
tral fragments, total or partial cross section measurements of electron-impact
dissociative excitation of C2Hy (and C,Hy in general) molecules have not
been performed so far .

As mentioned earlier (see Section 2 .2), the dominant mechanism of dis-
sociative excitation of a molecule AB (not necessarily diatomic) by elec-
tron impact involves excitation of an electronically excited dissociative state
AB* . From the inverse proportionality of the excitation cross sections an
the excitation energy (following, e.g ., from the Born approximation) it is
obvious that the dissociative excitation channels, associated with the lower
excited dissociative states of AB and producing ground-state neutral frag-
ments, will have the largest cross sections . Therefore, in our analysis of
e+C2Hy dissociative excitation processes we shall concentrate primarily an
these reaction channels . The dissociative molecular excited states of ground
state neutral channels that have relatively small energies Do are likely to
have energies in the Franck-Condon region of AB smaller then the ion-
ization potential of AB. For the ground state neutral channels with large
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energies, the corresponding dissociative excited molecular states AB* may
lie (in the Franck-Condon region of AB) energetically in the ionization con-
tinuum of AB. These states are obviously prone to auto-ionization, and the
dissociative ionization (DI) becomes a competing process to dissociative ex-
citation (DE) . Apparently, the majority of dissociative excitation processes
of C,Hy producing excited fragments have dissociative states AB* lying in
the (c + AB+) continuum . The AB* states lying deeply in the (c + AB+)
continuum ("super-excited" states) contribute dominantly to the dissocia-
tive ionization . The competition of DI and DE processes in the continuum
produces an isotope effect in the DE processes (but not in DI), since the
probability of AB* to survive the auto-ionization in the continuum depends
an the velocity by which the dissociatiog system is passing the auto-ionizing
part of the repulsive potential .

We also mention the fact that the excited dissociative states lying be-
low the ionization continuum of AB (and producing mainly ground state
fragments), may exhibit strong interactions with some of the stable (bound)
excited states of AB at certain regions of inter-atomic distances (close to
the equilibrium distance of the bound state), particularly when the dis-
sociative and bound excited states have the Same symmetry . This inter-
actions (or non-adiabatic couplings) may lead to population of dissocia-
tive states through electron-impact excitation of bound excited states (pre-
dissociation) . An example of such pre-dissociation process is the transition
from the bound d3119 excited state of C2 to its dissociative e3119 excited
state at the inter-nuclear distance R - 1 .7A [11] .

In determining the most important dissociative excitation channels of
C2Hy to ground state neutrals (the channels producing excited neutrals are
considered less important, but will nevertheless be discussed later on), we
shall use the criterion resulting from the inverse proportionality of excita-
tion cross section in the excitation (threshold) energy : the most important
channels are those with small excitation threshold . The excitation threshold
of AB* dissociative state producing A+B fragments is given by Eq. (16), in
which Do(AB) is the energy of AB to produce the A+B fragments with zero
kinetic energy. For a e+C2Hy collision producing YZ, (i = 1, 2 . . . . ) ground
state fragments, Do is given by

Do(EY/C2Hy) OHf (Y) - AHf(C2Hy)

	

(51)

where AHf(X) is the heat of formation of particle X. We assume that the
most important channels are those for which the energy of dissociative ex-
cited state AB* in the Franck-Condon region is smaller then the ionization
potential of AB (i.e . which are not subject to dissociative ionization) . Hav-
ing in mind the discussion in Section 2.2 an the most probable (average)
value of DE�,(AB*) we arrive at the condition

[Ip(C2Hy) - Do(EYi/C2Hy)] < DE�,(AB *) < 0.35Do(EYz/C2Hy)

	

(52)

R.K . Janev and D. Reiter

	

27



3 .2 Electron-impact dissociative excitation of C 2Hy to neutrals
(DE)

As discussed in Section 2.2, DEe � (AB *) defines the mean total kinetic
energy EK of products Yi . By choosing DE�,(AB* ) from the interval
(52) (the value 0.35D0 is normally selected, unless other arguments dictate
otherwise ; see Section 2.2) and using Eq. (51), the excitation threshold
energy EDE = E�,(AB*) for any dissociative excitation channel can be
determined via Eq. (16) .

In Table 5 we give the threshold energies and the mean total kinetic en-
ergies of products for the most important dissociative excitation channels to
ground state neutrals in the e+C2 Hy collisions satisfying the condition (52) .
It is interesting to note that the values of EK for the H-production channels
in e+C2H2 , C2H4 , C2H6 collisions are consistent (within 0.5 eV) with the
measured spectra of H* (n = 4) products (obtained from the Doppler shift
of H* (n = 4) radiation) [46] after taking into account the increased value
of the excitation threshold for C2Hy_,+H* (n = 4) production (y = 2, 4, 6)
and making use of the reaation (27) . This indicates that in order to include
excited dissociation products in Table 5 in a relatively crude approximation,
one has to add the excitation energy of the product(s) to the corresponding
value of Eth in the Table . The limit for such a reaction channel is shifted an
the energy scale by the same amount, so that the mean total kinetic energy
of the products remain the Same as that given in Table 5 .

In Table 5 are also given the "asymptotic" values (i .e ., for E> 50 eV)
of the cross section branching ratios RDE for the individual dissociative
excitation channels considered . The values of RDE were calculated by using
the formulae (39) and (44a) with a = 3 (see next sub-section) . The values of
RDE in Table 5 Show that for each C2Hy molecule there are two - to - three
dominant channels along which the molecule predominantly dissociates . The
number of important DE channels decreases with increasing the number of
H atoms in C2Hy .

Finally, we mention that in the database of Ref. [5] only two reaction
channels were included in the DE processes of C2Hy : the H and the 211
production channels . Fixed branching ratios were used for these channels :
0 .667 for H production and 0.333 for 2H production . (A value of Eth - 10
eV was used for the thresholds of all DE channels .) Table 5 Shows, however,
that the H-production channel is not always the dominant one (in fact it
is a minor channel for C2H6 ), and that the 211 production channel gives
always a minor contribution (negligible in the case of C2H5 and C2H6 ) to
the total DE cross section . The important contribution of H2 production
channel for all C2Hy molecules was completely neglected in Ref. [5] .

3 .2.2

	

Determination of cross sections

A . Total cross sections
As mentioned earlier, total cross section measurements for electron-

impact dissociative excitation of C2Hy molecules have not been performed
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so far . However, there is a measurement of the total ortDt for C2H6 [47]
which is the sum of the cross sections for all possible dissociative processes
(DE, DI, ion-ion pair production, etc .) . Assuming that the contribution of
dissociative processes producing two or more ionized fragments, or multi-
ply charged ion fragments, is small (the thresholds for these channels are
above - 50 - 60 eV), the total dissociative excitation cross sections QtnE for
production of neutrals can be expressed as

where atnl is the total cross section for dissociative ionization discussed in
Section 3.1.2 . The cross section (TtDot for C2H6 has been measured in the
energy range 15 - 600 eV [47], while attI(C2H6 ) is known from the partial
cross section measurements of Ref. [35] (up to 900 eV) . Both (TtDot and Qtnl
exhibit broad maxima in the region around 80 eV . The relation (53), thus,
determines the cross section ODE(C2H6) in the interval 15-600 eV. Above
600 eV, QDE already attains a Bethe - Born behaviour, and below 15 eV it
falls off according to the (E - Eth)a power law, with a - 3 (Eth - 7.45eV) .

Total dissociation cross sections, QD
t

, have been measured also for CH4
[48] and CF4, CHF3 , C2F6 and C3F8 [49] in the energy range from around
the threshold to 600 eV. The cross sections for C2H6 and C2F6 differ from
each other by - 10-20 % for energies above - 50 eV . The measured cross
section data for (TDt show that the additivity rules for the strengths of chem-
ical bonds manifest themselves also in the total dissociation (as linearity of
(TDt(C~Hy) with respect to both x and y for a given collision energy) . Conse-
quently, since the linearity of 0DI(C2Hy) has already been demonstrated (see
Section 3 .1 .2), the cross sections QDE(C2Hy ) must also have a linear depen-
dence an y. By virtue of additivity rules, one can expect that QDE(C2Hy)
and QZön(C2Hy ) - Qi+DI (C2Hy) are proportional to each other . Then,
knowing the ratio QI+DI(C2H6)/(Ti~oon(C2H6) one can determine QDE for all
other C2Hy molecules, at least for E > 30 eV where the additivity rules are
strictly valid . For E< 30 eV, QDE(C2Hy) (y = 1-5) is determined by its
threshold behaviour (1 -EthIE) a , with a -- 3 (as derived from QDE(C2H6)) .
(The proportionality of QDE(CxHy) and oioot (CxHy) follows also from the
fact that both o-DE and QZOn are proportional to ap~l , where apo l is the po-
larizability of the CxHy molecule ; see e.g. [6, 50] .) All O-DE(C2Hy) cross
sections derived by the above procedure can be represented by the analytic
expression

3

~DE(C2Hy) =34.6 FDE (y)C1- Eth)
EIn(e+0.15E) (x10 -16

tot tot tot

	

(53)ADE _ ~D - 'JDI

(54)
where

FDE
(y) = 1.35 + 0.177y (55)
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Eth and E are expressed in eV units, and e = 2.71828 . . . is base of
natural logarithm (introduced for convenience) . Eth in Eq. (54) is obviously
the smallest of the dissociative excitation thresholds . We note that the
energy dependence of orDE(C2Hy) is the same as for the DE process of CHy
molecules [2] .

In analogy with the case of ionization (see previous sub-section), we
expect that Eq. (55) also describes the cross section (TDE(c2) .

B . Partial cross sections
The cross section for a particular DE channel c + C2Hy -> X + . . . can

be obtained from the relation

0-DE(X1C2Hy) = RDE(XIC2Hy) OrDE(C2Hy)

	

(56)

where RDE(X/C2Hy ) is the branching ratio for the considered DE chan-
nel, calculated by using Eqs . (40) of Section 2 .3.3 (with ß - 1 .5) and the
"asymptotic" values of RDE in Table 5 . (As discussed in Section 2 .3.3, one
can alternatively use for RDE(X/C2Hy ) also the prescriptions given by Eqs .
(42), (43), depending an the desired balance between accuracy and simplicity
of calculations .) It should be mentioned that when using QDE in Eq. (56),
the value of threshold energy Eth appearing in Eq. (54) should be taken the
one that corresponds to the considered channel (c + C2Hy -> X + . . .) .
We note that in Ref. [5] a completely different analytic expression was used
for QDE(E), having an exponential decrease at large collision energies .

3 .3

	

Electron-impact dissociative excitation of C2 Hy ions (DE+)

3 .3.1

	

General remarks, reaction channels and energetics

Dissociative excitation of C2Hy ions (DE+) has not been studied so far,
neither theoretically nor experimentally. This is in contrast with the case
of c + CHy collision system for which the H+, H2+ (and in the case of CH+
also C+) ion production DE+ cross sections have been measured (see e.g .
[2]) . The process of dissociative excitation of an AB+ ion by electron impact
is governed by the same mechanism as the DE process for AB, except that
now the intermediary dissociative excited state is AB+* (see Eq . (17)) .
The energy threshold for the DE+ process is given by Eq. (18) in which
the dissociation energy Do(AB+) for a given dissociation channel (say e+
C2Hy -> Y+ + A + B + . . .) is given by

Do(1'+/C2Hy) -- OH'(Y+) +E OHA(neutral products) - OHA(C2Hy)
(57)

where OH' (X) is the heat of formation of particle X. The excitation energy
E�,(AB+*) of the dissociative state AB+* in the Franck - Condon region
of ground vibrational state of AB+ should be smaller than the ionization
potential Ip (AB+) of the ion AB+, otherwise the dissociative state AB+*
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quickly auto-ionizes . For an "average" excited state AB - (in the sense of
the discussion in Section 2 .2), the excitation energy DEexe(AB+*)) appear-
ing in Eq. (18) is given by (for the channel e+ C2 H+ -> Y+ + A + B + . . .)

AEexc(AB+* )EC = x Do(Y +/C2Hy ),

	

x = 0.35

	

(58)

(with a few exceptions for the value of X, discussed in Section 2 .2)) . The en-
ergy E,(AB+* released in the dissociation processes is shared by the prod-
ucts Y+, A, B, . . . according to Eq. (26) . The requirement Eexe(AB+*) <
Ip (AB+) defines all the DE+ reaction channels for a given C2Hy molecular
ion . The most important of them are those for which the threshold energy
Eth = DE', + Do is not very high (resulting from the inverse proportion-
ality of QDE+ an Eth) . Using this criterion, we have determined the most
important DE+ channels for Bach C2Hy molecules (including C2) and they
are listed in Table 6 .

The values of thresholds energies (equal to the average electron energy
losses, E(_», and mean total kinetic energies of dissociation products (EK),
are also given in Table 6 for Bach DE+ channel . Moreover, in Table 6 are
also given the "asymptotic" (i.e ., for E > 30 - 40 eV) values of cross section
branching rations RDE+ . These were calculated by using Eqs . (39) and
(44a) of Section 2.3 .3 with a = 2.5 (see next sub-section) . The values of
RDE+ in Table 6 indicate that, like in the case of DE of C2 Hp , dominant in
the electron-impact dissociative excitation of C2H+ molecular ions are only
a few (two to three) channels . The number of important DE+ channels is
decreasing with increasing the number of H atoms in C2 H+ , as obvious from
Table 6 .
It has to be noted that the dissociation of an AB+ ion by electron impact
can proceed also via another mechanism: capture of incident electron an
a doubly excited dissociative Rydberg state AB** of C2HY molecule which
can auto-ionize before its dissociation to neutral products, namely,

c+AB+->AB** ->c+A++BN

	

(59)

where BN indicates that (one of the) neutral product(s) may be exited . This
"indirect", capture-auto-ionization dissociation (CAD) mechanism requires
existence of "core-excited" states of the AB+ ion with the Same dissociation
limit . The final products of the CAD process are the same as those of the
proper (" direct") DE+ process, but its threshold energy is expected to be
much smaller (a few eV) then that for the proper DE+ . The CAD process
has been observed only in the c+CH+ collision (producing C+ ions), but its
importance rapidly decreases for the CHy ions with y > 2 [2] .

The CAD process has a signature in the oscillatory structure of dissocia-
tive recombination (DR) cross section aDR for collision energies above a few
electrons, and (TCAD can be related to the magnitude of oscillations of (TDR .
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Cross section information for the dissociative recombination of C2H+ with
electrons is presently not available, and we do not have any basis for estima-
tion of O-CAD for these ions . In analogy with the case of CH+, one can expect
that OrCAD(C2Hy) should rapidly decrease with increasing y. The evidence
with CH+ also indicates that the CAD process is important only for those
ion production channels for which the direct DE+ process is weak . Table 6
indicates that none of the direct DE+ channels for C2H+ is pronouncedly
weak, i.e . for this ion the CAD process is not expected to be important. For
the C2H+ ions with > 2, its importance (compared to DE+) should further
decrease (as 2y, if the analogy with CH+ ions is used) . Therefore, one can
expect that CAD for C2H+ ions should not be an important process .

3 .3.2

	

Determination of total and partial Cross sections

As mentioned at the beginning of preceding sub-section, there are no total
cross sections available for the DE+ processes of C2H+ ions . However, as
argued in Ref. [51], based an validity of additivity rules for the strengths
of chemical bonds in all electron-impact processes for C�Hy (and C,H+ )
systems, one can except that dynamical (i.e . energy dependent) part of
total cross section for a given process should depend dominantly only an
the physical mechanism governing the process and not (or only weakly) an
the structural properties of the molecule . This has been demonstrated in
the case of DE processes for which the orDE(C2Hy), Eq. (54), was found to
have the Same energy dependence as QDE(CHy) obtained in Ref. [2] (see
the remark following Eq. (55)) . The only difference between orDE(CHy) and
TDE(C2Hy) is the different structural factors FDE (y) for CHy (see [2]) and
FDE(y) for C2Hy (see Eq. (55)) . By using these arguments, and knowing
the energy dependence of QDE+ (CHy) from Ref. [2], we can write the
expression for QDE+ (C2Hy) in the form

25

ADE,(C2Hy) = 29.4 FDE+ (y)
C1
- Eth

	

E ln(c + 0.9E) (x10-16cm2),

(60)
where FDE+ (y) is the structural factor for DE+ processes of C2H+ , e =
2 .71828 . . . is the base of the natural logarithm, and the collision and thresh-
old energies, E and Eth , are expressed in eV units .
By virtue of validity of additivity rules for the DE+ process, we know that
FDE+ (y) should be a linear function of y . In order to determine this func-
tion, we shall use the fact that the DE+ and dissociative ionization (DI)
processes are governed by similar direct excitation mechanisms, and that in
both processes the dissociatiog excited state AB+* is the same for a given
(common) ion + neutrals dissociation channel . Indeed, the excitation energy
for a DI process is

EDI (AB*) = Ip(AB) + Do (AB+) + DE�,(AB+*)
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while that for a DE+ process is

REDE+ (AB+) = Do (AB+) + DEexc(AB+*),

i .e . they differ by the ionization potential Ip (AB) only. If the state AB+* is
the Same for DI and DE+ processes, the corresponding dissociation products
are also the Same.) From the similarity of excitation mechanisms in DI and
DE+ processes, it follows that their total cross section should be proportional
(for any C,HY , C,Hy pair, x = 1, 2, 3)

0-DEE+(C.Hy) - QDI (CxHy) (x = 1, 2, 3)

S tot

	

tot
DI

	

_(C2Hy) _ 07DE+( C2Hy )
0-DI
tot (CHY)

	

0-DE+ (CHY )

(61)

The proportionality relation (61) immediately determines the slope of the
function F2IDE+ (y) (equal to the slope of FDI (y) which is known from the
-DZ(C2Hy) data of Section 3.1.2), while from its derived form

(62)

E+an can determine the other remaining parameter in F2	(y) for any fixed
value of y (through the knowledge of (TDI (C1,2Hy) and QDE+ (CHy) for any
energy) . Applying this procedure, we obtained the following expression for
the structural function FDE+ (y)

FDE+ (y) = 0.74 + 0.90y

	

(63)

In analogy with the case of ionization of C2Hy , we expect that Eqs . (60),
(63) can also be extended to the case y = 0 (i.e ., to (TDE+(C2)) .

The cross section for a particular DE+ channel c + C2Hy

	

X+ + . . .
can be obtained from QDE+ (C2 Hy) by using the relation

0-DE+(X+ IC2Hy) = RDE+(X+IC2Hy) UDE+(C2Hy)

	

(64)

where RDE+(X+C2Hy) is the branching ratio of the considered DE+ chan-
nel, calculated by using either of the prescriptions given by Eqs . (40), (42)
or (43) (with preference given to Eqs . (40) with ß = 1.5, and the corre-
sponding asymptotic values for RDE+ from Table 6 .
We should note at the end of this section that the DE+ processes have not
been considered at all in the database of Ref. [5], although their cross sec-
tions are comparable to those for ionization of neutral hydrocarbons, and
much larger than those for dissociative recombination in the energy range
above - 15 - 20 eV.
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3 .4

	

Electron-impact dissociative ionization of C 2Hy ions (DI+)

3 .4.1

	

General remarks, reaction channels and energetics

The electron-impact dissociative ionization (DI+) processes of C2H+ ions
are important only at high plasma temperatures (above - 20 - 30 eV) due
to their large energy thresholds . There is no information in the literature
about the cross sections for DI+ processes of C2 Hy , but such information
do exist for these processes for c + CH+ collision systems [2] . As discussed
in Section 2 .2, the DI+ process for a molecular ion AB+ requires a vertical
Franck-Condon transition to the (A++B+) repulsive state (see Eq. (22)),
the transition energy of which (the energy threshold) is given by Eq. (24) .
The quantity (" ionization potential"):

Ip(AB+) = Do (AB+ -> A + B+) + Ip (A)
(or, equivalently, = DO (AB+ -> A++B)+Ip(B)) can easily be calculated by
using the relations given in Section 2.2 and the data in Table 1, for any DI+
channel of C2H+ . The Coulomb interaction energy of charged products in
the Franck - Condon region of AB+ is given by Eq. (24) . Since the equilib-
rium distances for the various vibrational modes of C2 H+ ions are not known,
we shall (plausibly) assume that they are close to the equilibrium distance
of CH+, which is r e (CH+) - 4.41 This gives for the Coulomb interaction
energy of charged A+ + B+ products a value of DE�,(A+, B+) - 11 .78 eV .
In view of the large values of Ip (AB+), the relatively small uncertainty in
the DE�,(A+, B+) value is of no significance for the value of EDI+ .
The most important DI+ channels in e+C2H+ collisions (including the case
of y = 0) are given in Table 7, together with their threshold energies Eth .
It is apparent from this table that the threshold energies of considered DI+
channels are all close to each other not only for a given C2H+ ion but for the
entire family of these ions . In Table 7 we also give the "asymptotic" values
of the cross section branching ratios for the individual reaction channels,
calculated by using Eqs. (39) and (44a) of Section 2.3.3, with a = 1 .55 (see
next sub-section) .

The total kinetic energy of reaction products in all DI+ channels for
any C2Hy ion is determined by the Coulomb interaction energy of repulsive
(A++B+) state at re(AB+) (see Eq . (24)) and, as discussed above, is equal
to 11 .78 eV. Because of their strong repulsion, the charged reaction products
carry most of this energy (sharing it in accordance with Eq. (26)), while the
neutral products are left with almost zero kinetic energy.

3 .4.2

	

Determination of total and partial cross sections

The total cross section (TDI+(C2Hy) for electron-impact dissociation pro-
cesses of C2Hy ion can be derived in a similar way as was done for ODE+ (C2H+ )
in Section 3.3 .2 . Using the argument an the separability of dynamical and
structural part of the total cross section for electron-impact collision pro-
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3 .5 Dissociative electron recombination with C2H+ (DR)

cesses of CHy and CxHy systems, resulting from the additivity rules, (see
for more details Ref. [51]), and knowing the cross section QDI+(CH+) for
the CH+ family of ions from Ref. [2], we write o-DI+(C2H+) in the form

1.55

QDI+(C2Hy) = 30 .1 FDI+ (y)
C1

- Ethl
1 In(c + 0 .5E) ( x 10-16 crn 2 )

(65)
where FDI+ (y) is the structural part of the cross section, e = 2 .71828 . . . is
the Base of the natural logarithm, and the collision and threshold energies,
E and E th, are expressed in eV units . The linear function FDI+ (y) can be
determined from similarity of the mechanism of DI+ process with that for the
dissociative ionization (DI) of neutral molecules . Indeed, the DI+ process
can be considered as excitation of an auto-ionization state in the continuum
of AB+ ion, as is the DI process excitation of an auto-ionizing state in the
AB ionization continuum . On this basis, relations similar to [61] and [62]
can be written for QDI+(CxHy) and o-totot From such relations, and
with the knowledge of SDI+(CH+) and (TDi(C1,2Hy), one easily obtains

FDI+ (y) = 1 .31 + 0 .33y

	

(66)

The cross section for a particular DI+ channel e+C2H+ -> X+ + Y+ + . . . is
now obtained from o-DI+(C2H+) as

0-DI+(X+ ,Y+ IC2Hy) = RDI+(X+ ,Y+ IC2H+ )Oriot +(C2H+)

	

(67)

where RDI+ (X+, Y+IC2Hy) is the corresponding branching ratio . RDI+ is
calculated by using one of the prescriptions in Section 2 .3.2) . (Eqs . (40),
(42) or (43)), and the corresponding asymptotic value RDI+ from Table 7 .
In view of close values of energy thresholds EDI+ , the simple prescription
given by Eq. (43) for determining RDI+ is perhaps adequate for obtaining
sufhciently accurate QDI+ in the threshold region .

