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Abstract

The available experimental and theoretical cross section data on charge exchange processes
in collisions of protons with hydrocarbon molecules have been collected and critically assessed.
Using well established scaling relationships for the charge exchange cross sections at low and
high collision energies, as well as the known rate coeflicients for these reactions in the thermal
energy region, a complete cross section database is constructed for proton-C; Hy, charge exchange
reactions from thermal energies up to several hundreds keV for all C,H, molecules with = =
1,2,3 and 1 < y < 2z + 2. Rate coeflicients for these charge exchange reactions have also been
calculated in the temperature range from 0.1 eV to 20 keV.

Keywords: electron-molecule collisions, hydrocarbon molecules electron-impact ionization,
Cross sections, rate coefficients



1. INTRODUCTION

The use of carbon as a plasma facing mate-
rial (in form of graphite or carbon-carbon com-
posities) in fusion devices is attractive because of
its low atomic number that keeps the radiation
losses low, and its capability to withstand high
heat fluxes without being structurally degraded.
For this reason, it has been, and is still being
used in many fusion machines, and has been in-
cluded as one of the plasma facing materials in
the divertor design of International Thermonu-
clear Experimental Reactor (ITER){1]. However,
carbon materials are proved to have extensive
chemical erosion when bombarded with hydro-
genic particles of energies 50-100 €V and higher.
The products of chemical erosion are hydrocar-
bon molecules, C;Hy, the composition of which
varies with the bombarding energy of hydrogenic
particles and surface temperature of carbon ma-
terials. At higher particle impact energies (30-
500 V), dominant hydrocarbon species in the
erosion fluxes are the light hydrocarbons (CHa,
CHy, CyH> ), but with the decrease of impact
energy, the heavier hydrocarbon (CoHy, CoHjg,
C3Hy, C3Hg, C3Hg) become increasingly more
present in the erosion fluxes, and dominant at
hyperthermal energies (< 1eV)[2]. The increase
of carbon surface temperature (above 300K) also
leads to increase of the presence of heavier hy-
drocarbons in the erosion fluxes [2]. Most of the
presently operating large and medium-size fusion
devices ( JET, JT-60U, LHD, ASDEX, TEX-
TOR, Alcator C-mod, DIII-D, etc) have diver-
tors in which the plasma temperature is lowered
(by appropriate additional cooling) down to 1-10
eV [3]. Under these conditions, the composition
of chemical erosion fluxes is dominated by heavy
hydrocarbons CoHy,, C3H, and methane (CH,).

After their release in the divertor plasma,
the hydrocarbon molecules CpH, become sub-
Jject to numerous collision processes with plasma
constituents (electrons, protons and neutral hy-
drogen atoms and molecules). Electron impact
excitation and ionization processes of CpH, are
usually accompanied by molecular fragmentation
(dissociation). The recombination of plasma elec-
trons with the C; H ions, produced by electron

mmpact ionization and proton charge exchange
with CH,, also gives fragmented neutral prod-
ucts (dissoclative recombination). Therefore, even
i a specific set of CH,, CoH,, CsH, hydrocar-
bon molecules were preferentially formed on the
surface and released in the plasma, the above
fragmentation collision processes rapidly gener-
ate all the members of the CH,, C2Hy, C3H,
families of hydrocarbons.

The cross section database for collision pro-
cesses of CH, with plasma electrons and pro-
tons is still not established, but it is urgently
needed to model the transport of eroded car-
bon in the plasma. Two attempts [4,5] were
made in the past to construct such 2 cross sec-
tion database. The first of them [4] had a limited
scope (containing data only for CH,, 1 <y <4
)} and the second [5] was based more on spec-
ulative arguments (frequently incorrect) for the
cross section relationships between the members
of the same family of hydrocarbons, rather than
using the available cross section data. Only small
part of the cross section data in Ref.4 are based

"on experimental or theoretical sources; its largest

part is also based on speculative arguments and
unphysical assumptions.

The present report gives a critical assessment
of the available cross section data for charge ex-
change processes of protons colliding with C; H,
molecules {(zr = 1,2,3;1 < y < 2z + 2). Al-
though the cross section data are available for
a limited number of CzH, molecules, the anal-
ysis of their energy behavior allows to identify
the electron capture mechanism governing the
process In a given energy region and, thereby,
to establish (at least approximately) the corre-
sponding cross section scaling law. These scaling
laws, together with the known (from the experi-
ment, or Langevin orbiting model) cross sections
at thermal coliision energies, give a possibility to
predict the experimentally unknown cross sec-
tions for all the collision system with an accu-
racy better than factor of two in the range from
thermal energies up to about 1 MeV. In the next
section we present the charge exchange cross sec-
tions for the collision systems for which such data
are available either from experimental or theorei-
ical sources. In section 3 we introduce a scaling




form of the experimental cross sections for C Hy,
CyHg, C3Hg and CyHyp based on the revieled
electron capture mechanisms for low and high en-
ergies. In section 4 we use the cross section scal-
ing properties and other theoretical arguments
to construct approximate cross sections for the
collision systems for which no data are presently
available, and in section 5 we give analytical fits
for the recornmended cross sections. In section 6,
we discuss the charge exchange rate coefficients,
while their graphs as functions of plasma tem-
perature and for different values of the "target”
energy are given in the Appendix. Finally, in
section 7 we give some concluding remarks.

2. THE PROTON CHARGE EXCHANGE

section data for the H+ + C Hy charge exchange
collisions as function of the collision energy taken
from Ref. [6-10, 12, 13]. (The data of Ref.11 lie
at still higher energies, but are consistent with
the high energy trend of the data from Ref.9.)
All data are consistent with each other within
their experimental errors, except for the high
energy points of the earlier experimental results
of Koopman [7]. We have plotted in this figure
also the recent low-energy data of Kusakabe [16]
for the O + CH, collision system (expressing
the collision energy in units of keV /amu), which
nicely follow the trend of low-energy data for the
Ht + CH, system. The basis for this extension
of the HY + CH, data with Ot 4+ C'Hy data to-
ward lower energies (down to 0.012 keV /amu) is

CROSS SECTIONS WITH CHy, C2Hy, C2Hgihe equal reaction energy defect for the two col-

GgHs and C4H1[)

The only CpH, molecules for which the pro-
ton impact charge exchange cross sections have
been measured so far are : CHy [6-13], CoHs
[13], C2H, [8,9,11],C> He [9—13], C3Hg [10,12,13]
and CyHyp [8-10]. Quantum-mechanical cross
section calculations have been performed for CHy
[13,14], C»H> [13,15], CoHg and C3Hg [13]. While
theoretical calculations cover the region of low
collision energies ( 0.1 - 20 keV ), the experi-
mental data cover the energy range from about
0.1 keV up to the MeV region. We note that
theoretical calculations in ref.14 (for CH,) and
Ref.15 (for CyH>) were done without inclusion of
the effects of vibrational excitation of hydrocar-
bon ionic reaction product and, therefore, they
greatly underestimate the corresponding cross sec-
tions. The inclusion of these effects in the calcu-
lations presented in Ref.13, brings the theoreti-
cal cross sections in agreement with experimental
data.

We now analyze the cross sections for each
of the above Ht + CpH, collision systems sepa-
rately, excluding the case of H++CyH; for which
the experimental data are available only in the
range 0.2-4.5