3 .5

	

Dissociative electron recombination with C2H+ (DR)

3 .5.1

	

Data availability, reaction channels and energetics

The total cross section for dissociative electrons recombination (DR) with
C2H+ ions was performed only for C2H2+ [52] and C2H+ [53] ions, in the col-
lision energy range up to - 1.0 and - 0.1 eV, respectively. The branching
cross section ratios for the individual dissociation channels have also been
determined in these references . For the higher members of C2H+ family of
ions, such as C2H+ and C2H7 , only the thermal rate coefhcients have been
measured [54]-[56] . Extrapolation of these data to higher temperatures will
be discussed in the next sub-section .
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3 .5 Dissociative electron recombination with C2Hy (DR)

The important question of branching ratios for different channels of dissocia-
tive recombination an poly-atomic molecular ions has been discussed in the
past an the basis of statistical phase space theory [57] and rearrangement
and breaking the valence bonds during the DR process [58], in conjunction
with the original curve-crossing concept for the DR mechanism proposed
by Bates [59] . The proposed models, however, failed to provide correct
predictions of DR branching ratios for most of the poly-atomic molecules
considered, or even appropriate guidance for their determination .

The approach that will be followed here in determining the dominant
DR channels for C2Hy ions is based an the assumption that the "direct"
mechanism of the DR process (namely, capture of incident electron an a
doubly excited dissociative state of parent molecule, the potential energy
surface of which intersects the ground-state potential energy surface of the
ion in the region of its minimum) is the dominant one, and with each dissoci-
ation channel having a dissociation limit below the bottom of ground-state
ion potential, a sufficiently large number of such doubly excited states is
associated . The direct DR mechanism obviously implies that at least one of
the dissociation products is excited . It is also evident that the continuum
wave function of dissociation products will have a stronger overlap with the
vibrational wave functions of the ion if the (asymptotic) dissociation limit
of a particular DR channel is close to (but below) the bottom of potential
energy well of the ion (due to the smaller slope of repulsive potential of
dissociative state) . Therefore, the population of such DR channel should
be, generally speaking, the strongest one, as observed experimentally in the
case of c + CHy DR channels (see [2]) .

However, an anti-bonding doubly excited state created by the direct DR
mechanism, may experience strong (non-adiabatic) interactions with the
bound excited states (having the Same symmetry) of the molecule during
the receding of dissociatiog fragments, which can lead to redistribution of
initial populations . Such non-adiabatic couplings in the plethora of bound
and dissociative excited states of the system (which includes also the entire
Rydberg spectrum for each DR channel) may even lead to production of
ground-state products (via population of corresponding repulsive states) .

This indirect, non-adiabatic coupling mechanism may be responsible for
the experimentally observed strong DR channel c+C,H+ -> CxHy_ 1 + H in
all (studied) C,Hy systems .

Another indirect DR mechanism is the two-step process in which the
initial step is formation (by the direct DR mechanism) of an unstable (elec-
tronically or vibrationally highly excited) product, e+C2Hy -> C2Hy*

1 +
H, followed by its prompt uni-molecular decay C2H** 1 -> C2Hy_ 2 + H.
Since formation of highly vibrationally (and electronically) excited molec-
ular products by the direct DR mechanism is highly probable [60], it is
believed that this two-step DR mechanism is responsible for the observed
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3 .5 Dissociative electron recombination with C2H+ (DR)

high branching ratios of the these-body fragmentation C2Hy_2 + 2H in the
C2H+ and C2H+ systems [53] . It is plausible to assume that the two-step DR
mechanism should be equally effective also in the e+C3H+ collision systems.

Using these concepts and criteria (also tested an experimentally observed
DR branching ratios for CH+, CH2 , CH3 [2], C2H+ [52], and C2H+ [53]) we
have assigned the values of DR branching ratios for C2H+ y :7~ 2, 3 molecular
ions given in Table B. In this table, the DR channels, that become open
when incident electron has energy (in the centre-of-mass system) < 1 eV
are also included . The excited states of dissociation products expected to
be populated (only one of them) in each of DR channels at centre of mass
(c.m.) collision energies below - 1 eV (see Table 3), are also given in the
table. As a general criterion for determining the open DR channels given in
the Table 8, the following relation was used (c + C2H+ -> A+ B* + . . .)

Do(C2Hy -> A+B+ . . .)+Eexe(B*) < Ip(C2Hy)+Ee.'M., Ee.'M . < leV (68)

where Eexe(B* ) is the excitation energy of excited product .
The Small values of branching ratios for the C2Hy 2 + H2 DR channel in

Table 8 are consistent with the observations of the C2H+ [52] and C2H+ [53]
Systems, and are believed to be due to the specific physical mechanism of this
DR channel (formation H2 moleculas from two dissociatiog H atoms [53]) .
The Small values of the branching ratios for all DR channels in which one
C-C bond is broken are associated with the higher strength of C-C bonds
with respect to the C-H bond, and with the necessity of either a molec-
ular isomerization prior to the C-C bond cleavage, or an H-atom transfer
between the transient fragments after the cleavage . These arguments hold
also for the C3Hy 2 + H2 and C-C bondage breaking dissociation channels
of e+C3H+ systems.

The database in Ref. [5] for C2H+ (y = 3 - 6) assumms only two DR
channels (C2Hy_1 + H and C2Hy_ 2 + H2 ), assigning to both of them a
branching ratio of 0 .5 . This is in severe disagreement with the values given
in Table B. For C2H2 , the DR channels C2H + H, CH + CH and 2C +
2H were assumed as dominant, with equal branching ratios (=0 .333) . The
experimental values for these branching ratios [52], given in Table 8, are
different from those adapted in Ref. [5] . The dissociation limit of the 2C +
211 channel lies far away in the C2H2 continuum, and this DR channel can
never be populated . In Ref. [61], also a small number of DR channels for
C2H+ were assumed, having, generally, saure branching ratios .

It should be emphasized that with increasing the electron energy Ec.m .
above - 1 eV, other DR channels may become open which could lead to
redistribution of DR channel populations . A similar effect is produced if
the ion C2Hy is vibrationally excited. The DR branching ratios can exert
significant changes particularly at energies above 8-10 eV, when different
dissociative excitation channels of C2H+ become also open (see Table 6 for
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3 .5 Dissociative electron recombination with C2H+ (DR)

the thresholds of DE+ channels) . In this energy region, however, the DE+
dominates over the DR process and the question of DR branching ratios
becomes irrelevant . In this context it is also worthwhile to mention that
the DR branching ratios determined at low (even thermal) energies tend to
retain their energy invariance (as observed experimentally for the CH+ [62]
and CH2+ [63] ions up to 0.1-0.3 eV), as follows from the Break-up mech-
anism proposed by Wigner [64] for the fragmentation of (excited) complex
systems . Only when additional mechanisms start to interfere with the basic
Break-up mechanism (such as electron capture to doubly excited Rydberg
dissociative states), or new channels become open with the increase of c.m .
collision energy (as mentioned above), the DR branching ratios change their
values .

The total kinetic energy EK» of ground state products for zero electron
impact energy (in c.m . system) is also given in Table 8 for each DR channel .
EK» has been calculated by using Eq. (29), and the data for OHO from Table
1 . If Km. is the electron kinetic energy in the c.m . system and E�,(B*)
is the energy of excited DR product, the real total kinetic energy EK of
dissociation products is then given by Eq. (28) of Section 2 .2 . This energy
is shared by the reaction products in accordance with Eq. (26) .

3 .5.2

	

Total and partial rate coeflicients for DR

As we have mentioned at the beginning of proceeding sub-Section, DR cross
section measurements have not been performed for C2 H+ ions except for
C2H+ [52] and C2H+ [53] at thermal energies . Total thermal rate coeffi-
cients < Qv >DR have been measured for C2H+ , C2H+ and C2H+ [54]-[56] .
All available data for < av >DR (C2H+) Show a remarkable linearity with
y, including the value for < Qv >DR (C2 H+) quoted in Ref. ([61]) . Another
common feature of < o-v >DR (C2H+) thermal data is their approximate
T-1 /2 dependence an electron temperature T . This dependence follows di-
rectly from the E-1 dependence of their cross sections, QDR, in the thermal
energy region, predicted by Wigner [64] for any Break-up reaction . In the
case of CHy Systems, where cross section measurements exist up to - 20
eV (See [2]), the approximate T-1 /2 dependence of calculated rate coeffi-
cients extends up to T ti 1 eV . In the energy region above - 1 - 2 eV the
(TDR(CHY) cross sections start to oscillate (due to the coupling of DR and
CAD channels) and to decrease faster than E -1 . This decrease ofQDR(CH+)
is even more pronounced for energies above 8-10 eV, when then DE+ pro-
cess starts to compete with the DR process . This enhanced decrease of
(TDR(CHY) is reflected in a faster decrease of < Qv >DR (CH+) with re-
spect to T-1/2 for temperatures above T - 1 eV. The enhanced decrease of
< av >DR (CHY) for T > 1 eV with respect to T-1 /2 can be represented
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(for all CHy ions) by the function (when T is expressed in eV units)

J corr (T)

	

=

	

1

	

+ 0.27 TO.55

	

(69)

We shall assume that the energy behaviour of ODR(C2Hy) is similar to that
of orDR(CHy) (based an the common basic mechanism for DR processes in
both systems) and apply the above corrective function also to the T-1 / 2

dependence of orDR(C2H2 ) . Therefore, o-DR(C2H2) can be written as

< (TV >DR (C2Hy) = Tl/2 (1 + 0.27 TO-55) (x 10-8cm 3 /s)

	

(70)

where T is expressed in eV, and the scale factor 10-8 gives the typical
magnitude of DR rate coefficients at T - 1 eV . The "structural" function
FD R (y) can easily be obtained from the available experimental values of
-DR(C2H2) at thermal temperatures, and its form is

FDR (y) = 3 .105 (1 + 0.450 .

	

(71)

This linearity is broken only for the y = 0 case (Cy ion), when F2DR(C2) -
1 .87 [61] .

The validity of temperature dependence (70) of QDR can be extended
up to 20 - 30 eV, where the DR process becomes already insignificant with
respect to the DE+ process .
The rate coefficient for an individual DR channel e + C2 Hy -> A + B* + . . .
is given by

< (TV >DR 0, B * C2Hy ) = RDR(A~ B * ICzHy ) < Qv >DR (C2Hy), (72)

where RDR(A, B*/C2Hy) is the corresponding branching ratio given in Ta-
ble B .
We note that in Ref. [5] the uncorrected T-1 /2 dependence of (TDR(C2H2)
was used for all temperatures . At T = 10 eV, the use of uncorrected T-1 / 2

behaviour overestimates the value of < Qv >DR by a factor of 2 .

3 .6 Charge exchange and particle rearrangement reactions
of protons with C 2 Hy , (CX)

3 .6.1

	

Data availability, reaction channels and energetics

The cross section database for charge exchange (Eq. (6a)) and particle rear-
rangement (Eqs . (6b),(6c)) processes of protons with the CxHy (x = 1 - 3 ;
1 <_ y < 2x + 2) molecules was established in Ref. [7] . Here we shall give
a refinement of its part pertinent to C2Hy molecules, discuss in more detail
the reaction channels and their energetics, and present new analytic fits for

R.K . Janev and D. Reiter

	

39



3 .6 Charge exchange and particle rearrangement reactions of
protons with C2Hy , (CX)

the cross sections .
Experimental charge exchange cross section measurements have been per-
formed for C2H2 [65] (in the energy range 0.1-20 eV), C2H4 [66, 67] (for
energies above 40 KeV) and C2H6 [65],[67] - [70] (for energies above 0.1
KeV) . The cross section measurements for C+ + C2H4 and O+ + C2H6
[71], systems that have similar electronic energy properties as H+ + C2H4
and H+ + C2H6, respectively (especially the latter one), extend the energy
ranges of the experimental data down to 0.017 KeV/amu (for C2H4 ) and
0 .012 KeV/amu (for C2H6 ) .

Quantum-mechanical cross section calculations were performed in the
energy range 0.1 - 20 KeV for the H++C2H2 , C2H6 collision systems [65],
showing that good agreement with experimental data can be obtained only
when vibrational excitation of C2H2 and C2H 6+ charge exchange products is
taken into account .
We note that thermal rate coefficients, Kctx, for the charge and particle
exchange reactions (6a)-(6c) are known from astrophysical literature [61] .
Converted into cross sections, these rates give for the (6a) and (6b),(6c)
processes [7]

O-cox

where the KcX is expressed in units of 10-9 crn3 /s, and the relative col-
lision energy E is expressed in eV units . R(cX and Rcbc) in (73) are the
branching ratios for the pure charge exchange (electron capture) and par-
ticle rearrangement channels of charge exchange process, respectively . The
factor (1+aE0 ) -1 in (73b) takes into account the fact that the cross section
of particle exchange processes decreases much faster with the increase of
collision energy than that for electron capture at energies above - 0.1 eV .
The cross section expressions (73) follow directly from the Langevin mecha-
nism for formation (polarization capture, or orbiting) and decay of the inter-
mediary collision compound, (H+, C2Hy) . The branching factors, Rca) and
Rcx)/(1+aE0), have the meaning of decay probabilities of the (H+, C2Hy)
compound in different channels . Implicit to the Langevin polarization cap-
ture model is the assumption of exothermicity of the compound forma-
tion process, i .e . the total internal energy Eint of the reactants (including
both electronic and ro-vibrational motion) is larger than that of the prod-
ucts . This requirement defines the possible reaction channels for a given
H++C2Hy collision system .
In general, the reaction channels with higher exothermicity
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3 .6 Charge exchange and particle rearrangement reactions of
protons with C2Hy , (CX)

DE = Eznt(products)-EZnt(reactants)
or, equivalently, see Eq . (31) :

DE _

	

OHf (reactants) -

	

OHf (products),
will have larger decay probability (branching ratio) . However, excessively
large values of AE may reduce the reaction probability (especially at above-
thermal collision energies) due to dynamic molecular effects . Using these
criteria, we have determined the particle rearrangement charge exchange
channels for the H++C2Hy systems, and their respective exothermicities,
DE, (using Eq. (35)) . They are shown in Table 9 . By using the above argu-
ments for the relation between branching ratios and channel exothermicities,
we have assigned the respective values of RcaX, or RcX), for all channels of a
given collision system, that are also given in Table 9 . The values of Kctx for
C2H , C2H2 and C2H3 are proportional to the square root of polarizability
of these molecules, which is in accordance with the Langevin model (see
[7],[72]), but KcX for C2115 and C2116 violate this proportionality.

This violation results from the resonant character of pure charge ex-
change (electron capture) processes which dominates in these collision sys-
tems, and extends down to thermal energy region (see next sub-section) .
In Table 9 are also given the values of parameters a and ß that appear in
Eq. (73b) . These values were determined from the condition that the cross
section orcx) constitutes a small fraction (< 3%) of total charge exchange
cross section in the energy region above - 1 eV. The particle rearrangement
channel H+ + C2 -> CH + H+ is endothermic (by 0 .32 eV) and is excluded
from Table 9 .

In [5] the Same CX reaction channels as in Table 9 were considered, ex-
cept that the pure electron capture channel in H++C2H6 system was omit-
ted . This electron capture process in H++C2H6 has a resonant character
at above-thermal energies (see next sub-section), and there is no physical
reason for it to be neglected in the thermal region . The branching ratios of
CX reaction channels for a given H++C2Hy collision system were chosen in
[5] to be the same . The H+ + C2 collision system was also not included in
Ref. [5] .

3 .6.2

	

Charge exchange cross sections

The validity of charge exchange cross sections QC°X and ~cbX) , Eqs . (73),
derived from the thermal rate coefficients is limited to energies below - leV .
At higher energies, the pure charge exchange (or electron capture) channel
(6a) dominates the charge transfer process, and the discussions in the present
sub-section will be devoted primarily to it .
The analysis of available experimental data an (Tcax for C2H2 , C2H4 and
C2H6 targets, performed in [7], has shown that the energy behaviour of

°0-CX (C2H6) has the typical features of a resonant electron capture reaction
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3 .6 Charge exchange and particle rearrangement reactions of
protons with C2Hy , (CX)

(slow, logarithmic increase with decrease the collision energy in the region
below - 10 KeV), (Tcax(C2H4) has a similar "resonant" behaviour, but to
a lesser extent, while (Tcax(C2H2) has an energy behaviour typical for the
non-resonant electron capture reactions (a broad maximum in the region
5 .8 KeV and a decrease for lower energies) . For collision energies above
20 - 30 KeV/amu, all charge exchange cross sections rapidly decrease with
increasing energy. The resonant cross section behaviour was observed in
[7] for all H++C�Hy collision systems, with y >_ 2x - 2. It was further
shown in [7] that in the energy region below - 20 KeV, the cross sections
of resonant CX reactions satisfy the scaling relationship (we hereafter omit
the superscript(a))

res

	

y1~2
O-cx(CxHy) - _o,l Ip

(74)

where Ip is the ionization potential of CxHy and o-o,l is constant . On the
other hand, in the energy region above - 50 KeV, the cross sections for all
CX reactions satisfy the scaling

res
O-cx(CxHy) - Qu,h 12

p
(75)

which follows from the high-energy charge exchange theories (e.g . first Born
approximation) . The scaling relations (74), (75) were used in [7] to de-
termine the resonant CX cross sections for the systems for which no data
were available (with an appropriate interpolation in the range 20-50 KeV) .
The cross sections for non-resonant CX reactions of H++CxHy systems with
y < 2x-2, can be fairly well estimated by using the Demkov two-state model
(see [73]) with due account of the possible vibrational excitation of the prod-
uct ion CxHy [65] . The energy at which the broad cross section maximum
of these reactions occurs satisfies the Massey relation [74]

c DE/% - 1

	

(76)

where DE = Ip (H) - Ip(CxHy), v�, is the collision velocity at the position
of o-cX , and c is constant . (When DE is expressed in eV and v in atomic
units VO (= 2 .19 x 108 crn/s), the value of c for all CxHy exhibiting non-
resonant CX with H+ is - 7 - 9.) Relation (76) Shows that with increasing
DE, the cross section maximum shifts towards larger collision energies . In
the case of non-resonant CX reactions of CxHy , the exponential decrease
of orcx for v < v?� , predicted by the theory [73], is hampered by the effects
of polarization electron capture mechanism (due to the large values of po-
larizabilities of CxHy ; see e.g . [5]) . Therefore, the non-resonant CX cross
section for these collision systems exhibits a broad minimum in the energy
range - 10 - 100eV, before starting to increase with the further decrease
of collision energy and approach its thermal energy behaviour given by Eq.
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(73a) .
The CX cross section for H++C2Hy systems obtained in [7] by using the
available experimental data, applying the above mentioned scaling pro-
cedures and performing Demkov-type cross section assessments (for non-
resonant CX reactions),were fitted in that reference to analytic expressions
containing a finite number of Chebishev polynomials . Although the number
of polynomials was fairly large (about ten), the cross section of resonant CX
reactions Show small artificial oscillations in the low energy region . In the
present work we use a different type , non-polynomial analytic expression to
represent the total charge exchange (electron capture + particle exchange,
(T ca)x +QCbX)) cross sections, namely

5/p
ctot _

	

11

	

+

	

c4 -P

	

16)

	

(x10-15 crn2 )cx

	

-

	

El/ 2 + c2 E °3

	

E °7 + c8 E c9 + clo E all

(77)
where ci, (i = 1 - 11) are fitting parameters, and the collision energy E is
expressed in eV units . The values of fitting parameters ei are given in Table
10 . The parameters ei given in Table 10 for the H++ C2H system refer only
to the pure electron capture channel, H++ C2H -> H+CH+, while the cross
section for the particle exchange channel H++C2H -> H2+ C2 is given by
the expression (73b), with the value of R(c

b, )x given in Table 9 . The cross
section for pure electron capture channels of other H++C2Hy (y > 2) sys-
tems, are obtained by subtracting from (77) the sum of particle exchange
cross sections given by (73b) with the values of Rcx~ given in Table 9 . The
first term in (77), although similar in form with (73b), should not be iden-
tified with it . However, this term has been indeed introduced in (77) to
account for the cross section behaviour in the thermal energy region and
to ensure the proper thermal energy limit of acx. The analytic expression
(77) also ensures the correct energy behaviour of orcx up to collision ener-
gies E- 300 - 400 KeV. As well known from the theory of charge exchange
processes, the energy behaviour of orcx in the high-energy asymptotic limit
should be ti E-5.5 [75] .
We note that the coefficients c5 and c6 in Table 10 have zero values for CX
reactions of C2H4 , C2H5 and C2H6 . This indicates the resonant character
of these reactions . While the CX reaction for C2H4 has a rather flat cross
section behaviour (c7 = 0 .06) in the energy range - leV -10 KeV, the cross
section slope defined be the value c7 = 0 .14 for C2H5 and C2H6 is typical
for the resonant CX reactions in this energy range . For CX reactions of
C2Hy , y < 3, the coefficients c5 and c6 have non-zero values, indicating the
non-resonant character of these reactions . We finally note that in Ref. [5],
the thermal constant value of Kctx (or equivalently, the E-1/2 dependence
of of (T ca)x and orCbX) cross sections) has been extended up to T = l0eV, which
represents a significant overestimation of CX rate coefficients, particularly
for particle re-arrangement reaction channels .
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4

	

Collision Processes of C 3Hy and C 3Hy with Elec-
trons and Protons

4.1

	

Electron-impact ionization of C3Hy (I, DI)

4 .1 .1

	

Data availability, reaction channels and energetics

The cross section database for electron-impact ionization of C3Hy (1 <_ y <
8) was thoroughly discussed in [6], where the procedures for deriving the
unavailable cross sections in the literature were also described . We shall,
therefore, confine ourselves in the present section to a brief review of existing
experimental and theoretical data and discuss in more detail the energetics
of individual reaction channels .
Total ionization cross section measurements for the e+C3 Hg collision system
have been performed in [19, 26, 27] jointly covering the energy range from the
reaction threshold to 12 KeV. The cross section of [19] and [27] are believed
to be accurate to within 10% . Theoretical total cross section calculations
have also been performed for this system within the binary-encounter Bethe
(BEB) model [30] and the classical Deutsch-Märk (DM) model [76] . Total
cross section measurements were done in [78] for 23 ion production channels
of e+C3Hg collision system in the energy range from threshold to 950eV.

The accuracy of these cross sections (their sum was normalized to the
total cross section of Ref. [27] at E=100 eV) is 10%, or better . For the
other e+C3Hy (1 <_ y < 7) collision systems, no partial cross section data
are presently available . The number of ionization channels in a e+C3Hy
collision system is obviously significantly larger than for the e+C2 Hy system,
particularly for the higher -y members of the C3Hy family. In determining
the most important (with large cross sections) dissociative ionization (DI)
channels in a e+C3Hy collision, i .e .

c + C3Hy -> A+ +B+C+ . . .+2c

	

(78)

we have used the general criterion that the channels with smaller en-
ergy threshold have larger cross sections . In accordance with Eq. (21), the
threshold of reaction (78) is given by

EDI - ADI =AU O (A+) + AHf(B) + AHf(C) +

	

AHf(C3 Hy),

	

(79)

where OHf(X) is the heat of formation of particle X (see Table 1) .

	

As
obvious from Eq. (79), the most important DI channels are those with
production of only one neutral fragment . However, exceptions from this
general rule do exist due to variety of AHf values . In the case of direct
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4 .1 Electron-impact ionization of C3Hy (I, DI)

ionization, the threshold energy, of course, is identical to the ionization
potential, Ip .
The values of Eh (=Ip) and EDI for the most important DI channels in
e+C3Hy collisions (including also the case y=0) are given in Table 11 . The
values of mean total kinetic energies, VK, of DI fragments are also given in
this table. These were calculated from the equation (see Section 2 .2)

EK = XDo(C3Hy -> A+ + B + C+ . . .)

	

(80)

with X = 0.35 . In a few cases the value of X was chosen to be different
than 0.35 in order to account for the specific physical situation (see Section
2 .2) . The values of average electron energy losses, E(l = Eth +EK in each
ionization channel, are also given in Table 11 .
In Table 11, we give also the "asymptotic" (at E >_ 80 eV) cross Sec-
tion branching ratios, RilDI for the various ionization channels for each
e+C3Hy collision system . For the e+C3 system, RilDI were calculated ac-
cording the prescription given by Eqs . (39) and (44a) of Section 2 .3.2 with
a = 3 .0 (see next sub-section), while for the e+C3Hy (1 < y < 7) systems,
they were determined in Ref. [6] . With respect to the DI channels con-
sidered in Ref. [6], Table 11 includes also some less important channels,
which slightly affects the RIIDI values given in Ref. [6] . The ion-production
cross sections for e+C3H8 collision system are experimentally known, and
their decomposition into specific neutral fragmentation channels was done
in Ref. [6] . Therefore, the information an R'IDI of the I/DI channels for
e + C3H8 does not appear in Table 11 . Some footnotes are given in Table
11, however, to indicate certain differences in the RDI values adopted in the
present work for a few reactions .
In the database of Ref. [5] only the hydrocarbons C3Hy with 1 <_ y < 6
were included . As dominant ionization channels in this reference were
considered the direct ionization (I) and the C3Hy -> C3Hy 1 + H and
C3Hy -> C3Hy2 + 2H DI channels, for 3 <_ y < 6 . The branching ratios of
these three channel were taken the Same (0.20 , 0.13 and 0.67, respectively,
at E- 70 - 100 eV) .

Table 11 Shows that for direct ionization and H-production DI channels,
the branching ratios adopted in Ref. [5] for these systems are reasonable (ex-
cept for C3H3 , where the difference is about a factor 2), but the branching
ratio for 2H-production channel is highly erroneous . Due to its high energy
threshold, this channel in fact does not appear at all in Table 11 . Instead
the H2-production channel in these systems appears among the dominant
ones . lt has been shown in Ref. [6], that the 2H-production channel is usu-
ally about 20 % of the total H2- and 2H- production cross section for all
C,HY systems (x = 1 - 3, 1 < y < 2x + 2) . It is also interesting to note
that for the e + C3H 8 collision system, the dominant ionization channels
at all energies are not the direct ionization and H-production DI channels,
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4 .1 Electron-impact ionization of C3HY (I, DI)

but rather the C2H5 , C2H4 and C2H3 ion- production channels [78] .

4 .1 .2

	

Total and partial cross sections

The total ionization cross sections for e+C3Hy systems (1 <_ y < 8) have
been determined in Ref. [6] by using the experimental data for C3H8 [19,
26, 27, 78] and C3H6 [19, 26], theoretical data for C3H4 [77] and the semi-
empirical cross section relationships following from the additivity rules for
the strengths of chemical bonds in C,HY systems. These cross sections have
been represented by the analytic expression

where

ton =
10-13 I A1 ln(E/I,) +
E-I,

I ) j-1
1 - E

	

(CM2)

	

(81)

where I, has a value close (or equal) to the reaction energy threshold (ex-
pressed in eV units), E is the collision energy (in eV units), and Aj (j =
l, . ..N) are fitting parameters . The number N of fitting parameters was
taken N=6, sufficient to achieve a fit accuracy with r .m.s . of 2-3 %. The
analytic expression (81) has correct physical behaviour both in the threshold
and high-energy (asymptotic) energy region. The values of parameters I,
and A j are given in Appendix A.2 for all collision systems (1 < y < 8) .
The partial cross sections for the individual ionization channels in the e+C3H8
system, determined in Ref. [6], can also be represented by an analytic ex-
pression of the form given by Eq. (81) . The values of I, and Aj fitting
parameters for these cross sections are also given in Appendix A.2 .
Based an the validity of additivity rules for total ionization cross sections,
demonstrated in Ref. [6] for all e+C�Hy collision systems in the energy re-
gion above - 30 eV, and the fact that for E< 30 eV the ionization cross
sections are essentially determined by their (1-Eth/E)3 behaviour (see Eqs.
(48),(49), and Ref. [2] for O-ion(CHy)), by using a simple fitting procedure
one can derive from the known QZ~n (C3Hy) cross sections (given in Appendix
A.2) a unified expression

3
QZ~n(C3Hy) = 84.0 F3on(y) C1

-Eth /

	

E ln(c+0 .09E) (x10-16crn2) (82)

F3on(Y) = 4.45 + 0.065y

	

(83)

where the collision and threshold energies, E and Eth, are expressed in eV
units, and e=2.71828 . . . is the base of natural logarithm . The function
(82),(83) represents the QZ~n(C3Hy ) data with an accuracy better than 5-
8 % for energies below - 300 eV, and - 10% for energies above - 500
eV. Within the Same accuracy these equations describe the cross section
(T?on(C3 ), calculated by the Deutsch-Märk model .
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4 .2 Electron-impact dissociative excitation of C 3Hy to neutrals
(DE)

The partial cross section for a particular ionization channel e+C3Hy

A+ + B + . . .2e for the systems with y < 7 can now be obtained as

(Tion(A+ , B/C3Hy) = RIIDI(A+ , B/C3Hy) (TZ~n(C3Hy),

	

(84)

where the branching ratio RIIDI is calculated by using Eqs . (40) with
ß = 1.5, (or Eqs . (42) with y - 1 .5, or Eq. (43) , if more appropriate) and
the data of asymptotic values RDII given in Table 11 .
We note that QZon(C3Hy) cross sections in Ref. [5] also linearly increase
with increasing y. They, however, have a weaker energy dependence in the
threshold region (- (E - Eth)2), and an incorrect exp(-aE) (a = constant)
behaviour in the energy region above the energy at which the cross section
maximum occurs . As we mentioned in Section 3 .1 .3, there is no physical
basis for prescribing such high-energy behaviour of an electron-impact ion-
ization cross section .

4.2

	

Electron-impact dissociative excitation of C3Hy to neu-
trals (DE)

4 .2.1

	

General remarks, reaction channels and energetics

As in the case of CHy and C2Hy hydrocarbon molecules, direct total or
partial cross section measurements (or calculations) of the dissociative ex-
citation (DE) reactions (2) for C3Hy (1 < y < 8) have not been performed
so far . The experimental difhculties are related to coincident detection of
neutral fragments, while the theoretical ones lie in the complexity of elec-
tronic structure and dynamics of poly-atomic many-electron systems . The
only related experimental result is the cross section QD for total dissociation
of C3H8 [49] to both ionized and neutral fragments (in the energy range
from - 20 to 600 eV), from which one can obtain the total DE cross section
-DE(C3H8) by subtracting from QD (C3H8) the sum of dissociatioe ioniza-
tion cross sections for C3H8 , (TDI(C3H8) . This will be used as a starting
point in the derivations of o-DE(C3Hy) in the next sub-section .

The dominant (direct excitation) mechanism of the DE process for C3Hy
molecules is the same as that for C 2 Hy discussed in more detail in Section
3 .2.1) (see also Section (2 .2) . For determining the most important DE chan
nels in e+C3Hy collisions, we shall, therefore, use the same criteria used also
for e+C2Hy systems : Most important are the DE channels with relatively
small threshold energies (see Eq . (16)), the mean excitation energy of which
above the dissociation limit, DEe�(AB* ), satisfy the reaations (analogous
to Eq. (52))

[Ip(C3Hy) - Do(EY/C2Hy)] < DE� o (AB* ) <- XDo(EYi/c3Hy)

	

(85)
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4 .2 Electron-impact dissociative excitation of C 3Hy to neutrals
(DE)

where
Do (EY1C3Hy) AHf (Y) - oHf (C3Hy)

	

(86)

is the dissociation energy of the channel e+C3Hy -> c + Yl + Y2 + . . . . The
inequality (85) serves to determine the possible DE channels, with the value
x = 0.35 taken as a rule, unless other considerations suggest another choice
(see Section 2 .2) . For the dominant DE channels, determnnnd an the basis
of Eq. (85), the threshold energies EDE were calculated by using Eq. (16),
(with Do given by Eq. (86) and DE,(AB *) = 0.35Do, generally) . The
values of EDE (= E(l), the mean electron energy loss) and of the mean
kinetic energy of dissociation products, EK (= DE�j, are given in Table
12 .

The asymptotic cross section branching ratios, RDE, calculated by using
Eqs . (39) and (44a) with a = 3 (see next sub-sections), are also given in
this table. The values of RDE in Table 12 Show that the electron-impact
DE process of C3Hy is dominated by a few channels only. This table also
Shows that the H- and H2- production channels dominate the dissociation
of C3Hy molecules .

The DE database in Ref. [5] includes only the H- and 2H-production
channels for the electron-impact dissociation of C3Hy molecules with 3 <_
y < 6, with the Same branching ratios (0 .666 and 0 .333, respectively) for all
molecules . We have found that the 2H-production channels does not satisfy
the relation (85) for any of C3Hy molecules (y > 2), and is not included in
Table 12 . The dissociation channel e+C3H -> 3C + H + c which in Ref.
[5] is considered as dominant (the only important channel), was also not
included in Table 12, because of its high energy threshold (above 15 eV)
and negligible contribution to the total dissociation of C3H .

It should also be noted that for all DE channels of all C3Hy molecules
considered in Ref. [5] (1 <_ y < 6), the value of threshold energy was taken
to be the same, - 10 eV . The values of Eth for the dominant DE channels
in Table 12 are significantly different among themselves and from the value
of 10 eV .

4 .2.2

	

Total and partial cross sections

For determination of total DE cross section QDE(C3Hy) for the e+C3Hy
collision Systems, we shall apply the Same procedure used in determining
(TDE(C3Hy) for C2Hy (see section 3 .2.2) . From the experimental knowledge
of total dissociation cross section QDt(C3H8 ) [49] and of total cross section
for dissociatioe ionization QDj(C3Hg) [78], we can obtain ~DE(C3H8) as the
difference 0Dt(C3H8) -QDI(C3H8) up to E = 600 eV, the highest energy for
which QDt(C3Hg) was measured . Since the maximum of QDE(C3Hg) is in the
region around E -- 80-90 eV, the extrapolation of QDE(C3Hg ) above 600 eV
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4 .3 Electron-impact dissociative excitation of C3Hy ions (DE+)

can be done in accordance with the Bethe-Born formula . By using the argu-
ments given in Section 3 .2.2 about the proportionality of (TDE(C1Hy) with
0Z~t (C�Hy) and from the knowledge of the ratio QDE(C3H8)1QZ~t (C3H8 ),
one can determine QDE for all other C3Hy molecules, at least in the region
E> 30 eV. For E< 30 eV, ODE(C3Hy)(y = 1-7) is determined by its thresh-
old behaviour (1 - EthIE)a , with a = 3.0 (as derived from QDE(C3H8)) .
All QDE(C3Hy ) cross sections derived by the above procedure can be repre-
sented by the analytic expression

3
07DE(C3Hy) = 34.6 FDE (y)

C1
-
Ethl

	

E ln(c+0.15E) (x10-16cm2 ) (87)

FDE (y )

	

= 2.20 + 0.190y	(88)

where the collision and threshold energies, E and Eth, are expressed in eV
units, and e = 2 .71828 . . . is the base of natural logarithm . ~DE(C3Hy) has
the Same form as that for (TDE(C2Hy) (see Eq . (54)), except for the difference
between FDE (y) and FDE (y) . In analogy with the case of ionization, one
can use Eqs . (87), (88) also for the case y = 0 (i .e ., to determine (TDE(C3))

The partial cross section for a particular DE channel e+ C3Hy -> X+ . . .
can be obtained from QDE(C3Hy ) by using the relation

0-DE(X1C3Hy) = RDE(X1C3Hy)QDE(C3Hy)

	

(89)

where RDE(XIC3Hy ) is the branching ratio for the considered DE channel .
It can be calculated by using Eqs . (40) (with ß - 1.5) and the asymp-
totic values of RDE given in Table 12 . When using Eq. (89) to calculate
(TDE(X/C3Hy ), one should use in the expression (87) for (TDE(C3Hy) the
value of Eth that corresponds to the considered e+C3Hy -> X + . . . channel .

4.3

	

Electron-impact dissociative excitation of C3 Hy ions (DE+)

4 .3.1

	

General remarks, reaction channels and energetics

As in the case of C2Hy ions, the process of dissociative excitation ofC3Hy ions
has not been studied so far, neither theoretically nor experimentally. As dis-
cussed in Section 3.3 .1, the production of one ion and neutral products in
the collision e+ C3Hy can proceed via two mechansm: direct excitation
of a dissociative excited state of the C3Hy ion, and capture of the incident
electron into a doubly excited (auto-ionizing) dissociative state, which after
auto-ionization produces the Same products as the direct process . Argu-
ments have been given in Section 3.3.1 that for C2Hy , and even more for
C3Hy ions, the second mechanism (the CAD process) should not be effective .
Therefore we shall discuss here only the direct DE+ process .
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4 .3 Electron-impact dissociative excitation of C3H+ ions (DE+)

We note that the DE+ processes of C3H+ ions were not considered in
Ref. [5] .

In determining the most important channels for the DE+ processes in a
e+C3H4 collision system we shall use the same criteria as in Section 3 .3.1
for C2H4

and

1 . QDE+ is large when EDE+ is smaller, and

2. the excitation energy E�,(AB+*) of intermediate excited dissociative
state AB+* should be smaller than ionization potential Ip(AB+) in
the Franck-Condon region of ground-state AB+ ion,
Ee~�(AB+*)EC < Ip(AB+),
otherwise the system auto-ionizes .

The threshold energy for a specific e+C3Hy -> Y++A+B+... DE+ channel
is given by Eq. (18), in which Do(AB+) and DE�,(AB+*) have the values

Do (Y+/C3H+) -- AHf(Y+) + ZAH0 (neutral products) - OHf(C3Hy)
(90)

DEe�,(ABt* )EC = XDo(Y+1C3IIy ), X - 0 .35

	

(91)

respectively (with a few exceptions for the value of X, discussed in Section
2 .2) .

The energy DE�,(AB+* ) is released during the DE+ process as kinetic
energy E, of dissociation products, and shared among them according to
Eq. (26) . The values of threshold energies (equal to average electron energy
losses) and mean total kinetic energy of products EKfor the most important
DE+ channels in e+C3H4 collisions are given in Table 13 . The "asymptotic"
(i .e . for E> 30 - 40 eV) values of cross section branching ratios, RDE+ ,
calculated by using Eqs. (39) and (44a), with a = 2 .5 (see next sub-section),
are also given in this table .

We see from Table 13 that for the higher members of C3H+ family of
ions (y > 4), only a small number of channels dominates the DE+ process.
The predominant role of certain channels in the DE+ process (such the
H - production channel in e+ C3H4 system, or H2-production channel in
e+ C3H+ , C3H7 , C3H+ systems) has its origin in the very small value of
dissociation energy of these channels . We further note that the threshold
energies for the dominant DE+ channels in C3H+ systems with y > 4 are
fairly small (below - 3 eV; see Table 13) . This indicates that DE+ processes
will strongly compete with the dissociative recombination (DR) process even
at low plasma temperatures (< 5 eV) .
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4 .4 Electron-impact dissociative ionization of C3Hy ions (DI+)

4 .3.2

	

Total and partial Cross sections

As mentioned at the beginning of preceding sub-section, these are no total
(or partial) cross section data available in the literature for the DE+ process
in e+C3Hy collision systems . The determination of total DE+ cross section
ADE+(C3Hy) for these systems will be done by the same procedure used
in Section 3.3 .2 for determining (TDE+(C2Hy ) . Using the arguments given
in Section 3.3 .2 regarding the separability of dynamical (energy dependent)
and structural factors in the Cross sections of all electron-impact processes of
C,Hy molecules and their ions, and the known energy dependence of QDE+
for the c+CHy system [2], in analogy with Eq. (60) we write

25
ADE+(C3H+) = 29.4 F3rnE+

(y)
Cl
- Etn

	

- ln(c + 0.9E) (x10-16cm2),
)

(92)
where FDE+ (y) is the structural factor for DE+ processes in C3Hy , c =
2 .71828 . . ., and collision and threshold energies, E and Eth, are expressed in
units of eV . The function FDE+ (y) can be determined by using the propor-
tionality QDE+(CxHy) SDI (CxHy) (x - 1, 2, 3), as discussed in Section
3 .3.2, and the knowledge of QDE+ (CHy ) and QDI(C1,3Hy), one obtains, an
the basis of Eqs .

	

(61) and (62) written for C3Hy , the structural factor
FDE+ (y) in the form

Equations (92) , (93) can be also applied to the y = 0 case to determine
A
tot
DE+ (c3 )'
The partial cross section for a particular DE+ channel c+C3Hy -> X+ + . . .
can now be obtained as

FDE+ (y) = 1.19 + 0.91y .

	

(93)

OrDE+(X+IC3Hy) = RDE+(X+IC3Hy)(TDE+(C3Hy ) (94)

where RDE+(X+/C3Hy) is the branching ratio for the considered DE+
channel, calculated by using Eqs . (40) with ß = 1 .5 (or, if more appropri-
ately, Eqs. (42) with -y = 1.5, or Eqs . (43)), and the asymptotic values
RDE+ from the Table 13 .

4.4

	

Electron-impact dissociative ionization of C 3Hy ions (DI+)

4 .4.1

	

General remarks, reaction channels and energetics

Due to their large thresholds (> 30 eV), the dissociative ionization processes
of C3 Hy ions (DI+) should play a role only in the plasma regions with high
(> 20-30 eV) temperatures . However, just because of their large thresholds,
they can be an important plasma cooling mechanism (E- = Eth) .

R.K . Janev and D. Reiter

	

5 1



4 .5 Dissociative electron recombination with C3Hy (DR)

The physical mechanism by which a DI+ process in a c + AB' collision
system proceeds was discussed in considerable detail in Section 3.4.1 (see
also Section 2 .2) . We, therefore, omit here such discussion.

The most important DI+ channels for the e+C3H+ collision systems are
given in Table 14, together with the corresponding energy thresholds . The
values of Eth given in this table have been calculated by using Eq. (23), with
the value of DE�,(A+ +B+) = 11.78 eV . As discussed in Section 3.4.1, the
total kinetic energy of the two charged products in DI+ process is 11 .78 eV,
same for all DI+ channels and C3H+ systems, while the kinetic energy of
neutral products is zero (or close to zero) .

In Table 14, the asymptotic values of branching ratios RD' j+ of DI+
channels are also given. They were calculated by using Eqs. (39) and (44a)
with a = 1 .55 (see next sub-section) .

4 .4.2

	

Total and partial Cross sections

The total DI+ Cross section for a e+C3Hy collision system, o-DI+(C3H~ ),
can be derived in a similar way as in the case of QDI+(C2Hy) (see Section
3 .4.2) . Using the Same arguments as in Section 3.4.2, one obtains

/

	

1.55
QDI+(C3Hy) = 30 .1 FDI+ (y) I l - Eth

	

ln(e + 0 .5E) (x 10-16

(95)
FDI+ (y) = 1 .71 + 0 .41y

	

(96)
where the collision and threshold energies, E and Eth, are expressed in eV
units, and e=2.71828 . . . . Equations (95), (96) are also applicable to the
y = 0 case, i.e ., to determine (TDI+(Cs ) .

The partial cross section for a specific c+C3Hy -> X++Y++ . . . channel
is given by

(TDI+(X+,Y+IC3H~) = RDI+(X+,Y+IC3Hy) OrDZ+(C3Hy)

	

(97)
where RDI+(X+, Y+ IC3H+) is the corresponding branching ratio . RDI+
can be calculated by using either of the prescriptions given in Section 2 .3.2
(Eqs . (40), (42) or (43)) and the RDI+ data from Table 14 . In view if
the closeness of energy thresholds for considered DI+ channels, the simple
prescription given by Eqs. (43) is perhaps adequate for the purpose of
obtaining sufficiently accurate description of the partial cross sections in the
threshold region .

4.5

	

Dissociative electron recombination with C3H+ (DR)

4.5.1

	

Data availability, reaction channels and energetics

Total thermal rate coefficients < w >DR for dissociative electron recombi-
nation with C3H3 and C3H7+ ions have been reported in [54]-[56], together
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4 .5 Dissociative electron recombination with C3H+ (DR)

with < o-v >DR data for many other hydrocarbon ions (up to C8H7 ) . By
combining this information, the thermal rate coefficients for other C3H+ ions
(y < 8) can be obtained (see next sub-section) .

The determination of DR channel for a given e+ C3H+ collision sys-
tem can be done by employing the Same approach used in Section 3 .5.1
for the e+C2H+ systems . We assume that the "direct" DR mechanism is
the dominant one, so that doubly excited dissociative states C3H** energet-
ically lying close (but below) the bottom of the C3H+ potential well, and
whose repulsive energies intersect the C3H+ ground state potential energy in
the region of its minimum, are associated with the dominant DR channels .
The DR channels that satisfy this condition up to electron collision energies
(in the c.m . system of reference) of - 1 eV, i.e ., the relation (for, e.g ., a
e+C3H+ -> A + B* + . . .)

Do(C3Hp -> A+B+ . . .)+Eex� (B*) < Ip(C3Hy)+Eelm,, Eel~, . - 1cV (98)

are shown in Table 15 for all C3 H+ ions . Eex~(B*) in Eq. (98) is the exci-
tation energy of excited products . The excited DR products (that satisfy
inequality (98)) are also given in Table 15 . In addition, specific indirect
(and two-step) mechanisms may strongly contribute to the C3Hp 1 + H
and C3Hp 2 + 2H/HZ DR channels, as discussed in Section 3 .5.1 . In Table
15 we give also the values EK) of the dissociation products, evaluated as if
all of them would be in their ground state (calculated by using Eq. (29)) .

The real total kinetic energy of dissociation products is EK = EKO) -

E,(B*) +E"r� ., where E"E"�, . isthec. m.kineticenergy ofincidentelectron,
and the excitation energies of possible excited DR products are given in Ta-
ble 3 . The products share the total energy EK in accordance with Eq. (26) .
In Table 15 we also give the estimated values of branching ratios of DR
channels for each e+C3H+ collision system . These estimates were based an
the above mentioned general criteria for selection of important DR channels,
and its successful test an the observed branching ration for CH+(y = 1-3, 5)
[2] and C2H+ [52], C2H3 [53] systems.
In Ref. [5], only two DR channels were assumed in the electron recombina-
tion with C3H+ (2 <_ y < 6) ions : the H-, and H2-production channels . An
equal branching ratio (RDR = 0.5) was assigned to these channels for all
considered C3H+ ions . For the e+C3H+ system, three channels (CH + 2C,
C2H+C and 3C+H) were considered with equal (=0 .333) branching ratio.

At electron energies E, . r� . > 1 eV, new DR channels may become open
and the values RDR given in Table 15 may change . These changes may
particularly become significant at energies above the thresholds of DE+ pro
cesses for a given C3H+ ion. The majority of DE+ thresholds appear in the
range 5-10 eV, (for y < 3) and 3-8 eV (4 < y < 8) . Due to the competition
of DR and DE+ processes, the DR process becomes less important above
these energies, and the question of energy variation of RDR also looses its

R.K . Janev and D. Reiter

	

53



4 .5 Dissociative electron recombination with C3H+ (DR)

importance .

4 .5.2

	

Total and partial DR rate coefficients

As mentioned in the preceding sub-section, total thermal DR rate coefficients
< O-v >DR for C3H+ and C3H+ are available from the experiment [54]-[56] .
In these references, thermal < Qv >DR data are also reported for a large
number of C,Hy ions with x up to x=8 . The available thermal < o-v >DR
data for C,H3, (x = 2, 4, 6) Show a remarkable linearity with x. When the
data of Refs . [54]-[56] are combined with the < Qv >DR (C2Hy ) data of
Section 3.5.2 and < Qv >DR (CHy) data from Ref. [2], a x-linearity of
< O-v >DR (CxH+) is observed also for other y=const series of C�H2 ions .
By using interpolation / extrapolation procedures along these x-series of
< w >DR data, one can determine < av >DR for C3H+ and C3H+ ions, and
confirm the < vor >DR value for C3H3 (within its experimental uncertainty) .

It was found that the obtained < o-v >DR values for C3H2 , and C3H+ ,
together with the experimental data for C3H+ and C3H+ , all lie an a straight
line . (The experimental < Qv >DR data point for C3H+ is somewhat higher
than that derived from inter- / extrapolation, but within its experimental
uncertainty still follows the y linearity of < Qv >DR (C3HJ) .
The T-dependence of < Qv >DR was discussed in Section 3.5 .2 in detail . As
discussed there, the T-dependence of < o-v >DR should be, to a large degree
of accuracy, the Same for all C,Hy systems . Therefore, in analogy with Eq.
(70), the expression for < Qv >DR (C3H+) can be written in the form

_ FDR
< w >DR (C3Hy)

	

/2(1+
3

	

(y)
0.27 To .55)

(X10-a /s) (99)

where T is expressed in eV units . The "structural" function FDR(y) can be
determined from the available thermal < Qv >DR data for C3H+ , C3H+ ,
C3H+ and C3H+ ions, discussed above. The linear fit of this data gives

FPR3

	

(y) = 6.84 (1 + 0.15y) .

	

(100)

Compared with Eq. (71) for FDR(y), Eq. (100) shows that FDR(y) increases
with increasing y these times more slowly than FDR(y) . This reflects the
experimentally observed fact that thermal values of < o-v >DR (C�Hy) tend
to saturate with increasing both x and y [54], [55] .

We also note that for the c+C3 system, Ref. [61] gives a value FDR(y =
0) equal to that of FDR(y = 0) . Consistent with the above observed y-
linearity of FDR(y), we suggest a value FDR(y = 0) = 2 .80 for C3 , which
is 50% higher than the value given in Ref. [61] .

The rate coefficient for an individual DR channel e+C3H2 -> A+B*+ . . .
is given by

< Qv >DR (A, B*IC3Hy) = RDR(A, B*IC3Hy) < w >DR (C3Hy ),
(101)
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4 .6 Charge exchange and particle rearrangement reactions of
protons with C3Hy , (CX)

where RDR(A, B*/C3Hy) is the corresponding branching ratio for this chan-
nel, given in Table 15 . While the validity of < Qv >DR (C3Hy) extends to
about 20 - 30 eV, the uncertainty of RDR values above collision energies of
5 eV, limits the validity of Eq. (101) to temperatures below - 10eV .
We note that in Ref. [5] an uncorrected T-1 / 2 dependence of < av >DR

(C3Hy) was used throughout . At T=10 eV this overestimates the value of
< Qv >DR by a factor of 2 .

4.6 Charge exchange and particle rearrangement reactions
of protons with C3Hy , (CX)

4.6.1

	

Data availability, reaction channels and energetics

Experimental cross section measurement for the pure charge exchange re-
action (6a) in the H++C3Hy systems have been performed only for the
H++C3H8 system in Refs . [65],[68],[70] in the energy range - 0.1 - 200
KeV/amu. For the electronically similar system O++C3Hg (IP (O) - IP(H)),
such cross section measurements were performed down to 0 .01 KeV/amu
[71] . The charge exchange cross sections for H++C3Hs and O++C3Hg in
the overlapping energy range (around - 0 .1 KeV/amu) coincide with each
other and have the Same energy behaviour.

Rate coefficients data for the total charge transfer process (both elec-
tron capture and particle exchange reactions (6a) and (6b),(6c), respec-
tively) are known in the thermal region from astrophysical literature [61]
for all H++C3Hy systems . The experimental charge exchange cross Sec-
tion for H++C3Hg system Shows a typical behaviour for a resonant elec-
tron capture reaction (See Section 3 .6.1), and smoothly tends towards its
thermal energy limit with decreasing the energy. On the basis of electronic
structure properties of H++C3Hy collision systems, and their similarity with
H++C2Hy systems for which more experimental cross section data are avail-
able (See Section 3.6 .1), it was argued in Ref. [7] that the charge exchange
reaction of H+ with C3Hy , 4 <_ y < 8, should also have resonant character .

As in the case of other C,HY molecules (x = 1 - 3, y < 2x + 2), their
pure charge exchange (electron capture) process with H+ is exothermic,
(Ip (H) > Ip (CxHy)), which ensures large charge exchange cross sections
in the thermal energy region . As discussed in Section 3 .6.1, the reaction
exothermicity is also required for particle rearrangement charge transfer
channels, such as (6b) and (6c), for ensuring significant values of their ther-
mal rate coefficients . By using this criterion, we have determined the particle
rearrangement reaction channels for H++C3Hy systems, as shown in Table
16 . The reaction exothermicities, corresponding to each channel, are also
shown in this table. They were calculated by using Eq. (31) of Section 2.2 .

We note that particle re-arrangement channels CH+ + C2 and CH + C2
of H+ + C3 collision systems are endothermic.
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4 .6 Charge exchange and particle rearrangement reactions of
protons with C3Hy , (CX)

In Table 16, the cross section branching ratios for the charge transfer
channels in thermal energy region are also given. The estimates of these
branching ratios were based partly an the proportionality of decay probabil
ity of intermediate Langevin complex (H+, C3Hy ) to the exothermicity of
a given rearrangement channel, and partly an molecular dynamics consider-
ation (favourable potential energy crossings, etc .) . These branching ratios
appear in the electron capture and particle exchange cross sections given by
Eqs . (73a) and (73b), respectively. The total thermal charge exchange rate
coefficients, KCX, taken from Ref. [61], are also given in Table 16 . Further-
more, Table 16 gives also the values of parameters a and ß appearing in the
cross section (73b) for particle rearrangement reactions . These parameters
were determined from the condition that particle rearrangement channels
do not contribute more than 3-5% to the total charge exchange cross section
for energies above -l eV .

The reaction exothermicities shown in Table 16 do not take into account
that molecular products may be in vibrationally (or rotationally) excited
states . If that is the case, the values ofDE in Table 16 should be reduced by
the amount of corresponding excitation energy . The remaining value of DE
is then released as kinetic energy of the products . In the case of resonant
charge reactions, most of DE (all of it in the case DE < Do(C3Hy)) is
absorbed in the ro-vibrational degrees of freedom of C3Hy product ion.

We note that in the database of Ref. [5], for all H++C3Hy system with
3 <_ y <_ 6, only the CX channels producing H, H2 and H + H2 neutral
fragments were included . An equal branching ratio of 0 .333 was assigned
to these channels . No physical considerations were offered for this choice of
Rcx . We note, however, that for the H++C3H3 and H++C3H4 systems,
the H + H2 channels are endothermic by 0 .88 eV and 0.33 eV, respectively,
and in the thermal energy region (e .g . below - 0.1 eV) they are not open
at all . At the energies below their respective thresholds, the cross sections
of these reaction channels should be exponentially small.

4 .6.2

	

Charge exchange cross sections

The validity of the cross section (73a) and (73b) for the electron capture
and particle rearrangement reactions in H+ + C,HY collision systems can
be extended up to - 1 eV . Above this energy, the contribution of particle
rearrangement channels to the total charge exchange cross section becomes
(increasingly) negligible . The determination of charge exchange cross section
for H++C3Hy systems in this region was performed in Ref. [7], and the
applied procedures in this determination were briefly discussed in Section
3 .6.2 in connection with CX cross sections for H++C2Hy systems . We shall
omit here those discussions .

The total charge exchange cross section QcX, i .e ., the sum of elec-
tron capture (reaction (6a)) and particle rearrangement (reactions (6b), (6c»
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5 .1 General considerations

cross sections, for a specific H++C3Hy collision systems determined in Ref.
[7], will be presented here in the analytic form given by Eq. (77) . As dis-
cussed in Section 3.6.2, this form ensures correct thermal and high energy
behaviour of (Tcx . With respect to QCX of Ref . [7] some of the resonant
cross sections have been slightly changed due to slightly different values of
ionization potentials Ip (C3Hy ) used here (based an Ref . [8]) from those used
in Ref. [7] . We mention that in Ref. [7], an analytic expression employing
Chebishev polynomials was used to fit the experimental or derived cross
section data .

The fitting coefficients ei, in the analytic expression (77) for the cross
sections (TCX (C3Hy) are given in Table 17 . The parameters ci in this table
for the H++C3Hy system refer only to the cross section of the pure charge
exchange channel, H++C3H -> H+C3H+ . The particle exchange cross
section for this system is given by Eq. (73b) . The cross section for the
pure electron capture channel in the other H++C3Hy (y > 2) systems can
be obtained by subtracting from o-cx(C3Hy), given by Eq. (77), the sum
of the cross sections for all particle rearrangement channels . The analytic
expression (77), with the fitting coefficients ei given in Table 17, represents
the QcX (C3Hy) cross section from the thermal region (E- 0.01 eV) up to
E- 300 - 400 KeV.

The zero values of the coefficients c5 and c6 for charge exchange reactions
with C3H4 - C3Hs indicate that these reactions have resonant character .
Their energy dependence in the energy range - 0.leV- - 10 KeV is given
by the c4/E 1' term only in Eq. (77) . The different from zero values of
c5 and c6 coefficients for H++C3Hy reactions with y < 3, indicate the non-
resonant character of these reactions . We note that the terms in the second
denominator in Eq. (77) associated with the coefficients c8 and clo define
the high-energy (above - 50 KeV) behaviour of the CX cross section .

5

	

Unified Analytic Representation of Total Cross
Sections

5 .1

	

General considerations

We have already seen in Section 3) and (4 that all electron-impact processes
in C,HY / C,H+ systems are governed by similar dynamical mechanisms .
Except for the exothermic DR process, the total cross sections for all other
processes of C,Hy / C,Hy , Eqs . (1)-(4), exhibit the Same type of energy
behaviour : sharp, power-law increase in the threshold region (Eth < E <
(2 - 3)Eth), a broad maximum at E?� - (6 - 10)Eth, and a Born-type
E-1 1nE behaviour at the high energies (E » Em ) . The DR total cross
section has a different energy behaviour (- 1/E(1 + cE'Y), c,-y = const),
and it is the same for all C� H+ ions . Moreover, we have seen in Sections 3
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5 .2 Unified total cross sections for electron-impact processes

and 4 that the total cross section for a specific type of process, A, has the
saure energy behaviour for all e+C,HY /C,Hy collision systems, and that
the differente between the cross sections for different C,Hy / C,Hy species
is introduced by a structural factor F~ (y) . As discussed in Sections 3 and
4 (see also [51]), the separability of structural and dynamical effects in the
total cross sections of electron-impact processes of c+C,Hy / C,H+ collision
systems results from the "stability" of additivity rules for the strength of
chemical bonds with respect to external perturbations [21] (that the C,Hy /
CxHy system experiences during a collision process) . The observed linear
dependences of structural factors Fx (y) for all considered electron-impact
processes, A = (1) - (5), (x is the equation number of the process A), are
given in Sections 3 and 4 for x = 2 and x = 3, respectively. For x = 1, the
functions Fi (y) are given in Ref. [2] .

As mentioned in Section 2.3.2, the additivity rules should manifest them-
selves also with respect to the number x of C atoms in the C�Hy / C,Hy
systems, i .e ., Fx (y), considered as function of x, should also have a lin
ear behaviour . This has been demonstrated in Ref. [6] for total ionization
cross sections, in Ref. [49] (implicitly) for total dissociation cross sections
(UDi + a"E) and in Section 4 .6.2 for < Qv >t

o
t . It is obvious that by com-

bining the x- and y-dependences of FA (y) into one functional form, FA(x, y),
one obtains a uniform representation of total cross sections for a specific
process for all CxHy / CxHy species . For the processes (1)-(3) and (5)
(A = 1 - 3, 5), as well as for the group of resonant reactions of change ex-
change process (6a) (A = 6), this was done in Ref. [51] . We shall present
these results in the following sub-sections, and include also the result for the
DI+ process, Eq. (4) (A = 4) .

5 .2

	

Unified total cross sections for electron-impact processes

The total cross sections for processes (1)-(4) have the following common
form (A= 1-4)

Ex'y aa 1
aät (E) = AAFA (x, y)

	

1 -

	

E ln(e + ca E) (x 10-1s c

where the collision and threshold energies, E and Ethy, are expressed in eV
units, e=2 .71828 . . ., Aa, aa, cA are known constants (see, e .g ., Sections 3 and
4 for x=2, 3 and Ref.

	

[2] for x=1) .

	

For any fixed value of x (x = 1, 2, 3),
the functions F,\ (x, y) are also known (Ref .

	

[2] and Sections 3 and 4) . In
order to achieve a uniform representation of Qä

t, we introduce the reduced
energy e = E/Ethy, after which Eq. (102) reads

ll a~ 1
Qät (E) _

	

A
~y FA(x, y)

	

1
-

	

- ln(e + aae) ( x 10- 16

Ex

(102)
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5 .2 Unified total cross sections for electron-impact processes

where aA = ca < Ethy >, and < Ethy > is an average (e.g ., the mean) value
of Eth~. Since the dispersion of Eth~ values around < Eth~ > is generally
small (within a factor of two at the most), the replacement of c,\Ethy by
aA = const in the argument of the logarithm introduces an insignificant
error only (smaller than In 2/E) in the reduced energy region where the
logarithmic factor in Eq . (103) considerably affects the cross section value
(i .e . at E » 1) . Defining a reduced cross section Qä t (e) by the relation

we obtained from Eq. (103)

_ Ex,y
Qt t(E) =

	

tha

	

t t(E)
Fa(x, y)

11 `~~ 1
i -Tt t (e) = AA

(
1 - -

	

-ln(e + a,\e) (x 10-16 c
e e

(104)

(105)

For a given process A, &t' t depends only an the reduced energy e and not
an structural specifics of the CxHy / CxHy target . The values of parame-
ters Aa , aA and aA for processes I+DI, DE, DE+ and DI+ (A = l, 2, 3, 4,
respectively) are :

The functional forms of FA(x, y) for these processes are:

- 0.655(~(1-- S1)x 'l) y
1

,

(107a)

- 0 .36y
]

,

	

(107b)

-1
x -

S1)x,y)y
1

(107c)

F4 (x, y) = 1 + 0.086 (y - 1) + (x - 1) [0 .40 + 0 .488y ] ,

	

(107d)

where SZj is the Kronecker Symbol.
The above expressions for Fa (x, y) were obtained as fits to the functions

FxA(y) given in Seeäons 3 and 4, for x = 2 and 3, respectively, and in Ref.
[2], for x = 1 .

	

The x-linearity of Fa (x, y) for A = 1, 3, 4 is obvious from
the above expressions . F2 (x, y) is also linear in the Small x = 1-3 interval,
but for higher x-values its linearity is violated . This is a consequence of the
Small number of x-values (x = 1, 2, 3 only) in the fitting procedure, and not
a violation of additivity rules .
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F(x, y) _ (1 + 0 .373y) + 0.470 -1) [
Cl

+ 5.65+ ~ ~

F2 (x, y) = (1 + 0.29y) + 1 .25(x - 1)
10
.28(x - 1)

F3 (xy) = 1 + 0.71 (y - 1) + (x - 1) 0.45 +
0.19

A1 = 84 .0,A2 = 34 .6, A3 = 29.4, A4 = 30.1 (106a)
al = 3.0, 0 2 = 3 .0, 03 = 2.5, 0Z4 = 1 .55 (106b)
al = 0.96, a2 = 1 .27, a3 = 7.02, a4 = 14.5 (106c)



5 .3 Unified cross section for resonant charge exchange reactions

The total rate coefficients < Qv >DR for dissociative recombination
processes of C,H+ ions, Eq.

	

(5), (A = 5), can also be represented in
a unified form .

	

By combining the expressions < Qv >DR (C2H+) and
< (TV >tot (C3Hy) given in Sections 3.5.2) and (4.5 .2, respectively, and de-
riving a similar expression for < Qv >DR (CHy), one obtains (by a fitting
procedure)

4.15F x
< Qv >DR (CXH+) = Tl/2 (1 +0 .27T°.55) (X10-9G3/s)

where T is expressed in eV units, and
1 .75(x - 2) 1

	

[

	

0.776(x - 1) 1F5 (x, y) = 1 + 6.48(x - 1)

	

1 +

	

x2

	

+ 2

	

1 +
(x - 0.95)262

The reduces DR rate coefficient

< w >tot

	

< (TV >tot (CXHY) =

	

4.15

	

X 10-9DR=

	

F5 (x, y)

	

Tl /2 (1 + 0.27T6.55)

(108)

(109)

(110)
is obviously independent of the ion species and, together with the expression
(109), defines the scaling of < (Tv >DR (CXHy ) .

5 .3

	

Unified cross section for resonant charge exchange reac-
tions

As mentioned in Sections 3 .6.2) and (4 .6 .2, the pure charge exchange reac-
tions of H+ with C2,3Hy have a resonant character when 2x-1 <_ y < 2x+2 .
Similar resonant character have also the electron capture reactions of Pro-
tons with CH3 and CH4 molecules [2] . In the collision energy range 0.1 <
E(eV) < 104 , the cross sections of these reactions satisfy the simple scaling
given by Eq. (74) [7] . For energies below - 0 .1 eV, and above - 50 KeV,
this scaling is changed due to a change of the dominant electron capture
mechanism in these regions . By using the relation (74) and the available
experimental cross section data for resonant reactions H+ + CH4 , C2H6 ,
C3H8 , C4H10 (see [7] and Sections 3.6.1) and (4.6 .1), one can obtain the
following expression for Qexres

O-cX res(CxHy) = 2 .76

	

Ry

	

y1/2E-0.14 ( X10-15
'

	

Ip(CxHy)
where Ip (CxHy ) is the ionization potential of CxHy , Ry = 13.605 eV, and
E and Ip(CxHy) are expressed in eV units .

Equation (111) allows to obtain a reduced resonant charge exchange
cross section for all C,Hy molecules

ot

	

_ IP(CXHY) tot

	

14 ( X 10-15C
CX,res - Ry y1/2

	

CX,res (CxHy ) = 2.76E-0 .	m 2)

	

(112)
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6 .1 Electron-impact collision processes

that is function only an the collision energy. Eq. (112) defines the scaling of
,Tttt res with respect to C,Hy molecular species. The collisional dynamics
of non-resonant charge exchange reactions, in the energy regions where they
have large cross sections, is governed by strong coupling of many electronic
states of the H++C,Hy system . The absence of a single, dominant mech-
anism responsible for the electron capture process, makes it impossible to
obtain a unifying analytic expression for the cross sections of non-resonant
charge exchange reactions .

The accuracy of cross sections represented by the unified analytic for-
mulae given in this section is (for all E) :

. A=1 : better than 20% for x=1, 50% for x=2, and 70% for x=3,

. A=2 : better than 70% for all x,

" A=3, 4: better than 50% for all x,

" A=5 : better than 30-40% for all x (and E < 20 - 30 eV) .

The accuracy of Eq. (111) for orCX,res in the energy range of its validity,
0 .1 < E(eV) < 10 4 is within 15% (same as the experimental uncertainties) .

The accuracies of individual total cross sections for A = 1-4, determined
in Section 3 and 4 are, however, significantly better than those quoted above.

6

	

Reaction Rate Coeflicients
6 .1

	

Electron-impact collision processes

The analytic forms of cross sections for electron-impact processes (1) -
(4), which were given in Sections 3 and 4 for C2Hy / C2Hy and C3Hy /
C3Hy molecular systems, respectively, and in Ref. [2] for CHy / CHy sys-
tems, allow to obtain analytic (in some cases approximate) expressions also
for the rate coefficients < av >A of these processes . Such expressions have
already been obtained in [2] (FZ-Juel Report) for some of these processes
related to the CHy / CHy systems.
The rate coefficient for a reaction A (A = 1 - 4 for processes defined by
Eqs . (1)-(4), respectively) with cross section QA(v), where v is the electron
collision velocity (v = (2E/m) 1 / 2 , E being the electron energy) is given by
Maxwellian average of the product Q(v) - v (we take rne = 1, kB = 1, kB
being the Boltzmann constant)

2
< Qv >A=

7r1~2u3 1

	

(v3Qa(v) exp

	

-u2

	

dv

	

(113)
vth

where u = (2T) 1 / 2 , T is the electron temperature, and vth = (2Eth) 1 / 2 is
the collision velocity corresponding to threshold energy.
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6 .1 Electron-impact collision processes

We first consider the total rates < av >,t for the process A = 1 - 4. As
we have seen in the preceding section, for all processes = 1 - 4, the total
cross section Qä t has the general form

a
(T tot (E) = BO

(1
- Eth )

	

E ln(c + cE)

	

(114)

where e=2.71828 . . ., and the constant BO includes the structural dependence
of Qät (as well as the scale factor 10_ls, when E is expressed in eV) . With
the expression (114) for at t, the rate coefficient < av > t

o
t takes the form

< Qv >tot= 8B0E3

	

C1
- 1)

ca

ln(c + ax)c-ßxdx

	

(115)

1

where a = cEth and ß = Eth IT. The product ax in the argument of the In
function in Eq. (115) is always larger than 0.7 (see, e .g ., Eq . (105c)) and
the function ln(c + ax) can be expressed as

ln(c + ax)

	

2.62-

	

+ ln(ax)

	

(116)
1 + ax

with an accuracy better than 4% for x < 1, and better than 1% for x > 1 .

where P(x) is the Gamma function and VVA ;� (x) is the Whittaker function .
The main contribution in integral 11 gives the region x - 1, and the factor

R.K . Janev and D. Reiter

	

62

Eq. (115) than becomes

< Qv >tot= 8B/E3 (2 .6211 + In(a)12 + 13) (117)

where

11-,f
1 1 \ a

xdxl+ax C1 x J1
(118a)

1

12=~C1
1 \ a

J1
xdx (118b)x

1

a13 =
C1

- J In xe -ßxdx (118c)x
1

The integral 12 is given in Ref. [79] and has the form

112 = ~F(1 + a)c-0/2W_a;1/2(ß) (119)



6 .1 Electron-impact collision processes

(1 + ax) -1 in the integand can be replaced by (1 + a)-1 . The integral 21 is
then reduced to 12 and we have

21

	

1 + a12-

	

(120)

Finally, the main contribution in 13 comes from the region of larger x . Re-
taining only the first term in the expansion of (1 - ')a in powers of 1/x,
we obtain

13 =
1 El (ß) = _1 Ei (-ß)

	

(121)

where E1 (ß) is the exponential integral function . The neglected terms in Eq.
(121) are related to higher order Schlömilch's exponential integrals, Eo(ß) .
The low temperature (T « Eth) dependence of < Qv >tot can be obtained
by using the expansions of WA� (ß) and El (ß) for large values of ß [79]

wa,wA = ßae-0/2
L
1 + w2

- (13 1 /2) 2 + o(l/ß2 )]

	

(122)

1 -

	

+ C(1/ß2)] .

	

(123)

Other rapidly converging expansions for E1(z) and WA,,, (z)
where [79], [80] . In order to obtain < Qv >tot in units of cm3/s, one should
express Qä t given by Eq. (114) in units of cm2 (i . e . include in the constant
BO the factor 10 -16 cm2 ), express T and Eth in eV units, and multiply Eq.
(115) by the atomic unit of velocity, vo = 2.19

	

l08cm/s .
The rate coefficients < Qv >(s) for individual reaction channels (s) can

be obtained form < Qv >tot as

are given else-

< o-v >(s)= R(s) < Qv >tot

	

(124)

where Ras) is the branching ratio for the channel (s) . However, only energy
independent values for Räs~,determined by the prescription given by Eqs .
(43) of Section 2 .3.2, can be used in Eq. (124) . lf the forms of Ü(s ) given
by Eqs . (40) or Eqs . (42) are used, then

< Qv >äs)=< Ras) Qätv >

	

(125)

has to be used .
The total partial ionization rate coefficients can be obtained by using

the expression (47) (same for both C2Hy and C3Hy ) . The integration in
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6 .2 Charge exchange processes

Eq. (113) with this expression for QA(v) gives (after multiplication with vo)

ß 1/2
< Qv >ion

	

= 8.76 1

	

.I' ( 27j, )

6 .2

	

Charge exchange processes

N

A1E1(ß) +Z Aj(j -
1)iC_0/2W_(j_ 1) ; 1 /2 (ß)

j=2
(X 10 -5 cTn3 /S) (126)

where I, and Ai are the fitting parameters appearing in Eq. (47), ß = IJT,
and I, and T are expressed in eV units.

For the charge exchange reactions, we assume that the protons have a
Maxwellian velocity distribution characterized by a temperature T = mpu2/2,
and that the hydrocarbon molecules have a certain kinetic energy E= MV 2 /2 .
The charge exchange rate coefficient is then defined as

< Qv >CX=

	

1

	

v20-CX(vr)
[C-(V,-V)2/_2

-
e-(vr+V)2/u2] dvr (127)

7 1 /luv .~
0

where vr = 12-_VI is the relative collision velocity. In Eq. (127) it is taken
into account that all CX processes are exothermic . Having in mind the
complexity of analytic expression, Eq. (77), for the total charge exchange
cross section (valid for both C2Hy and C3Hy systems), and the fact that
hydrocarbon impurities entering the plasma from the walls possess certain
kinetic energy, it becomes fairly clear that the integration in Eq. (127)
cannot be carried out in a way so as to obtain a result in reasonably compact
analytic form. Therefore, the calculations of < Qv >cx, with the analytic
expression (77) for o-cx, has to be carried out numerically. However, for the
resonant CX reaction, the cross section of which is represented by the simple
form given by Eq. (111), that is valid in the broad energy range from - 0.1
eV to - 10 KeV (extendible down to - 0.05 eV and up to - 20 KeV with an
increased uncertainty from - 15% to - 30%), a compact analytic expression
for < Qv >cx can be obtained assuming that hydrocarbon molecules have
negligible kinetic energies, S. The resulting rate coefficient is [79]

< Qv >cx,r�= 4.03 Bö'y T1/2- ,̀ F(2 - a) (x 10-9Cm3 /S)	(128)

where a = 0 .14, Bö'y = y1/2Ry/Ip(CxHy ), Ry = 13.605 eV, F(2 - a) _
0 .9487 and T and Ip (CxHy ) (the ionization potential of CxHy ) are expressed
in units of eV. The correction to Eq. (128) due to the finite kinetic energy
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7 Concluding Remarks

E of the hydrocarbon molecule can be obtained for E < 15 eV from the
< (TV >CX,res (T, S) data in Ref. [7] in the form :

2 .5
O < Qv >CX,res= 2 [

	

M3,8 log(1 +
E)/

	

(1 + 0.2T°.5 +T'.5) (X 10-9eg
Px,y

(129)
where p�y is the reduced mass of the H+ + C,Hy collision system, and E
is expressed in eV units .

We further note that for temperatures larger than - 1 KeV, the rate
coefficient < (TV >cx can simply be represented by the product

< (TV >CX= (Tcx - v,

	

(130)

where v is the relative collision velocity . The expression (130) is valid (for
T > 1 KeV) also when the hydrocarbons are not at rest, and have kinetic
energies below - 1 KeV .

7

	

Concluding Remarks
In this work we present a collisional database for the most important electron
and proton impact processes with C2Hy (y = 1 - 6) and C3Hy (y = 1 - 8)
molecules and their C2,3Hy ions . These processes are given by Eqs . (1)-(6) .
Both total and partial (for individual reaction channels) cross sections have
been determined in a wide energy range : For inelastic electron-impact pro-
cesses (1)-(4), this range extends from energy threshold to several KeV ; for
dissociative recombination processes (5) it covers the region from thermal
(< 0.05 eV) energies to - 10 - 20 eV, while for the proton-impact charge
exchange processes (6) the covered energy range extends from thermal to
- 0 .5 MeV energies . The selection of processes included in this present
work was done an the basis of their expected importance for the kinetics of
fusion edge plasmas with temperatures up to - 100 - 200 eV. On this basis,
the electron-impact processes resulting in production of multiply charged
ions (with large energy thresholds), or the high energy dissociative charge
transfer, have been excluded from the scope of present database .

The present database is aimed mainly for hydrocarbon transport stud-
ies in fusion edge plasmas by kinetic (such as Monte-Carlo) modeling codes .
The questions related to the production and collisions of excited (either elec
tronically or ro-vibrationally) hydrocarbon species have, therefore not been
addressed (except in connection with DR and resonant CX mechanisms) .
However, the questions of fragmentation paths (reaction channels), and re-
action energetics for each fragmentation channel have been analyzed and
quantified to füll extent .

In view of the limited experimental or theoretical cross section infor-
mation available in the literature, for determining the cross sections for
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7 Concluding Remarks

majority of considered processes, and their individual reaction channels,
semi-empirical cross section scaling relationships have been widely used . For
electron-impact collision processes these cross section scaling relationships
have their origin in the additivity rules for the strengths of chemical bonds
in poly-atomic molecules, while in the case of charge exchange processes
they have well established theoretical basis . All used cross section scaling
relationships have firm experimental confirmation .

The observed cross section scalings with respect to structural parame-
ters of collision systems were basis for establishing unified analytic repre-
sentations for the cross sections (or reaction rate coefficients) for all studied
collision processes (with the exception of the non-resonant charge exchange
only) (Section 4) .

The determination of reaction channels for a given process and for a
particular collision system was done by applying certain well defined crite-
ria . The determination of cross section branching ratios for the particular
reaction channels was also performed an the basis of criteria derived from
the cross section energy behaviour for the considered process in the thresh-
old region . The uncertainty involved in these procedures is rather small .
However, the unavailability of information regarding the energies of excited
dissociative states of C,HY and C,H+ systems, makes the derived values
for the quantities involved in the energetics of dissociative processes (such
as electron energy loss, mean total kinetic energy of dissociative products)
less certain . Nevertheless, the available information an the energy parame-
ters of the reactants and products (heat of formation, ionization potentials,
dissociation energy limits) significantly reduces the uncertainty of reaction
energetics quantities (to about 0.5 - 1 eV) .

The analytic expressions for total and partial cross sections of considered
processes (1)-(4) allow to obtain also approximate analytic expressions for
their rate coefficients (Section 6) . For the total and partial ionization cross
sections, as well as for the resonant charge exchange reactions, the < 0-v >

analytic expressions are exact . Only for the non-resonant charge exchange
reactions, it was not possible to obtain compact analytic expression for <
(TV > .

The accuracy of provided cross sections varies for various of considered
processes . The accuracy electron-impact ionization cross sections is be-
lieved to be within 20-30%, except for the cross sections of C2H2 , C2H4 ,
C2H6 and C3 Hg , for which experimental data exist with an accuracy of
10-20%. The cross sections for DE, DE+ and Dl+ processes, derived by
using the semi-empirical scalings, may haue uncertainties up to 50-100% .
The rate coefficients of dissociative recombination are believed to be ac-
curate to within 20-30 % in the temperature region below - 10 eV, and
perhaps somewhat less accurate at higher temperatures . The cross sections
of resonant charge exchange reactions of C2H4 , C2H6 and C3H8 , based
an experimental measurement in a broad energy range, should be accurate
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7 Concluding Remarks

to within 15-20% . An uncertainty up to 25-30% can be ascribed to all
other resonant charge exchange reactions (of C2H5 , C3H5 -C3H7 ), and
to the non-resonant reaction of C2H4 (for which a set of low-energy cross
section measurements exists) . The accuracy of cross sections for all other
non-resonant reactions (of C2H , C2H3 , C3H - C3H4 ) is believed to be
within 30 - 50 % for E < 1 eV and E > 1 KeV, where the cross sections
are determined by well established scalings, and considerably smaller for the
energies in between (except for the C3H4 molecule for which CX reaction
should be almost resonant) . The cross section and rate coefficient informa-
tion provided in the present work is included in the Atomic and Molecular
Data Section of the EIRENE code, and can be down-loaded from its web-
domain (www.eirene.de) .
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9 Tables

9 Tables

Table 1 : Heat of formation (OHO) and ionization potential (Ip ) of
CXHy (0 <_ x <_ 3; 0 <_ y < 2x + 2) . Only CXHy isomers with the lowest value of AHO
are included . (Refs . : [8, 9])

'The heat of formation for an ion CxHy is given by
oHf (CXHy) = oHf(CXHy) + lp(CxHy) .
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CHy OHO
(eV/mol)

lp
(eV)

C2Hy OHO
(eV/mol)

lp
(eV)

C3Hy OHO
(eV/mol)

1
(eV)

H 2 .277 13 .595 H2 0.015 15.427 - - -
C 7.428 11.26 C2 8.628 11 .41 C3 8 .499 12 .60
CH 6.16 10.64 C2H 4.943 11 .61 C3H 4.40 12 .70
CH 2 4 .005 10 .396 C2H2 2.350 11 .40 C3H2 5.40 10 .43

Cl-1 3 1.43 9 .84 C2H3 3 .10 8.25 C31-13 2.72 8.34
CH4 -0.775 12 .704 C2H4 0.544 10.51 C3H4 1.92 10 .36

C2H5 1 .233 8.12 C3H5 1.77 8.13
C2H6 -0 .87 11 .52 C3H6 0.23 9.72

C3H7 0 .933 7.55
C3H8 -1.085 10 .96



9 Tables

Table 2 : CXHy isomers: their heat of formation (OHO )
and ionization potential (Ip), Ref. [8] .

*AHf value obtained from the observed "sum rule" that AHf + IP for different isomers
of the saure C.HY are approximately equal (to within 0 .5 eV) .

t C3H2 has also two other isomers, HCCCH and HOCH=C, the values of AHO and 1 1 ,
of which are unknown (see [8]) . Similarly, C3H4 has an additional isomer, H2CCHCH,
with unknown values of AHV and Ip [8] .
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CxHY Name AHO(eV/mol) lp (eV)

C2H2 Acetylene 2 .35 11 .40
CH2=C ? ?

C2H5 Allyl 1 .233 8.12
Cyclopropyl (1 .17)* 8.18

C3H2t Propadienylidene 5 .40 10 .43
Cyclopropenylidene 6 .78 9.15

C3H3 Propargil 2 .72 8.66
Cyclopropenyl (4.8)* 6.60

C3H4t Propyne 1 .92 10 .36
1,2 - Propadiene 2 .65 9.62
Cyclopropene 3 .16 9.67

C3H5 Allyl 1 .77 8.13
Cyclopropyl 2 .05 8.18

C3H6 Propene 0 .23 9.72
Cyclopropane 0 .76 9.86

C3H7 Iso-propyl 0.933 7.55
n-propyl 1 .036 8.10



9 Tables

Table 3: Low-lying bound electronic excited states of CXHY molecules (x=1-3 ;
0 < y < 2x + 2) [8] .
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Molecule State E, (eV) Transition Comment

C 2p2 (1D2) 1 .264 Transitions
(Ip = 11 .260 eV) 2p2 (1So) 2 .684 according to

2s2p3 (5S°z) 4 .182 selection rules
2p3s (3po) 7.480

CH a 4E- 0 .725 - Metastable
(Ip = 10 .64 eV) A 2A 0 .363 A - X

B 2E- 3.23 B - X
C 2E- 3.94 C-X
D 211 7.49 D U X
E 2H 8.14 E~X
F 2II 8.18 F <-- X
G 9.22 G ~- X Rydberg series an G

CH2 a 0 .390 a - b
(Ip = 10.396 eV) b 1 .425 b - a

c -3.58 c-a
3p 7.95 ?
3d3 A2 8.76 A2 - X
C 8.79 C - X
D 8.88 D - X
4p 9.21 ?

CH3 3s 2A1 5.73 2A1 -X
(Ip = 9.84 eV) 3p 2A2 7.435 ?

3d 2E" 8.25 2E" - X
3d 2A1 8.28 2A1 -X
4p 2A2 8.66 ?
4f 2E' (?) 8.99 ?

CH4 No excited states
(Ip = 12.704 eV) listed in [8]



9 Tables

Table 3: (continued)
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Molecule State E. (eV) Transition Comment

C2 a 3Hu 0 .0089 - Metastable
(Ip = 11 .41 eV) b 3E9 0 .798 b a

A l llg 1 .040 A - X
c 3Eu 1 .650 - Metastable (?)
d 3119 2 .482 dpa
C lIIg 4 .248 C A
e 3 11 9 5 .058 eia
D lEu 5 .361 D - X
E lE9 6 .823 E - A

C2H A 4.58 A - X
(Ip = 11 .61 eV) B' 3.64 ?

B 4.85 B - X
C(?) 6.37 ?
3ps (Ryd) 8.94 ?

C2H2 No excited states
(acetylene) listed in [8]
CH2=C a 2.07 a - b

(Ip ti 11 .6 eV) b 2.75 a-b
? 7.92 ?
? 9.03 ?

C2H3 A 2.48 A - X
(Ip = 8.25 eV) B 5.21 B - X E. = Ediss

Ryd (?) 7.37 Ryd- X
C2H4 No excited states

(Ip = 10 .51 eV) listed in [8]
C2H5 3s 5.03 3s - X

(Ip = 8.12 eV) 3p 6.05 3p - X (?) repulsive state (?)
C2H6 No excited states

(Ip = 11 .52 eV) listed in [8]



9 Tables

Table 3: (continued)
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Molecule State E. (eV) Transition Comment

C3 a 2.19 a - b The Ip value
(Ip = 12 .60 eV) b 2.92 a - b quoted in [8]

A 3.06 A - X is 13 .0 eV
B 3.71 B - X
l s+ 6.55 ?

C3H No excited states
(Ip = 12 .70 eV) listed in [8]

C3H2 A 1.29 A - X (?) repulsive state (?)
(propadienylidene) B 2.32 B - X

(Ip = 10 .43 eV) C 4.79 C - X
C3H2 ? 3.45 ? Eexc = E'ph diss

(cyclopropenylidene)
(Ip = 9.15 eV)

C3H3 No excited states
(propargyl) listed in [8]

(Ip = 8.34 eV)
CH2CCH ? 3.73 ?
(Ip =?) ? 5.12
C3H4 No excited states

(Ip = 10 .36 eV) listed in [8]
for any isomer

C3H5 A 3.04 A - X
(allyl) B 4.97 B - X

(Ip = 8.13 eV) C 5.00 C - X
D 5.13 ?
3d 5.15 ?
4s 6.66 ?
6s 7.60 ?
7s 7.76 ?
8s 7.86 ?



9 Tables

Table 3: (continued)
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Molecule State E. (eV) Transition Comment

C3H6 No excited states
(Ip = 9.72 eV) listed in [8]

for any isomer
C3H7 3s 4.59 3s - X

(isopropyl) 3p 5.27 3p -X Ee� = E(v)
(Ip = 7.55 eV) 3d 5.99 3d -X

C3H7 No excited states
(n-propyl) listed in [8]

(Ip = 8.10 eV)
C3H8 No excited states

(Ip = 10 .96 eV) listed in [8]



9 Tables

Table 4 : Main electron-impact ionization channels of C2Hy, their threshold
energies (Eth , Ref. [8]), mean electron energy losses (E(-» and mean total kinetic
energies of reaction fragments (EK) .

'EK= 0.35Do (C2HY), unless otherwise indicated by specifying the value of x (EK=
XDü) .
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Reaction channel Eth (eV) E(- ) (eV) EK(eV)*

e+C2 ~C2+2c 11.41 11 .41

~C+ +C+2c 17.44 19 .55 2 .11
e + C2H C2H+ + 2c 11.61 11 .61

C2 + H + 2c 17.43 19 .82 2 .39
CH+ + C + 2c 19.29 21 .98 2 .69
C+ + CH + 2c 19.92 22 .83 2 .91
H+ + C2 + 2c 19.62 22 .42 2 .80

e + C2H2 C2H2 + 2c 11.40 11 .40
C2H+ + H + 2c 16.48 18 .26 1 .78
C2 + H2 + 2c 17.76 19 .99 2 .23
CH+ + CH + 2c 20.61 23 .83 3 .22
C+ + CH2 + 2c 20.35 23 .48 3 .13
H+ + C2H + 2c 18.46 20.93 2 .47

e + C2H3 C2H3 + 2c 8 .25 8.25
C2H2 + H + 2c 12.92 14.56 1 .64
C2H+ + H2 + 2c 14.23 16 .06 1 .83
C2H+ + 2H + 2c 16.02 19 .79 3 .77
C2 + H2 + H + 2c 19.78 23 .82 4 .04
CH2 + CH + 2c 17.41 20.75 3 .24
CH+ + CH2 +2c 18.24 21 .94 3 .50
C+ + C2H3 + 2c 17.04 20.11 3 .07
H+ + C2H2 + 2c 15.12 17.52 2 .40
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Table 4: (continued)

*The channels (a1), (a2) share the total cross section for C2H+ production weighting
factors 0 .85, 0 .15, respectively .

tThe channels (bi), (b2) and (b3) share the Q(C+) ion production cross section by the
weighting factors 0 .3, 0 .3 and 0 .4, respectively .

$The channels (c1) and (c2) share the v(C2H3) ion production cross section by the
weighting factors 0.8 and 0.2, respectively.

§The channels (di) and (d2) share equally the Q(C+) ion production cross section .
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Reaction channel Eth (eV) E(-) (eV) EK(eV)

e + C2H4 C2H+ + 2c 10.51 10.51 -
C2H3 + H + 2c 13.09 13 .99 0 .90

(a1)* C2H+ + H2 + 2c 13.23 14.18 0 .95
(a2 )* C2H2 + H + H + 2c 17.76 20.30 2 .54

C2H+ + H2 + H +2c 19.06 21 .76 2 .70
C2 + 2H2 + 2c 20.09 23 .44 3 .35
CH3 + CH + 2c 16.91 19 .14 2 .23
CH2 + CH2 + 2c 17.94 20.34 2 .60
CH+ + CH3 + 2c 18.20 20.71 2 .51

(bi) t C+ + CH3 + H + 2c 21.87 25 .54 3 .67
(b2)t C+ + CH2 + H2 + 2c 22.22 26 .00 3 .78
(b3)t C+ + CH4 + 2c 18.94 21 .34 2 .40

e + C2H5 C2H5 + 2c 8 .12 8.12 -
~C2H4++H+2c 12.10 13 .49 1 .39

(cl)$ C2H3 + H2 + 2c 10.14 11 .15 1 .01(x = 0 .5)

(c2) $ C2H3 + 2H + 2c 14.67 16 .93 2 .26

C2H+ + H2 + H + 2e 14.81 17.16 2 .35
C2H+ + 2H2 + 2c 15.35 17.88 2 .53
CH3 + CH2 + 2c 14.04 16 .11 2 .07
CH2 + CH3 + 2c 14.60 16 .87 2 .27
CH+ + CH4 + 2c 14.79 17.13 2 .34

(di)§ C+ + CH4 + H + 2c 18.97 22 .77 3 .80

(d2) § C+ + CH3 + H2 + 2c 18.92 22 .70 3 .78
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Table 4: (continued)
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Reaction channel Eth (eV) E(-) (eV) EK(eV)

e + C2H6 -> C2H6 + 2c 11.52 11 .52
C2H5 + H + 2c 12.50 13 .09 0 .59(x = 0 .6)
C2H4+ + H2 + 2c 11.43 11 .85 0.42(x = 1)
C2H3 + H2 + H + 2c 14.51 15 .53 1 .02
C2H2 + 2H2 + 2c 14.65 15 .75 1 .10
C2H+ + 2H2 + H + 2c 17.73 20.59 2 .86
C2 + 3H2 + 2c 21.01 24.33 3 .32
CH3 + CH3 + 2c 13.51 14.23 0 .72
CH2 + CH4 + 2c 16.05 17.09 1 .04
CH+ + CH3 + H2 + 2c 19.10 21 .76 2 .66
CH+ + CH4 + H + 2e 19.86 22 .54 2 .68
C+ + CH4 + H2 + 2c 18.77 21 .32 2 .55
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Table 5 : Main electron-impact dissociative excitation channels of C2Hy,
their threshold energies (Eth ), mean total kinetic energies of products
(EK) and cross section branching ratios (RDE) at E- 80 eV.

.EKis chosen from the interval [IP(C2H,) - Do(C2H,)] < EK< 0.35Do(C2H y) .
tPopulation of C(3P) + C( 3P) channel is due to the nonadiabatic coupling of the

molecular state d3Hg with the state e 311 , (at R - UA) which dissociates to C(3 P) +
C(1D) fragments .
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Reaction channel Eth = Eel (eV) EK(eV)* RDE

e + C2 C( 3 P) + C(1D) 7.68 0.25 0.75
e + C2 C(3P) + C(3P)t (7.68) 1 .50 0.25
e+C2H~C2 +H+e 8 .8 2 .8 0.73

~C+CH+c 11 .0 3 .3 0.27
e+C2H2~C2H+H+c 7.5 2 .6 0.51

~C2+H2+e 8 .7 2 .3 0.18
~C2+2H+c 11 .38 0.50 0.11
SCH +CH+c 10 .6 0 .6 0.09
~C+CH2+e 9 .8 0 .7 0.11

e+C2H3~C2H2+H+e 4.60 1 .7 0.49
C2H + H2 + e 5.58 1 .6 0.20
C2H+2H+c 7.14 0 .8 0.11

~C2+H2+H+c 8.10 0.15 0.07
CH2+CH+c 7.61 0 .5 0.06
C + CH3 + e 6.87 1 .1 0.07

e+C2H4->C2H3+H+e 6 .9 2 .1 0.32
C2H2 + H2 + e 5 .8 2 .4 0.24
C2H2+2H+c 6 .5 2 .1 0.16
C2H+H2+H+c 8 .4 1 .8 0.08
CH3+CH+c 8 .7 1 .6 0.06
CH 2 + CH2 + e 8 .9 1 .5 0.06

~C+CH4+e 8 .1 2 .0 0.08
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Table 5 : (continued)
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Reaction channel Eth = Eel ' (eV) EK (eV) RDE

e+C2H5->C2H4+H+c 4.45 2.86 0.44
C2H3 + H2 + e 5.36 2.83 0.19
C2H3 + 2H + c 8.67 2.25 0.04

C2H2 + H2 + H + c 5.47 2.05 0.11
CH + 2H2 + e 5.98 2.24 0.10

~CH4+CH+c 6 .5 2 .4 0.06
CH3 + CH2 + e 6 .6 2 .4 0.06

e + C2H6 C2H5 + H + c 7.45 3.07 0.24
C2H4 + H2 + e 4.00 2.57 0.46
C2H3+H2 +H+c 9.40 3.13 0.04
C2H2 + 2H2 + e 6.20 2.93 0.11
CH4 + CH2 + e 6.95 2.86 0.07
CH3 + CH3 + e 6.38 2.65 0.08
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Table 6: Main electron-impact dissociative excitation channels of C2Hy ,
their threshold energies (Eth = E(-», mean total kinetic energies of products
(EK) and cross section branching ratios (RDE+ ) at E - 30-40 eV.

*EK= 0.35Do (C2HY), unless otherwise indicated by specifying the value of X in the
relation Ex= XDo .
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Reaction channel Eth = Eel (eV) EK(eV)* RDE+

e+C2 ~C++C+e 8.14 2 .11 1 .00
e+C2H+ ~C2+H+e 9.21 2 .39 0.38

C2 + H+ + e 10.80 2 .80 0.36
SCH++C+e 10.37 2 .69 0.14
SCH +C+ +e 11 .22 2 .91 0.12

e + C2H2 C2H+ + H + e 6.86 1 .78 0.42
C2H + H+ + e 9.53 2 .47 0.22
C2 + H2 + e 8.59 2 .23 0.16
C2 + H2 + e 14.00 3 .63 0.03
CH+ + CH + e 12.43 3 .22 0.05
CH+ + C + e 10.91 2 .83 0.07
CH2 + C+ + e 12.08 3 .13 0.05

e + C2H3 C2H2 + H + e 6.32 1 .64 0.38
C2H2 + H+ + e 9.27 2 .40 0.21
C2H+ + H2 + e 7.05 1 .83 0.19
C2H + H2 + e 10.97 2 .84 0.06
CH+ + CH + e 12.50 3 .24 0.04
CH2 + CH+ + e 13.48 3 .49 0.03
CH+ + C + e 9.93 2 .58 0.06
CH3 + C+ + e 11 .86 3 .08 0.03
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Table 6: (continued)
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Reaction channel Eth = Eel ' (eV) EK(eV) R1

e + C2H+ C2H+ + H + c 4.64 2 .06 0.44
C2H+ + H2 + e 4.90 2.18 (X = 0.8) 0.32
C2H2 + H2 + c 9.10 2.36 (X = 0.8) 0.07
CH3 + CH + c 8.61 2 .23 0.05
CH3 + CH+ + e 9.69 2 .51 0.04
CH2 + CH2 + e 10.03 2 .60 0.04
CH4 + C+ + e 9.27 2 .40 0.04

e + C2H5 C2H4 + H + c 6.18 2.20 (X = 0.55) 0.25

C2H+ + H2 + e 4.04 2.02 (X = 1 .0) 0.55
C2H3 + 2H + c 8.71 2 .26 0.08
CH3 + CH2 + e 7.99 2 .07 0.07
CH3 + CH2 + c 8.75 2 .27 0.05

e + C2H+ C2H+ + H + c 1 .76 0.78 (X = 0.8) 0.23
C2H4 + H2 + e 1 .05 0.63 (X = 1 .5) 0.73
CH3 + CH3 + e 2.77 0.72 0.04
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Table 7: Main electron-impact dissociative ionization channels of
C2H+ , their threshold energies (Eth ), and cross section branching
ratios (RDI+ ) . (The mean total kinetic energy of products for all
channels is EK= 11 .8 eV.)
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Reaction channel Eth = Eel ) (eV) R 1

c + C2 C+ + C+ + 2c 28.63 1 .00
e + C2H+ C2 + H+ + 2c 31 .20 0.64

CH+ + C+ + 2c 30.75 0.36
e +C2H2 C2H+ + H+ + 2c 30.47 0.27

C2 + H2 + 2c 33.58 0.16
C2 + H + H+ + 2c 36.29 0.11
CH+ + CH+ + 2c 31 .65 0.13

SCH++C++H+2c 35.83 0.10
CH+ + C+ + 2c 31 .19 0.13

e + C2H3 C2H2 + H+ + 2c 30.07 0.28
C2H+ + HZ + 2c 32.44 0.19
C2H++H+H++2c 35.15 0.14
CH+ + CH+ + 2c 31 .65 0.14
CH+ + C+ + 2c 30.42 0.15

e + C2H4 -> C2H3 + H+ + 2c 27.97 0.26
C2H2 + H2 + 2c 29.94 0.17
C2H2 + H + H+ + 2c 32.65 0.12
CH+ + CH+ + 2c 28.98 0.12
CH+ + CH+ + 2c 29.55 0.12
CH+ + C+ + 2c 31 .37 0.11



9 Tables

Table 7: (continued)
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Reaction channel Eth = Eel (eV) RDI

e + C2H+ C2H+ + H+ + 2e 29.38 0.31
C2H3 + H2 + 2e 29.34 0.15

C2H+ +H+H+ +2e 31 .85 0.10
C2H2 + H2 + H+ + 2e 32.09 0.10
C2H2 + H2 + H + 2e 33.92 0.09
C2H+ + H2 + H2 + 2e 34.46 0.08
CHF+ + CH+ + 2e 31 .17 0.08
CH3 + CH2 + 2e 28.12 0.09

e + C2H+ C2H+ + H+ + 2e 26.37 0.34
C2H4 + H2 + 2e 27.64 0.17
C2H4 + H + H+ +2e 30.25 0.10

C2H+ + H2 + H+ + 2e 28.39 0.11
C2H2 + H2 + H2 + 2e 30.36 0.08
CH4 + CH2 + 2e 27.47 0.08
CH3 + CH3 + 2e 23.69 0.12
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Table 8: Main dissociative recombination channels of C2H3+, , their cross section branching ratios
(RDR), total kinetic energy of products (EK») in their ground states and for zero electron impact
energy, and possible excited products .
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Reaction channel RDR Ei°» (eV) Excited products for E < 1 eV

c + C2 C + C 1 .0 5.22 C(1 D), C(1 S)
e + C2H+ C2 + H 0 .85 5.59 C2 (a; b; A; c ; d ; C)

CH + C 0 .15 2.96 CH(A ; a), C(1D ; 1S)
e + C2H2 C2H + H 0 .50 6.33 C2H(A; B 1 ; B)

C2 + H + H 0 .30 0.52 C2 (a; b)
CH + CH 0 .13 1.42 CH(a ; A)
CH2 + C 0 .05 2.32 C(1D; 1 S)
C2 + H2 0 .02 5.05 C2 (a; b; A; c ; d ; c)

e + C2H3 C2H2 + H 0 .29 6.72
C2H+H+H 0.59 1.91
C2H + H2 0 .06 6.39 C2H(A; B ; B1)
CH2 + CH 0 .03 1.14 CH2(a; b ;), CH(A; a)
C2 + H2 + H 0.024 0.46 C2 (a; b; A)
CH3 + C 0.006 1 .91 C(1D; 1 S)

e + C2H+ C2H3 + H 0 .28 5.64 C2H3 (A ; B)
C2H2+H+H 0.48 4.15
C2H2 + H2 0 .08 8.64
C2H + H + H2 0 .03 7.23 C2H(A; B' ; B; C)
CH2 + CH2 0 .10 2.97 CH2 (a ; b)
CH3 + CH 0 .03 3.44 CH(a ; A; B)
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Table 8 : (continued)
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Reaction channel RDR E() (eV) Excited products for E< 1 eV

e + C2H5 C2H4 + H 0 .32 6.53
C2H3 + H + H 0 .50 1 .69 C2H3 (A)
C2H3 + H2 0 .06 6.23 C2H3 (A ; B)
C2H2 + H2 + H 0 .05 4.70
CH4 + CH 0 .04 3.97 CH(A ; a; B)
CH3 + CH2 0 .03 3.92 CH2 (a ; b ; c)

e + C2H6 C2H5 + H 0 .30 7.14 C2H5(3s ; 3p)
C2H4+H+H 0.46 5.55
C2H4 + H2 0 .08 10 .09 H2 (B)
C2H3 + H2 + H 0 .03 2.22 C2113 (A)
CH4 + CH2 0 .04 7.43 CH2 (C ; 3p)
CH3 + CH3 0 .08 7.79 CH3 (3s; 3p ; 3d)
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Table 9 : Charge exchange reaction channels in H++ C2HY thermal collisions : total
rate coefhcients (KcX) [61], channel branching ratios (RCX), reaction exothermicities
(DE) and values of parameters a and ß in Eq. 73b
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Reaction channel Kcx (10-9 cm3 /s) Rcx DE (eV) a ß

H+ +C2 H+C+ 3 .1 0 .65 2 .19 -
CH+ + C 0 .35 0 .32 20.0 2.5

H+ + C2H H + C2H+ 3 .0 0 .65 1 .99 - -
H2 + C2 0 .35 0 .71 35.0 2.5

H+ + C2H2 H + C2H+ 3 .5 0 .65 2 .20 - -
H2 + C2H+ 0 .35 1 .65 25.0 2.5

H+ + C2H3 H + C2H3 4.0 0 .65 5 .35 - -
H2 + C2H+ 0 .25 5 .20 20.0 2.5
H + H2 + C2H+ 0 .10 2 .28 20.0 2.5

H+ + C2H4 H + C2H4+ 4.8 0 .65 3 .09 - -
H2 + C2H+ 0 .20 5 .05 40.0 2.5
H + H2 + C2H+ 0 .15 0 .37 40.0 2.5

H+ + C2H5 -> H + C2H+ 4.5 0 .60 5 .49 - -
H2 + C2H4+ 0 .15 6 .04 335 2.5
H + H2 + C2H+ 0 .15 3 .46 335 3.0
2H2 + C2H+ 0 .10 3 .33 335 3.0

H+ + C2H6 H + C2H6 4.2 0 .65 2 .08 - -
H2 + C2H+ 0 .15 5 .63 160 2.5
H + H2 + C2H4+ 0 .10 1 .65 160 3.0
2H2 + C2H+ 0 .10 3 .62 160 3.0
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Table 10 : Values of coefficients ei in Eq. 77 for total charge exchange
cross section in H++ C2Hy collisions .

tThe cross section for H++ C2H system refers only to the electron capture channel
(i .e . particle exchange contribution is excluded) .

la(-x) denotes a x 10-' .
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ei C2 C2Ht C2H2 C2H3 C2H4 C2H5 C2H6

cl 2 .62 1 .42 2 .54 2.90 3.28 3 .06 2.41
c2 0 .22 2.35 0 .21 0.03 3.85 335 .0 160.0
c3 1 .05 1 .30 1 .05 1 .27 1.25 1 .65 1 .75
c4 8 .34 40 .22 8 .26 9.35 4.26 10.34 7.98
c5 6 .38 11 .76 6 .38 3.68 0.0 0.0 0 .0
c6 0 .16 0.14 0 .16 0.12 0.0 0.0 0 .0
c7 0 .00 0 .0 0.0 0 .0 0.06 0 .14 0.14
c8 2 .06(-7) 1 4.84(-6) 2 .06(-7) 1.81(-6) 1 .40(-4) 1 .51(-4) 1 .16(-4)
c9 1 .58 1 .40 1 .58 1 .36 0.91 0 .89 0.96
clo 2.52(-21) 7.92(-18) 2.55(-21) 4.85(-22) 3 .65(-19) 2.83(-18) 2.80(-19)
cil 4.40 3.88 4 .40 4.50 3.96 3 .80 4.00
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Table 11 : Main electron-inpact ionization channels of C3Hy (0 < y < 8), their threshold
energies (Eth ) (Refs. [8, 9]), mean electron energy losses (Eel», mean total kinetic energy of
products EKand cross section branching ratios at E = 80 eV (RI,DI ) .
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Reaction channel Eth (eV) Eel) (eV) EK(eV) RI DI

e + C3 -> C3 + 2c 12 .60 12 .60 - 0.82
C2 + C + 2c 19 .02 21 .26 2.24 0.08
C+ + C2 + 2c 18 .88 21 .08 2.20 0.10

e + C3H C3H+ + 2c 12 .70 12 .70 - 0.916
~c3 +H+2c 18 .98 21 .18 2.20 0.010

C2H+ + C + 2c 19 .58 21 .99 2.41 0.007
CZ + CH + 2c 21 .85 25 .05 3.20 0.004
CH+ + C2 + 2c 21 .08 24 .01 2.93 0.006
C+ + C2H + 2c 19 .24 21 .53 2.29 0.016
H+ + C3 + 2c 19 .97 22 .51 2.54 0.041

e + C3H2 C3H2 + 2c 10 .43 10 .43 - 0.700
C3H+ + H + 2c 13 .91 15 .15 1 .24 0.030
C3 + H2 + 2c 15 .72 17 .57 1 .85 0.050
C2H2+ + C + 2c 15 .78 17 .65 1 .87 0.040
C2H++CH+2c 17.31 19 .72 2.41 0.013
CZ + CH2 + 2c 18 .69 20 .58 1 .89 0.007
CH2 + C2 + 2c 17.68 20 .22 2.54 0.010
CH+ + C2H + 2c 16 .34 18 .41 2.07 0.015
C+ + C2H2 + 2c 15 .65 17 .47 1 .82 0.045
H+ + C3H + 2c 14.87 16 .42 1 .55 0.090
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Table 11 : (continued)
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Reaction channel Eth (eV) Eel) (eV) EK(eV) Rr,nz
e + C3H3 -> C3H+ + 2c 8.34 8 .34 - 0.541

C3H+ + H + 2c 15 .39 17 .86 2.47 0.082
C3H+ + H2 + 2c 14.40 16 .50 2.10 0.204

C2H3 + C + 2c 16 .06 18 .76 2.70 0.020
C2H+ + CH + 2c 17.19 20 .29 3.10 0.018
C2H+ + CH2 + 2c 17.83 21 .15 3.32 0.013
C2 + C113 + 2c 18 .80 22 .46 3.66 0.009
CH3 + C2 + 2c 17.23 20 .34 3.11 0.012
CH2 + C2H + 2c 16 .62 19 .52 2.90 0.016
CH+ + C2H2 + 2c 16 .43 19 .26 2.83 0.018
C+ + C2H3 + 2c 19 .08 22 .53 3.45 0.024
H+ + C3H2 + 2c 18 .55 22 .12 3.57 0.042

e + C3H4 -> C3H4+ + 2c 10 .36 10 .36 - 0.350

C3H+ + H + 2c 11 .42 12 .27 0 .85 (x = 0.8) 0.145

C3H+ + H2 + 2c 13 .92 15 .16 1 .24 0.300
C3H+ + H2 + H + 2c 17.48 19 .97 2.49 0.047
C2H4+ + C + 2c 16 .56 18 .73 2.17 0.008
C2H3 + CH + 2c 15 .59 17 .42 1 .83 0.034

C2H+ + CH2 + 2c 15 .83 17 .74 1.91 0.027
C2H+ + CH3 + 2c 16 .06 18 .05 1 .99 0.016
C2 + C114 + 2c 17.39 19 .85 2.46 0.005
CH4+ + C2 + 2c 17.68 20 .24 2.56 0.006
CH3 + C2H + 2c 14.29 15 .66 1 .37 0.024
CH2 + C2H2 + 2c 14.83 16 .39 1.56 0.021
CH+ + C2H3 + 2c 17.98 20 .64 2.66 0.014
C+ + C2H4 + 2c 17.32 19 .75 2.43 0.005
H+ + C3H3 + 2c 16 .67 18 .88 2.21 0.008
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Table 11 : (continued)
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Reaction channel Eth (eV) Eel) (eV) EK(eV) Rr,nz
e + C3H5 -> C3H5 + 2c 8.13 8 .13 - 0.282

C3H4 + H + 2c 12 .79 14 .42 1 .63 0.192
C3H3 + H2 + 2c 9.31 10 .25 0 .94 (x = 0.8) 0.272

C3H2 + H2 + H + 2c 16 .36 19 .24 2.88 0.083
C3H+ + 2H2 + 2c 15 .36 17 .89 2.53 0.005

C2H+ + C + 2c 14.01 16 .42 2.41 0.006

C2H+ + CH + 2c 15 .44 18 .00 2.56 0.020

C2H+ + CH2 + 2c 13 .58 15 .48 1.90 0.061

C2H+ + CH3 + 2c 13 .41 15 .26 1 .85 0.034
C2H+ + CH4 + 2c 14.00 16 .05 2.05 0.019
CH4+ + C2H + 2c 15 .09 17 .52 2.43 0.014
CH3 + C2H2 + 2c 11 .85 13 .15 1 .30 0.033
CH2 + C2H3 + 2c 15 .73 18 .39 2.66 0.015
CH+ + C2H4 + 2c 15 .57 18 .17 2.60 0.010

e + C3H6 C3H6+ + 2c 9.72 9 .72 - 0.206
C3H5 + H + 2c 11 .95 13 .06 1 .11 (x = 0.5) 0.152
C3H4+ + H2 + 2c 12 .07 13 .24 1 .17 (x = 0.5) 0.137
C3H3 + H2 + H +2c 13 .13 14 .32 1 .19 0.125
C3H2 + 2H2 + 2c 15 .62 17 .68 2.06 0.036

C2H+ + CH + 2c 15 .28 17 .22 1 .94 0.045

C2H+ + CH2 + 2c 14.82 16 .60 1 .78 0.065

C2H+ + CH3 + 2c 12 .55 13 .96 1 .41 (x = 0.5) 0.093

C2H+ + CH4 + 2c 12 .74 14 .25 1 .51 (x = 0.5) 0.044
CH4 + C2H2 + 2c 14.04 15 .55 1 .51 0.022
CH3 + C2H3 + 2c 14.14 15 .68 1 .54 0.042
CH2 + C2H4 + 2c 14.71 16 .45 1 .74 0.010
CH+ + C2H5 + 2c 17.80 20 .63 2.83 0.006
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Table 11 : (continued)

*Hz and 2H channels contribute 80% and 20% to Q(C3H+ ), respectively .
tThe analytic fits for C3Hg partical ionization cross sections are given in Appendix 1 .
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Reaction channel Eth (eV) Eel (eV) EK(eV) Ri,nz

e + C3H7 -> C3H7 + 2e 7.55 7.55 - 0.184
C3H6+ + H + 2c 10 .30 11 .40 1 .10 (X = 0.4) 0.100
C3H5 + H2 + 2e 8.99 9 .71 0 .72 (X = 0.5) 0.106

C3H4 + H2 + H + 2c 13 .65 15 .78 2.13 0.077
C3H3 + 2H2 +2c 10 .16 11 .20 1 .04 (X = 0.4) 0.103

C2H+ + CH2 + 2e 12 .42 14.12 1.70 0.084

C2H+ + CH3 + 2c 11 .55 12 .95 1 .40 0.094

C2H+ + CH4 + 2e 9.64 10 .48 0 .84 (X = 0.4) 0.122

C2H+ + CH4 + H + 2c 14.32 16 .81 2.49 0.013

C2H+ + CH3 + H2 + 2c 14.26 16 .76 2.50 0.014
CH4 + C2H3 + 2e 13 .09 15 .03 1 .94 0.030
CH3 + C2H4 + 2c 10 .88 12 .04 1 .16 0.051
CH2 + C2H5 + 2e 14.70 17 .20 2.50 0.019
CH+ + C2H6 + 2e 15 .40 19 .25 2.85 0.003

e + C3H8 C3Hg + 2c 10 .94 10 .94
C3H7+ + H + 2c 11 .84 12 .72 0 .88 (X = 1)

* C3H6+ + H2 + 2e 11 .05 11 .23 0 .18 (X = 2)
* C3H6+ + 2H + 2c 15 .59 16 .21 1 .62

C3H5 + H2 + H + 2e 13 .28 14.44 1 .16 (X = 0.5)
C3H4 + 2H2 + 2e 13 .39 14.60 1 .21 (X = 0.5)
C3H3 + 2H2 + H + 2c 14.45 15 .67 1 .22

C3H2 + 3H2 + 2e 16 .96 19 .06 2.10
C3H+ + 3H2 + H + 2c 20 .51 23 .85 3.34

C2H+ + CH3 + 2e 11 .86 12 .76 0.90

C2H+ + CH2 + H + 2e 16 .71 18 .72 2.01

C2H+ + CH + H2 + 2c 16 .61 18 .59 1 .98

C2H+ + CH4 + 2e 10 .35 10 .74 0.39

C2H+ + CH3 + H + 2c 14.85 16 .56 1 .71
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Table 11 : (continued)

tChannels ai, share equally the respective ion production cross sections .
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Reaction channel Eth (eV) Eel) (eV) EK(eV) Rr,nz

-> C2H+ + CH2 + H2 + 2e 15 .15 16 .97 1.82

C2H+ + CH + H2 + H + 2e 19 .59 22 .96 3.37

C2H+ + CH3 + H2 + 2c 13 .88 15 .34 1 .46 (x = 0.5)

C2H+ + CH4 + H + 2e 13 .93 15 .41 1 .48 (x = 0.5)

C2H+ + CH4 + H2 + 2c 14.08 15 .63 1 .55 (x = 0.5)

C2H+ + CH3 + H2 + H + 2e 18 .58 21 .24 2.66

C2H+ + CH2 + 2H2 + 2e 17.79 20 .55 2.76
C2H+ + CH4 + H2 + H +2c 19 .16 22 .03 2.87
C2H+ + CH3 + 2H2 + 2e 19 .09 21 .94 2.85
CH3 + C2H5 + 2c 13 .58 14 .89 1 .31 (x = 0.5)
CH3 + C2H4 + H + 2c 15 .18 16 .65 1 .47
CH3 + C2H3 + H2 + 2e 15 .42 17 .00 1 .58
CH3 +C2H+H2+H+2c 19 .59 21 .70 2.11
CH2 + C2H6 + 2e 16 .76 18 .04 1.28
CH2 + C2H5 + H + 2c 21 .14 23 .95 2.81
CH2 + C2H4 + H2 + 2c 18 .19 19 .97 1 .78

(al) t CH+ + C2H6 + H + 2e 19 .29 22 .15 2.86
(a2 )t CH+ + C2H5 + H2 + 2c 19 .13 22 .48 3.35

(a3)t~CH+ +C2H4+H2+H+2e 18 .44 21 .61 3.17



9 Tables

Table 12 : Main electron-impact dissociative excitation channels of C3Hy (0 <_
y < 8), their threshold energies (Eth ) (Refs. [8, 9]), mean total kinetic energy
of fragments EK, and cross section branching ratios at E - 80 eV (RDE) .

*Calculated as ä of Q(C3*) for formation of autoionizing C3* dissociative state .
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Reaction channel Eth = Eel (eV) EK(eV) RDE

e+C3 ->C2 +C+e 9.27 2.66 0.94
-> 3C + c 16.67 2.78 0.06

e+C3H->C3 +H+e 8.61 2.23 0.67
-> C2 + CH + c 12.64 2.20 0.11
->C+C2H+c 10.31 2.34 0.22

e+C3H2 ->C3H+H+e 3.21 1.93 (x=1 .5) 0.78
-> C3 + H2 + e 5.30 2.18 (x = 0.7) 0.15
->C2H+CH+c 7.21 1.51 0.04
-> C + C2H2 + e 8.68 1.40 0.03

e + C3H3 -> C3H2 + H + c 5.68 1.72 0.30
-> C3H + H2 + e 3.74 2.04 (x = 1 .2) 0.56
-> C3H + 2H + c 7.89 1.65 0.05
-> C2H2 + CH + c 7.50 1.71 0.05
-> C2H + CH2 + e 7.87 1.65 0.04

e+C3H4->C3H3+H+c 4.16 1.08 0.44
-> C3H2 + H2 + e 4.72 1.22 0.23
-> C3H + H2 + H + c 6.45 1.67 0.07
-> C3 + 2H2 + e 8.92 2.31 0.02
-> C2H3 + CH + c 9.54 2.20 0.02
-> C2H2 + CH2 + e 5.98 1.55 0.08
-> C2H + CH3 + e 6.01 1.56 0.08
-> C2 + CH4 + e 8.07 2.09 0.03
->C+C2H4+e 8.17 2.12 0.03
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Table 12 : (continued)
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Reaction channel Eth = Ee l (eV) EK(eV) RDE
e + C3H5 -> C3H4 + H + c 4.37 1.94 (X = 0.8) 0.25

C3H3 + H2 + e 2.43 1.46 (X = 1 .5) 0.54

C3H + 2H2 + e 4.79 2.13 (X = 0.8) 0.06

C2H2 + CH3 + e 4.02 2.01 (X = 1 .0) 0.09

C2H + CH4 + e 4.78 2.39 (X = 1 .0) 0.06

e + C3H6 -> C3H5 + H + c 5.35 1.53 (X = 0.4) 0.25

C3H4 + H2 + e 3.76 2.05 (X = 1 .2) 0.30

C3H3 + H2 + H + e 6.49 1.68 0.05

C3H2 + 2H2 + e 7.02 1.82 0.04

C2H4 + CH2 + e 5.82 1.51 0.06

C2H3 + CH3 + e 5.81 1.51 0.06

C2H2 + CH4 + e 3.35 2.01 (X = 1 .5) 0.22

e + C3H7 -> C3H6 + H + c 3.16 1.58 (X = 1 .0) 0.32

C3H5 + H2 + e 2.40 1.55 (X = 1 .8) 0.36

C3H4 + H2 + H + c 5.59 2.30 (X = 0.7) 0.03

C3H3 + 2H2 + e 3.64 1.82 (X = 1 .0) 0.09

C2H4 + CH3 + e 3.12 2.08 (X = 2.0) 0.13

C2H3 + CH4 + e 3.89 2.50 (X = 1 .8) 0.07

e + C3H8 C3H7 + H + c 5.82 1.51 0.22

C3H6 + H2 + e 2.66 1.33 (X = 1 .0) 0.34

C3H4 + 2H2 + e 4.26 1.22 (X = 0.4) 0.07

C2H6 + CH2 + e 5.70 1.48 0.03

C2H5 + CH3 + e 5.05 1.31 0.04

C2H4 + CH4 + e 2.10 1.26 (X = 1 .5) 0.30
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Table 13 : Main electron-impact dissociative excitation channels of
C3H+ (0 < y < 8), their threshold energies (Eth ), mean total kinetic energies of
products (EK) and cross section branching ratios at E - 30 - 40 eV (RDE+ ) .
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Reaction channel Eth = Eel (eV) EK (eV) RDE+

c+C3 ->C2 +C+c 8.67 2 .25 0.44
-> C+ + C2 + e 8.48 2 .20 0.47

-> C+ + 2C + c 16 .82 4 .36 0.09
e + C3H+ -> C3 + H + e 8.48 2 .20 0.28

->C3 +H++e 9.81 2 .54 0.31
-> C2 + CH + c 11 .35 3 .20 0.08

-> C2 + CH+ + e 11 .31 2 .93 0.08
->C+ +C2H+e 8.83 2 .29 0.14
->C+C2H++e 9.29 2 .41 0.11

e + C3H2 -> C3H+ + H + e 5.79 1 .24 0.23
-> C3H + H+ + e 5.99 1 .55 0.30
-> C3 + H2 + e 7.14 1 .85 0.12

-> C3 + 1-12 + e 10 .95 2 .84 0.04
-> C2H+ + CH + e 9.29 2 .41 0.04
-> C2H + CH+ + e 7.98 2 .07 0.06

-> C2 + CH2 + e 11 .15 2 .89 0.02
-> C2 + CH2 + e 9.79 2 .54 0.03

-> C+ + C2H2 + e 7.05 1 .83 0.09
-> C + C2H2 + e 7.22 1 .87 0.07
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Table 13 : (continued)
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Reaction channel Eth = Ee l (eV) EK (eV) RDE+

e + C3H+ C3H+ + H + c 9.52 2 .47 0.18
C3H2 + H+ + c 13 .80 3 .58 0.10

~C3H++H2+e 8.18 2 .12 0.12
C3H + H2 + e 11 .85 3 .07 0.05
C2H3 + C + e 10 .42 2 .70 0.06
C2H3 + C+ + e 14.50 3 .76 0.03

C2H2 + CH + c 11 .95 3 .10 0.04
C2H2 + CH+ + c 10 .92 2 .83 0.06
C2H+ + CH2 + e 12 .81 3 .32 0.03
C2H + CH2+ + e 11 .18 2 .90 0.05
C2 + CH3 + e 14.12 3 .66 0.03
C2 + CH3 + c 12 .00 3 .11 0.04
C+ + C2H3 + e 13 .31 3 .45 0.04
C + C2H3 + c 10 .85 2 .81 0.06

e + C3H4 -> C3H3 + H + c 2.65 1 .59 (X = 1 .5) 0.60
C3H3 + H+ + c 8.25 2 .21 0.09

C3H+ + H2 + e 4.81 1 .25 0.09
C2H3 + CH + c 7.06 1 .83 0.04

C2H2 + CH2 + e 7.38 1 .91 0.03
C2H2 + CH2 + c 6.03 1 .56 0.05
C2H+ + CH3 + e 7.70 2 .00 0.03
C2H + CH3 + c 5.31 1 .38 0.07

e + C3H+ C3H+ + H + c 6.29 1 .63 0.12
C3H4 + H+ + c 10 .66 2 .76 0.08

C3H+ + H2 + e 2.95 1 .77 (X = 1 .5) 0.61
C2H3 + CH2 + e 7.36 1 .91 0.04
C2H2 + CH3 + e 7.13 1 .85 0.03
C2H+ + CH4 + e 7.92 2 .05 0.04
CH3 + C2H2 + e 5.02 1 .30 0.08
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Table 13 : (continued)
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Reaction channel Eth = Eel (eV) EK (eV) RDE+

e + C3H6 C3H5 + H + c 3.34 1 .11 (X= 0 .5) 0.28
C3H5 + H+ + c 10 .38 2 .69 0.09

C3H4 + H2 + e 3.52 1 .17 (X = 0 .5) 0.20
C3H3 + 112 + H + e 4.60 1 .19 0.09
C3H2 + 2112 + e 7.97 2 .07 0.03

C2H+ + CH + c 7.51 1 .95 0.02
C2H4 + CH2 + e 6.88 1 .78 0.03

C2H+ + CH3 + e 4.24 1.41 ( X = 0 .5) 0.08
C2112 + CH4 + e 4.53 1 .51 (X = 0 .5) 0.07
CH4 + C2H2 + e 5.84 1 .52 0.04
CH3 + C2H3 + e 5.97 1 .55 0.04
CH2 + C2H4 + e 6.74 1 .75 0.03

e + C3H7 -> C3H6 + H + c 3.85 1 .10 (X = 0 .4) 0.22
C3H6 + H+ + c 10 .29 2 .76 0.08
C3H5 + H2 + e 2.43 1 .00 (X = 0 .7) 0.40
C3113 + 2112 + e 3.90 1 .30 (X = 0 .5) 0.08

C2H+ + CH2 + e 6.57 1 .70 0.03
C2H4 + CH3 + e 5.40 1 .40 0.04

C2H+ + CH4 + e 3.33 1 .25 (X = 0 .6) 0.09
CH3 + C2H4 + e 4.99 1 .66 (X = 0 .5) 0.06

e + C3H3 C3H7 + H + c 2.20 1 .32 (X = 1 .5) 0.03
C3H6 + H2 + e 0.27 0.18 (X = 2) 0.93

C2H+ + CH3 + e 1.80 0.90 (X = 1) 0.01
C2H4 + CH4 + e 0.97 0.58 (X = 1 .5) 0.03



9 Tables

Table 14 : Main electron-impact dissociative ionization channels of
C3H+ (0 < y < 8), their threshold energies (Eth) and cross section
branching ratios (RDI+)* .

*Eke = 11.8 eV for charged heavy products in all reactions . For the neutral products
Ex= 0 eV .
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Reaction channel Eth = Eel (eV) RDI+

c + C3 C2 + C+ + 2c 28.57 0.65
~C++C++C+2c 27.17 0.35

e + C3H+ C3 + H+ + 2c 31 .68 0.58
C2 + CH+ + 2c 31 .59 0.19
C+ + C2H+ + 2c 29.94 0.23

e + C3H2 C3H+ + H+ + 2c 28.25 0.46
C3 + H2 + 2c 32.52 0.16
C2H+ + CH+ + 2c 29.32 0.08
C2 + CH+ + 2c 30.46 0.09
C+ + C2H+ + 2c 18.42 0.21

e + C3H3 C3H+ + H+ + 2c 32.45 0.40
C3H+ + H2 + 2c 33.29 0.16

C2H3 + C+ + 2c 30.78 0.12
C2H2 + CH+ + 2c 31 .29 0.12
C2H+ + CH+ + 2c 31 .69 0.10
C+ + CH3 + 2c 32.10 0.10

e + C3H4 C3H3 + H+ + 2c 26.46 0.38
C3H2 + H2 + 2c 30.79 0.15
C3H+ + H+ + H2 + 2c 30.52 0.09
C2H4 + C+ + 2c 29.26 0.08
C2H3 + CH+ + 2c 27.67 0.08
C2H+ + CH+ + 2c 27.66 0.08
C2H+ + CH3 + 2c 27.34 0.08
C+ + CH4 + 2c 30.53 0.06
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Table 14: (continued)
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Reaction channel Eth = Eel (eV) RDI+

e + C3H5 C3H4 + H+ + 2c 30 .5 0.36

C3H3 + H2+ + 2c 28 .4 0.14

C3H2 + H+ + H2 + 2c 33 .6 0.06

C3H2 + H + H2 + 2c 35 .5 0.05

C3H+ + H2 + H2 + 2c 34 .5 0.05

C2H5 + C+ + 2c 29 .5 0.06

C2 114 + CH+ + 2c 29 .7 0.06

C2H3 + CH+ + 2c 27.6 0.07

C2H2 + CH+ + 2c 26 .9 0.07

C2H+ + CH+ + 2c 29 .2 0.06

C2 + CH+ + H + 2c 36 .2 0.02

e + C3H5 C3H5 + H+ + 2c 27.6 0.34

C3H4 + H2 + 2c 29 .6 0.13

C3H3 + H+ + H2 + 2c 28 .8 0.06

C3H3 + H + H2 + 2c 30 .6 0.05

C3H2 + H2 + H2 + 2c 33 .1 0.05

C2H5 + C+ + 2c 31 .2 0.05

C2H5 + CH+ + 2c 28 .0 0.06

C2H4 + CH+ + 2c 27.3 0.06

C2H3 + CH+ + 2c 24 .5 0.07

C2H2 + CH+ + 2c 27.5 0.06

C2H+ + CH+ + H + 2c 32 .6 0.03

C2H+ + CH4 + H+ + 2c 33 .5 0.02

C2 + CH+ + H2 33 .9 0.02
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Table 14: (continued)
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Reaction channel Eth = Eel (eV) RDI+

e + C3H+ C3H+ + H+ + 2c 28 .1 0.33
C3H5 + H2+ + 2c 28 .7 0.14

C3H+ + H2 + H + 2c 31 .5 0.06
C3H4 + H2 + H+ + 2c 33 .3 0.06
C3H3 + H2+ + H2 + 2c 29 .8 0.06

C2H+ + CH+ + 2c 30 .8 0.05
C2H5+ + CH+ + 2c 27.1 0.06

C2H4 + CH3 + 2c 25 .6 0.07
C2H3+ + CH4 + 2c 26 .6 0.06
C2H2 + CH4+ + H + 2c 31 .3 0.03
C2H2 + CH4 + H+ + 2c 32 .2 0.03
C2H+ + CH4+ + H2 + 2c 31 .8 0.03
C2H+ + CH4 + H2 + 2c 34 .5 0.02

e + C3H+ C3H+ + H+ + 2c 26 .3 0.31
C3116 + H2 + 2c 27.3 0.12
C3115 + H2 + H + 2c 29 .5 0.05

C3H+ + H2 + H+ + 2c 27.7 0.05
C3H4 + H2 + H2 + 2c 29 .7 0.05

C3H+ + H+ + 2H2 + 2c 28 .9 0.05

C3H+ + H2 + H2 + H + 2c 30 .7 0.03
C3H2 + H2 + 2H2 + 2c 33 .2 0.03

C2H+ + CH2 + 2c 27.0 0.04
C2H5 + CH3 + 2c 22 .5 0.05
C2H4 + CH4+ + 2c 24 .9 0.05
C2H3 + CH4 + H + 2c 27.5 0.03
C2H3 + CH4 + H+ + 2c 28 .4 0.03
C2H3 + CH3 + H2 + 2c 24 .5 0.04
C2H3 + CH3 + H2 + 2c 30 .1 0.02
C2H2 + CH4+ + H2 + 2c 27.6 0.03
C2H2 + CH4 + H2 + 2c 30 .3 0.02
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Table 15:

	

Main dissociative recombination channels of C3Hy , their cross section branching
ratios (RDR), total kinetic energy of dissociation products (E(o)) in their ground state and for
zero electron impact energy, and possible excited products for E < 1 eV.
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Reaction channel RDR E( O ) (eV) Excited products for E < 1 eV

e + C3 C2 + C 1 .00 4.99 C(1D ; 1 S ; 5 S°), C2(a ; b ; A ; c; d; C; e)
e + C3H+ C3 + H 0 .75 6.32 C3(a ; b; A ; B ; 1 S+z )

C2H + C 0 .15 4.73 C(1D ; 1S ; 5 S°), C2H(A, B1 , B)
C2 +CH 0 .10 2.26 C2(a ; b; A ; c; d), CH(a, A)

e + C3H2 C3H + H 0 .52 9.15 H(n=2)
~C3+H+H 0.31 2.77 C3 (a ; b)

C3 + H2 0 .08 7.31 C3(a ; b; A ; B ; 1Sü)
C2H2 + C 0 .03 6.05 C( 1D ; 1 S ; 5 S°)
C2H + CH 0 .04 4.73 CH(a; A; B ; C), C2H(A ; B 1 ; B)
C2 + CH2 0 .02 3.15 C2(a ; b; A ; c; d), CH2(a; b; c)

e C3H+ C3 H2 + H 0 .33 3.38 C3H2(A ; B)
C3H+H+H 0.50 2.10
C3H + H2 0 .06 6.64
C3H2 + H 0 .03 0.27 C3H2 (A)
C2H2 + CH 0 .03 2.55 CH (a ; A)
C2 + CH3 0 .02 0.95 C2 (a ; b; A)
C2H + CH2 0 .03 2.12 CH2 (a ; b)

e + C3H4+ C3H3 + H 0 .30 7.28
C3H2 + H + H 0 .55 2.32 C3H2(A ; B)
C3H2 + H2 0 .06 6.86 C3H2(A ; B; C)
C3H + H2 + H 0 .04 5.58
C2 + CH4 0 .03 4.38 C2 (a ; b; A ; c; d; C)
C + C2H4 0 .02 4.31 C(1D ; 1 S)
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tThis channel is only open for E> 1 eV .
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Table 15 : (continued)
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Reaction channel RDR E(6) (eV) Excited products for E < 1 eV

e + C3H5 C3H4 + H 0 .27 5.70
C3H3 + H + H 0 .56 2.62
C3H3 + H2 0 .04 7.16
C3H2 + H2 + H 0 .03 2.20 C3H2(A ; B)
C2H + CH4 0 .03 6.95 C2H (A ; B 1 ; B; C)
C2H4 + CH 0 .02 3.20 CH(a; A; B)
C2H3 + CH2 0 .02 3.01 C2H3 (A), CH2 (a ; b; c)
C2H2 + CH3 0 .03 6.33 CH3 (3s)

e + C3H6 C3H5 + H 0 .26 5.90 C3H5(A ; B; C ; 3d)
C3H4 + H + H 0 .58 3.47
C3H4 + H2 0 .04 8.01

C3H3 + H2 + H 0 .04 4.93
C2H5 + CH 0 .02 2.51 CH(a; A)
C2H4 + CH2 0 .03 5.41 CH2 (a ; b; c) ;
C2H3 + CH3 0 .03 5.42 C2H3(A ; B), CH3 (3s)

e + C3H7 C3H6 + H 0 .27 5.97
C3H5 + H + H 0 .55 2.15 C3H5 (A)
C3H5 + H2 0 .05 6.69 C3H5(A ; B; C ; 3d ; 4s)
C3H4 + H2 + H 0 .02 2.26
C2H6 + CH 0 .03 3.19 CH(a; A; B)
C2H5 + CH2 0 .02 3.25 CH2 (a ; b; c)
C2H4 + CH3 0 .03 6.51 CH3 (3s ; 3p)
C2H3 + CH4 0 .03 6.16 C2H3(A ; B)
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Table 15 : (continued)
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Reaction channel RDR E(6) (eV) Excited products for E < 1 eV

e + C3H8 C3H7 + H 0 .28 6.67 C3H7(3s; 3p ; 3d)
C3H6 + H + H 0 .56 5.09
C3H6 + H2 0 .06 9.63 H2 (B)

C3H5 + H2 + H 0 .04 5.81 C3H5(A ; B; C ; 3d)
C2H6 + CH2 0 .03 6.74 CH2 (a ; b; c)
C2H5 + CH3 0 .03 7.22 CH3 (3s ; 3p), C2H5 (3s; 3p)
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Table 16 : Charge exchange reaction channels in H+ + C3Hy thermal collisions : Total
rate coefhcients (KcX), channel branching ratios (RCX), reaction exothermicities (DE),
and values of parameters a and ß in Eq. 73b.
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Reaction channel KcX (10-9 cm'/s) Rcx DE (eV) a ß

H+ + C3 -> H + C- 0.70 1 .00 -
-> HC2 + C+ 4.0 0.18 0.62 30.0 2 .5
-> HC2 + C 0.12 0.40 30.0 2 .5

H+ + C3H -> H + C3H+ 0.65 0.90 - -

-> H2 + C3 3.8 0.35 0.75 30.0 2 .5

H+ + C3H2 -> H + C3H+ 0.65 3.17 - -
4.0

-> H2 + C3H+ 0.35 4.15 30.0 2 .5

H+ + C3H3 -> H + C3H+ 0.65 5.26 - -

-> H2 + C3H+
4.2 0.35 2.74 35.0 2 .5

H+ + C3H4 -> H + C3H+ 0.70 3.24 -
-> H2 + C3H+

4.4
0.30 6.71 40.0 2 .5

H+ + C3H5 -> H + C3H+ 0.70 5.47 - -
-> H2 + C3H4 0.15 5.34 335.0 2 .5
-> H + H2 + C3H+

4.6 0.10 3.28 335.0 3 .0
-> 2H2 + C3H+ 0.05 1 .78 335.0 3 .0

H+ + C3H6 -> H + C3H6+ 0.65 3.98 - -
-> H2 + C3H- 0.15 6.18 185.0 2 .5
-> H + H2 + C3H+

4.8 0.05 1 .52 185.0 3 .0
-> 2H2 + C3H3 0.15 5.01 185.0 3 .0

H+ + C3H7 -> H + C3H+ 0.65 6.05 - -
-> H2 + C3H6+ 0.15 6.73 650.0 2 .5
-> H + H2 + C3H+

5.0 0.10 4.51 650.0 3 .0
-> 2H2 + C3H4 0.10 4.40 650.0 3 .0

H+ + C3H8 -> H + C3H+ 0.65 2.64 - -

-> H2 + C3H+ 0.15 6.29 150.0 2 .5
-> H + H2 + C3H6+

5.2 0.10 2.25 150.0 3 .0
-> 2H2 + C3H+ 0.10 4.86 150.0 3 .0
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Table 17: Values of coefficients ei in Eq. 77 for total charge exchange cross sections in H+ +
C3 Hy collisions . (a(-x) denotes a x 10-x)

'The cross section for H+ + C3H system refers only to the electron capture process
(i .e . particle exchange contribution is excluded)
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ei C3 C3 H* C3H2 C3H3 C3H4 C3H5 C3H6 C3H7 C3H8

cl 2.80 1 .81 2.90 3 .05 3 .08 2.63 2 .79 2.92 3 .04
c2 0.65 0 .85 0.61 0.052 1 .57 335.0 185 .0 650.0 150.0
c3 1.08 1 .15 1 .06 1 .68 1 .25 1 .75 1 .75 1 .75 1 .75
c4 4.40 6 .68 5.26 6 .58 2 .33 8.47 9 .46 13 .13 9 .68
c5 3.95 8 .30 3.95 4 .07 0 .0 0.0 0.0 0.0 0.0
c6 0.15 0 .17 0.15 0 .14 0 .0 0.0 0.0 0.0 0.0
c7 0.0 0 .0 0.0 0.0 0.015 0.14 0 .14 0.14 0 .14

c8 8 .92(-6) 2.10(-8) 8 .95(-6) 5 .75(-6) 1.10(-6) 4.58(-6) 6.20(-6) 1.25(-5) 1 .17(-4)

c9 1.26 1 .85 1 .25 1 .23 1 .31 1 .18 1 .16 1 .10 0 .90
clo 9 .84(-20) 4.45(-20) 9 .82(-20) 6.60(-23) 1.93(-21) 6 .03(-20) 9.76(-20) 1 .95(-20) 3.78(-19)
ctl 4.10 4.20 4.10 4 .60 4.32 4.12 4 .08 4.20 3 .97



A.1 Values of fitting parameters I, and AZ in Eq.(47) for total and partial ionization
cross sections of C2Hy (y = 1 - 6) .

A Appendix

A.1

	

Values of fitting parameters I, and AZ in Eq.(47) for total
and partial ionization Cross sections of C2Hy (y = 1 - 6) .

e +C 2H
(a) Total cross section

(b) Partial cross sections
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process Ip Ai , i=1-3

AZ , i=4-6

c + C2H ->total ionization 1 .1220E+01 3 .2202E+00 -2 .8152E+00 -5.8088E+00

2 .9504E+01 -5 .8412E+01 3 .9669E+01

process Ip AZ , i=1-3

AZ , i=4-6

c + C2H C2H+ + 2c 1 .1000E+01 2.8838E+00 -2.5628E+00 -5 .4320E+00

2.8889E+01 -5.7295E+01 3.7708E+01

e + C2H C2 +H + 2c 1 .6600E+01 1 .8190E-01 -1 .3742E-01 1 .9606E-01

1.5691E+00 -3.4910E+00 2.8130E+00

c + C2H CH+ +C+ 2c 2 .0000E+01 1 .0185E-01 -9 .2971E-02 2 .0310E-02

1 .8823E-01 9 .2660E-01 -5.2016E-01

c + C2H C+ + CH + 2c 2 .1500E+01 6 .8836E-02 -7.7999E-02 2 .6112E-01

-4.3316E-01 1 .0820E+00 -5.5750E-01

c + C2H C2 +H+ + 2c 1 .8100E+01 -5 .1850E-03 4.5961E-02 -7.0162E-01

3.8420E+00 -5.5680E+00 3.2844E+00



A.1 Values of fitting parameters 1, and Ai in Eq.(47) for total and partial ionization
cross sections of C2Hy (y = 1 - 6) .

e + C2H2
(a) Total cross section

(b) Partial cross sections

tThese processes are not discussed in the present work, and are included here only for
completeness .
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process Ip Ai , i=1-3
Ai , i=4-6

e + C2H2 ->total ionization 1 .5500E+01 4 .4672E+00 -1.3171E+00 -1 .9831E+01
8 .1048E+01 -1.3186E+02 7.8763E+01

process Ip Ai , i=1-3
AZ , i=4-6

e + C2H2 C2H2 + 2e 1 .5400E+01 4.2151E+00 -1 .4139E+00 -1 .5703E+01
6 .1345E+01 -1 .0070E+02 5.6335E+01

e + C2H2 C2H+ +H + 2e 1 .7700E+01 6.1452E-01 -3 .4326E-01 -1 .9464E+00
1 .3746E+01 -2.4790E+01 1 .4872E+01

e + C2H2 C2 +H2 + 2e 2 .2600E+01 -1 .2316E-01 1 .7484E-01 7 .3057E-01
8.9691E-01 -2.7137E+00 2.4490E+00

e + C2H2 CH+ +CH + 2e 2 .3900E+01 -9 .6563E-02 1 .7049E-01 1 .6868E+00
-4.9120E+00 1.0656E+01 -5 .5749E+00

e + C2H2 C+ +CH2 + 2e 2 .8500E+01 2.9296E-02 1 .0247E-01 1 .5647E+00
-6.8246E+00 1.4659E+01 -8 .3645E+00

e + C2H2 H+ + C2H + 2e 2 .4000E+01 2.6407E-03 2 .0240E-01 7 .3429E-03
-9 .3824E-01 7.7448E+00 -5 .1682E+00

e + C2H2 C2H2+ + 3e t 5 .0000E+01 5.8712E-02 -9.1017E+00 5.5948E+01
-1.2562E+02 1.2516E+02 -4.6304E+01

e + C2H2 C2H2+ +H + 3e t 7.0000E+01 1 .4407E-04 -6 .8112E-04 5 .1788E-02
-1 .2682E-01 1 .2149E-01 -4.3423E-02



A.1 Values of fitting parameters 1, and A i in Eq.(47) for total and partial ionization
cross sections of C2Hy (y = 1 - 6) .

e + C2H3
(a) Total cross section

(b) Partial cross sections

tThe H2 and 2H channels contribute to the C2H+ ion production cross section by 70%
and 30%, respectively .
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process Ip Ai , i=1-3
Ai , i=4-6

e + C2H3 -> total ionization 1 .0230E+01 3.7814E+00 -3.1886E+00 -8 .8629E+00
3.6097E+01 -6.6447E+01 4.1577E+01

process Ip Ai , i=1-3
AZ , i=4-6

e + C2H3 C2H3 + 2e 1 .0000E+01 2.1638E+00 -1.8885E+00 -3.9536E+00
1 .6627E+01 -3.1823E+01 1 .9787E+01

e + C2H3 C2H2 + H + 2e 1 .2300E+01 9.1180E-01 -8 .4482E-01 -8.3155E-01
4.7606E+00 -1.0715E+01 7.7800E+00

e + C2H3 C2H+ + H2 + 2e t 1 .3100E+01 3.6351E-01 -3 .1960E-01 -6.6137E-01
e + C2H3 C2H+ + 2H + 2C t 4.2235E+00 -8.4395E+00 6.1642E+00
e + C2H3 C2H+ + H2 + 2e 1 .3100E+01 3.3047E-01 -2 .9055E-01 -6.0125E-01

3.8396E+00 -7.6723E+00 5.6039E+00
e + C2H3 C2H+ + 2H + 2C 1 .3100E+01 3.3047E-02 -2 .9055E-02 -6.0125E-02

3.8396E-01 -7.6723E-01 5 .6039E-01
e + C2H3 C2 + H2 + H + 2e 2 .3400E+01 5.1232E-02 -3 .4944E-02 3 .3463E-01

-7.4796E-01 1 .3188E+00 -5.9278E-01
C + C2H3 CH2 + CH + 2e 2 .0000E+01 2.6169E-02 -1 .8406E-02 3 .0591E-02

7.0391E-02 -1 .3010E-01 1 .6045E-01
e + C2H3 CH+ + CH2 + 2e 2 .5000E+01 3.6483E-02 -6 .5833E-02 1 .6869E+00

-4 .2141E+00 6 .0795E+00 -2.6635E+00
e + C2H3 C+ + CH3 + 2C 2 .1100E+01 1 .0349E-01 -1 .1251E-01 5 .2156E-01

-1 .6825E+00 2 .8676E+00 -1 .3848E+00
e + C2H3 -> H+ + C2H2 + 2e 2 .1100E+01 1.1828E-01 -1 .2858E-01 5 .9606E-01

-1 .9229E+00 3 .2773E+00 -1 .5826E+00



A.1 Values of fitting parameters 1, and A i in Eq.(47) for total and partial ionization
cross sections of C2Hy (y = 1 - 6) .

e + C2H4
(a) Total cross section

(b) Partial cross sections

tThe cross section includes a 15 % contribution from the C2H2 + 2H channel .
tThe weights of CH2 + H2, CH3 + H and CH4 productions cross sections are 0 .3, 0 .3

and 0.4, respectively
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process Ip Ai , i=1-3
Ai , i=4-6

e + C2H4 -> total ionization 1 .0450E+01 4.3521E+00 -4.0953E+00 -5 .4465E+00
1.9260E+01 -3.9235E+01 2.7143E+01

process il Ai , i=1-3
AZ , i=4-6

c + C2H4 -> C2H4 + 2c 1 .1000E+01 2.1339E+00 -2 .1027E+00 -1.4991E+00
7.6831E+00 -1 .8586E+01 1 .3248E+01

c + C2H4 -> C2H3 + H + 2c 1 .2600E+01 1 .0771E+00 -1 .1006E+00 -7.1624E-01
5.6861E+00 -1 .3597E+01 1 .0568E+01

c + C2H4 C2H2 + H2 + 2c t 1.4300E+01 6 .3131E-01 -5 .7812E-01 -6 .2781E-01
5.3546E+00 -1 .1487E+01 9 .5818E+00

c + C2H4 C2H+ + H2 + H + 2c 2.3500E+01 3 .0122E-01 -2 .8740E-01 -1 .9558E-01
1 .8746E+00 -1 .8614E+00 7.4894E-01

e + C2H4 C2 + 2H2 + 2e 2.5600E+01 1 .4016E-02 -3 .3329E-02 4.8119E-01
-1 .2222E+00 2 .0053E+00 -9 .5120E-01

e + C2H4 CH3 + CH + 2c 2.1500E+01 6 .7093E-02 -3 .2712E-02 -2 .5428E-01
1 .5686E+00 -2 .2885E+00 1 .3626E+00

e + C2H4 CH2+ + CH2 + 2c 2.1500E+01 6 .1553E-02 -3 .0011E-02 -2 .3328E-01
1 .4391E+00 -2 .0995E+00 1 .2501E+00

c + C2H4 CH+ + CH3 + 2c 2.7400E+01 4 .7646E-02 -3 .0637E-02 2.2730E-01
-4.6992E-01 7.4920E-01 -3 .5489E-01

c +C2H4 -> C+ +CH2 + H2 + 2c + 2.8800E+01 2 .0449E-02 -7.1556E-03 2.1225E-01
c +C2H4 -> C+ +CH3 + H + 2c + -6.3042E-01 9.6428E-01 -4 .3114E-01
c+C2H4 ->C++CH4+2c i



A.1 Values of fitting parameters 1, and Ai in Eq.(47) for total and partial ionization
cross sections of C2Hy (y = 1 - 6) .

e + C2H5
(a) Total cross section

(b) Partial cross sections

tThis cross section includes a 20% contribution from the C2H3 + 2H channel .
'CH4 + H and CH3 + H2 channels share the C+ production cross section equally .
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process Ip Ai, i=1-3
Ai, i=4-6

e + C2H5 -> total ionization 1 .0720E+01 3.2266E+00 -2.9214E+00 -4 .6995E+00
2.0847E+01 -4.3907E+01 3.2627E+01

process Ip Ai, i=1-3
AZ, i=4-6

c + C2H5 C2H5 + 2c 9.2900E+00 1 .0396E+00 -1 .0585E+00 -7.8373E-01
4.4709E+00 -1 .0590E+01 7 .2951E+00

c + C2H5 C2H4 + H + 2c 1 .1500E+01 7.3095E-01 -7.1416E-01 -5 .0556E-01
4.1229E+00 -9 .9820E+00 7 .4219E+00

c + C2H5 C2H3 + H2 + 2c t 1 .2100E+01 8 .1673E-01 -7.8552E-01 -1.1560E+00
9.7883E+00 -2 .1341E+01 1 .5713E+01

c + C2H5 C2H2 + H2 + H + 2c 1 .6300E+01 3 .8144E-01 -3 .7062E-01 -1 .8209E-01
2.1859E+00 -2 .5851E+00 2 .3403E+00

c + C2H5 C2H+ + 2H2 + 2c 1 .8100E+01 2 .6686E-01 -3 .2896E-01 8.6054E-01
-2 .9524E+00 5 .1638E+00 -2.4925E+00

e + C2H5 CH3 + CH2 + 2c 1 .8100E+01 2 .1412E-01 -2 .8591E-01 1 .0153E+00
-3 .9444E+00 6 .5300E+00 -3.4506E+00

e + C2H5 CH2 + CH3 + 2c 1 .8700E+01 8 .0482E-02 -1 .3470E-01 8.2172E-01
-3 .0297E+00 4.7510E+00 -2.1714E+00

c + C2H5 CH+ + CH4 + 2c 2.0000E+01 3 .5922E-02 -7.9976E-02 5.6120E-01
-1 .6337E+00 2 .1472E+00 -7.6633E-01

c +C2H5 -> C+ +CH4 + H + 2c + 2.4600E+01 -3.4867E-03 1.6590E-02 9.1837E-02
c +C2H5 -> C+ +CH3 + H2 + 2c + -3.1695E-02 6.7634E-03 1 .7756E-01



A.1 Values of fitting parameters 1, and AZ in Eq.(47) for total and partial ionization
cross sections of C2Hy (y = 1 - 6) .

e + C2H6
(a) Total cross section

(b) Partial cross sections

R.K. Janev and D . Reiter

	

11 5

process Ip Ai, i=1-3
Ai, i=4-6

e + C2H6 -> total ionization 1 .1520E+01 5.2541E+00 -5 .4485E+00 4.0002E-01
-1 .4406E+00 -8 .0654E+00 1 .1302E+01

process il Ai , i=1-3
AZ, i=4-6

c + C2H6 C2H6 + 2c 1 .1600E+01 8 .2615E-01 -8.2021E-01 -5 .6633E-02
-2.1538E-01 -3.3404E-01 -2 .2170E-01

c + C2H6 C2H5 + H + 2c 1 .2650E+01 5 .5541E-01 -5.4868E-01 -6 .5438E-01
4.1294E+00 -8 .2258E+00 4 .8497E+00

c + C2H6 C2H4 + H2 + 2c 1 .1810E+01 3.2570E+00 -3 .2295E+00 -2.3531E+00
4.2286E+00 -4 .0175E+00

c + C2H6 C2H3 + H2 + H + 2c 1 .5000E+01 1 .2029E+00 -1 .0931E+00 -9 .2486E-01
2.5826E+00 -1 .0069E+00

c + C2H6 C2H2 + 2H2 + 2c 1 .6000E+01 2 .2917E-01 -7.6755E-02 -5 .1260E-01
4 .2754E-01 3 .4436E+00 -1.5903E+00

c + C2H6 C2H+ + 2H2 + H + 2c 2.7500E+01 -1.0284E-01 1.0591E-01 2 .4415E+00
-7.2489E+00 1 .2360E+01 -6.6793E+00

e + C2H6 -> CH3 + CH3 + 2c 1 .5500E+01 2 .9446E-01 -3.4463E-01 4.1525E-01
-7.9157E-01 7.6763E-01 -1 .7526E-01

e + C2H6 -> CH2+ + CH4 + 2c 2.6000E+01 -1.5131E-01 8.9757E-02 9.5436E-01
4 .9445E-01 -9.6513E-01 6.8539E-01



A.1 Values of fitting parameters 1, and Ai in Eq.(47) for total and partial ionization
cross sections of C2Hy (y = 1 - 6) .

e + C2H6 , (b) Partial cross sections, continued

tCH4 + H and CH3 + H2 channels share the CH+ production cross section equally .
'This process is not discussed in this work.It is included here only for completeness .
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process il AZ , i=1-3

AZ , i=4-6

c + C2H6 CH+ + CH4 + H + 2c t 2.4200E+01 -9.2310E-02 -1 .2519E-02 1 .1308E+00

c + C2H6 CH+ + CH3 + H2 + 2c t -2 .9895E+00 5.0173E+00 -2 .4317E+00

c + C2H6 C2 + 3H2 + 2c 3.0200E+01 -2.4726E-02 -1 .2327E-01 1 .6520E+00

-5 .5917E+00 8.8261E+00 -4.4963E+00

c + C2H6 C+ + CH4 + H2 + 2c 3.0500E+01 -3.3797E-02 -2.7912E-02 7.5677E-01

-2 .3435E+00 4.1065E+00 -2 .2066E+00

c + C2H6 -> C2H5+ + H + 3c + 3.5500E+O1 -3.8235E-03 4.7880E-03 1.0142E-01

-1 .0201E-01 4.6253E-02 -2.4543E-03



A.2 Values of fitting parameters I, and AZ in Eq.(81) for total ionization cross
sections of C3 Hy (y = 1 - 8) and partial ionization cross sections of C3Hg .

A.2

	

Values of fitting parameters I, and AZ in Eq.(81) for total
ionization Cross sections of C3Hy (y = 1 - 8) and partial
ionization Cross sections of C3Hg .

(a) Total cross sections
e + C3H

e + C3H2

e + C3H3

e + C3H4

e + C3H5
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process Ip AZ , i=1-3

AZ , i=4-6

c + C3H ->total ionization 1 .3400E+01 2 .9764E+00 -2 .3477E+00 -1 .3216E+01

7.3427E+01 -1 .3479E+02 9.1416E+01

process Ip AZ , i=1-3

AZ , i=4-6

c + C3H2 ->total ionization 1 .2500E+01 3 .4541E+00 -2.5401E+00 -1 .5431E+01

7 .8784E+01 -1 .4284E+02 9.3027E+01

process Ip AZ , i=1-3

AZ , i=4-6

c + C3H3 ->total ionization 8 .3400E+00 3 .9516E+00 6.1981E+00 -8.5488E+01

2 .4758E+02 -3.1654E+02 1.4805E+02

process Ip AZ , i=1-3

AZ , i=4-6

c + C3H4 ->total ionization 9 .6900E+00 5 .6635E+00 -3.4929E+00 -2.5611E+01

8 .4138E+01 -1 .2944E+02 7.1372E+01

process Ip AZ , i=1-3

AZ , i=4-6

c + C3H5 ->total ionization 9 .9000E+00 6 .1485E+00 -3.4551E+00 -3.2501E+01

1 .0869E+02 -1 .6248E+02 8.5999E+01



A.2 Values of fitting parameters I, and AZ in Eq.(81) for total ionization cross
sections of C3 Hy (y = 1 - 8) and partial ionization cross sections of C3Hg .

e + C3H6

e + C3H7

e + C3H8
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process Ip AZ , i=1-3

AZ , i=4-6

c + C3H6 ->total ionization 9 .9000E+00 6 .8619E+00 -5.7820E+00 -1 .5514E+01

5 .3625E+01 -9.3645E+01 5.5264E+01

process Ip AZ , i=1-3

AZ , i=4-6

e + C3H7 ->total ionization 9 .1000E+00 6 .3672E+00 -2.3655E+00 -4.0355E+01

1 .2121E+02 -1 .6787E+02 8.3031E+01

process Ip AZ , i=1-3

AZ , i=4-6

c + C3Hg ->total ionization 1 .1080E+01 9 .2375E+00 -8.9512E+00 -8.1610E+00

2 .0096E+01 -3.5203E+01 2.0414E+01



A.2 Values of fitting parameters I, and Ai in Eq.(81) for total ionization cross
sections of C3 Hy (y = 1 - 8) and partial ionization cross sections of C3Hg .

(b) Partial cross sections for C3Hg

tThis cross section includes a 20 % contribution from the C3H6 + 2H channel .
tThis process was not discussed in the text (see Table 11), but it is included here for

completeness .
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process Ip AZ , i=1-3

AZ , i=4-6

e + C3Hg C3Hg + 2e 1.4300E+01 1 .1449E+00 -6.1376E-01 -2.7962E+00

6.2843E+00 -7.7244E+00 2 .8788E+00

e + C3Hg C3H7 + H + 2e 1.4320E+01 1 .0161E+00 -1 .0639E+00 1 .1574E+00

-4.4077E+00 5.0090E+00 -2.6962E+00

e + C3Hg C3H6 + H2 + 2e t 1.8110E+01 2 .0241E-01 -1 .0303E-01 -1 .5354E-01

6 .5766E-01 -1 .5173E+00 1 .0456E+00

e + C3Hg C3H5 + H2 + H + 2e 1.5400E+01 6 .2959E-01 -5.7820E-01 -4.2275E-01

1 .0438E+00 -1 .2310E+00 1 .5894E-01

e + C3Hg C3H4 + 2H2 + 2e 1.6250E+01 9 .2480E-02 -7.0635E-02 -1 .9218E-01

6 .0213E-01 -6.7201E-01 2.2408E-01

e + C3Hg C3H3 + 2H2 + H + 2e 1.9000E+01 8 .5033E-01 -5.9487E-01 -2.9271E+00

1 .4455E+01 -1 .9396E+01 8 .6935E+00

e + C3Hg C3H2 + 3H2 + 2e 2.5030E+01 -2.6317E-01 3.3089E-01 1 .6290E+00

-3.4753E+00 7.9786E+00 -4.1578E+00

e + C3Hg C3H+ + 3H2 + H + 2e 2.6000E+01 -1.8486E-01 1.9884E-01 1 .0565E+00

-3.8196E+00 9.3217E+00 -5.2271E+00

e + C3Hg C3 + 4H2 + 2e + 3.7000E+01 -1.8126E-02 -1 .2458E-02 7.8290E-01

-2.2762E+00 4.4177E+00 -2.6932E+00

e + C3Hg C2H5+ (total) 1.5500E+01 3.3493E+00 -1 .4701E+00 -1.1776E+01

3.7323E+01 -5 .4124E+01 2 .7061E+01

e + C3Hg -> C2H5 + CH3 + 2e 1.3920E+01 1 .8084E+00 -1 .4952E+00 -2.6108E+00

9.2923E+00 -1 .5153E+01 7.6576E+00

e + C3Hg C2H5 + CH2 + H + 2e 1.3520E+01 9 .6666E-01 -8.2170E-01 -1.4347E+00

5.0765E+00 -8 .1327E+00 4.0249E+00

e + C3Hg C2H5 + CH + H2 + 2e 1.5440E+01 4 .9612E-01 -2.0251E-01 -1.9007E+00

6.0396E+00 -8 .6886E+00 4.3218E+00



A.2 Values of fitting parameters I, and AZ in Eq.(81) for total ionization cross
sections of C3 Hy (y = 1 - 8) and partial ionization cross sections of C3H8 .

(b) Partial cross sections, continued
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process Ip AZ , i=1-2
AZ , i=3-4
Ai , i=5-6

e + C3H8 -> C2H4 (total) 1 .4190E+01 2 .0981E+00 -2.3192E+00
2 .6151E+00 -9.6433E+00
1 .1904E+01 -6.4075E+00

c + C3H8 -> C2H4 +CH4 + 2c 1 .4190E+01 9.4413E-01 -1 .0436E+00
1 .1768E+00 -4.3395E+00
5 .3567E+00 -2.8834E+00

c + C3Hs C2H4 +CH3 + H+ 2c 1 .4190E+01 7.3433E-01 -8.1173E-01
9.1530E-01 -3.3752E+00
4 .1664E+00 -2.2426E+00

c + C3Hs C2H4 +CH2 + H2 + 2c 1 .4190E+01 3.1471E-01 -3.4788E-01
3.9227E-01 -1 .4465E+00
1 .7856E+00 -9.6113E-01

c + C3Hs C2H4 +CH + H2 +H + 2c 1 .4190E+01 1 .0490E-01 -1.1596E-01
1 .3076E-01 -4.8217E-01
5.9519E-01 -3.2038E-01

e + C3H8 -> C2H3 (total) 2 .4600E+01 3 .1460E+00 -2.2731E+00
1 .6790E+01 -5.9326E+01
7 .6575E+01 -3.3943E+01

e + C3H8 -> C2H3 +CH4 + H+ 2e 1 .7500E+01 4.8967E-01 -1.6033E-01
-2 .3282E-01 -8.4995E-01
2 .3019E+00 -1 .1694E+00

e + C3H8 -> C2H3 +CH3 + H2 + 2e 2 .4600E+01 1 .5074E+00 -1.6355E-01
-1.1436E+00 3 .4966E-01
1 .9949E+00 -9.9793E-01



A.2 Values of fitting parameters I, and Ai in Eq.(81) for total ionization cross
sections of C3 Hy (y = 1 - 8) and partial ionization cross sections of C3H8 .

(b) Partial cross sections, continued

tThese channels are not discussed in the text (Table 11), but are included here for
completeness .
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process Ip AZ , i=1-2
AZ , i=3-4
Ai , i=5-6

e + C3H8 -> C2H3 + CH2 + H2 + H + 2e t 3 .3000E+01 1 .0379E-01 4.1519E-01
-2.7020E+00 7.2257E+00
-8.2132E+00 3.4544E+00

e + C3H8 -> C2H3 + CH + 2H2 + 2e t 2 .8700E+01 1 .9840E-01 1.2298E-01
-9.1546E-01 2.2331E+00
-2.4088E+00 9.6347E-01

e + C3Hs C2H2 (total) 2 .1380E+01 4.0247E-01 -2.9371E-01
-1.4692E-01 1 .0883E+00
2.9111E+00 -2 .7502E+00

e + C3H8 C2H2 + CH4 + H2 + 2e 2 .1380E+01 2 .4148E-01 -1 .7622E-01
-8.8151E-02 6.5296E-01
1 .7467E+00 -1 .6501E+00

e + C3H8 C2H2 + CH3 + H2 + H + 2e 2 .1380E+01 1 .0062E-01 -7.3427E-02
-3.6730E-02 2.7207E-01
7.2778E-01 -6.8754E-01

e + C3H8 C2H2 + CH2 + 2H2 + 2e 2 .1380E+01 6 .0371E-02 -4.4056E-02
-2.2038E-02 1.6324E-01
4.3667E-01 -4.1252E-01

e + C3H8 -> C2H+ (total) 2 .3060E+01 2 .0075E-01 -2.4075E-01
4.4626E-01 -2 .0128E+00
3.2211E+00 -1 .6941E+00

e + C3H8 -> C2H+ + CH4 + H2 + H + 2e 2 .3060E+01 1 .0037E-01 -1 .2037E-01
2 .2313E-01 -1 .0064E+00
1 .6105E+00 -8.4706E-01



A.2 Values of fitting parameters I, and Ai in Eq.(81) for total ionization cross
sections of C3 Hy (y = 1 - 8) and partial ionization cross sections of C3H8 .

(b) Partial cross sections, continued

tThese channels are not discussed in the text (Table 11), but are included here for
completeness .
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process Ip AZ , i=1-2
AZ , i=3-4
Ai , i=5-6

e + C3H8 -> C2H+ + CH3 + 2H2 + 2e 2 .3060E+01 6.0225E-02 -7.2224E-02
1 .3388E-01 -6 .0384E-01
9.6632E-01 -5 .0824E-01

e + C3H8 -> C2H+ + CH2 + 2H2 + H + 2e t 2 .3060E+01 4.0150E-02 -4 .8150E-02
8.9252E-02 -4 .0256E-01
6.4421E-01 -3 .3882E-01

e + C3Hs C2 (total) 3 .9000E+01 -6 .7956E-02 4.9925E-02
4.8662E-01 -2.0569E+00
4.0249E+00 -2.2366E+00

e + C3Hs C2 +CH2 + 3H2 + 2e t 3 .9000E+01 -3 .0580E-02 2.2466E-02
2.1898E-01 -9 .2560E-01
1 .8112E+00 -1.0065E+00

e + C3Hs C2 + CH4 + 2H2 + 2e t 3 .9000E+01 -3 .7376E-02 2.7459E-02
2.6764E-01 -1.1313E+00
2 .2137E+00 -1.2301E+00

e + C3H8 CH3 (total) 2 .4200E+01 -2 .9172E-02 3.9988E-01
-2 .2765E+00 9 .4140E+00
-7.6602E+00 2 .2697E+00

e + C3H8 CH3 + C2H5 + 2e 2 .3000E+01 4.9544E-02 -3 .9462E-01
3 .5653E+00 -1.0382E+01
1 .4136E+01 -6.4721E+00

e + C3H8 CH3 + C2H4 + H + 2e 2 .3000E+01 1 .6084E-02 -3 .1169E-01
2 .8600E+00 -8.1452E+00
1 .1321E+01 -5.2918E+00



A.2 Values of fitting parameters I, and Ai in Eq.(81) for total ionization cross
sections of C3 Hy (y = 1 - 8) and partial ionization cross sections of C3H8 .

(b) Partial cross sections, continued

tThe total CH+ production cross section is shared equally among the C2H6 + H,
C2H5 + H2 and C2H4 + Hz + H channels .

These channels were not listed in Table 11, but are included here for completeness .

R.K. Janev and D . Reiter

	

123

process Ip AZ , i=1-2
AZ , i=3-4
Ai , i=5-6

e + C3H8 -> CH3 + C2H3 + H2 + 2C 2 .0000E+01 -3 .0758E-02 5 .5540E-02
-1 .1295E-01 7.2093E-01
-5 .3867E-01 3 .4627E-01

C + C3H8 -> CH3 + C2H2 + H2 + H + 2C 3 .2900E+01 4.9495E-02 -7.9001E-02
9.3415E-01 -2.5830E+00
3.2824E+00 -1.4886E+00

C + C3H8 CH2 (total) 2 .1000E+01 1 .2721E-02 -1 .0856E-01
1.1754E+00 -4.9652E+00
9.1847E+00 -4.7603E+00

C + C3H8 CH2 + C2H6 + 2C 2 .1000E+01 5.7257E-03 -4 .8853E-02
5.2894E-01 -2.2344E+00
4.1331E+00 -2.1422E+00

C + C3H8 CH2 + C2H5 + H + 2C 2 .1000E+01 2.5446E-03 -2 .1712E-02
2.3508E-01 -9 .9305E-01
1.8369E+00 -9 .5207E-01

e + C3H8 CH2 + C2H4 + H2 + 2e 2 .1000E+01 4.4531E-03 -3 .7996E-02
4.1140E-01 -1.7378E+00
3.2147E+00 -1.6661E+00

e + C3H8 CH+ (total) t 3 .0770E+01 -3 .9297E-02 5 .5189E-02
5.0500E-01 -2.7586E+00
6.3715E+00 -3.8831E+00

e + C3H8 C3H4+ + 2H2 + 3e + 4 .7550E+01 -7.4397E-02 2 .5027E-01
-5 .0397E-02 1 .0253E-01



A.2 Values of fitting parameters I, and Ai in Eq.(81) for total ionization cross
sections of C3Hy (y = 1 - 8) and partial ionization cross sections of C3H8 .

(b) Partial cross sections, continued

These channels were not listed in Table 11, but are included here for completeness .
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process Ip AZ , i=1-2
AZ , i=3-4
AZ , i=5-6

e + C3H8 C3 H3+ + 2H2 + H + 3c+ 4 .0040E+01 -5 .5762E-02 4 .0342E-02
2 .2088E-01 4 .4344E-01

-1 .0952E+00 6 .9354E-01
c + C3H8 -> C3H2+ + 3H2 + 3c + 4 .0880E+01 -5 .7684E-02 1 .0316E-01

-3 .7592E-01 2.8206E+00
-4.0827E+00 1.9574E+00

c + C3Hs C3H5+ +H2 +H + 3c i 3 .4390E+01 1 .3656E-03 -4 .7994E-05
-2 .7414E-03 1 .4041E-02
-6 .6982E-03 -5 .3844E-03

c + C3Hs C+ (total) 3 .9040E+01 -1 .9446E-01 2 .5057E-01
2 .0994E-02 -9 .4116E-02
1.6798E+00 -1 .1035E+00

c + C3Hs C+ + C2H6 + H2 + 2c 3 .7040E+01 -1 .3571E-02 -9 .1608E-03
4.8370E-01 -2.0265E+00
3.7257E+00 -2.1042E+00

c + C3H8 C+ + C2H4 + 2H2 + 2c + 3 .7040E+01 -1 .4702E-02 -9 .9242E-03
5 .2401E-01 -2.1954E+00
4.0362E+00 -2.2795E+00
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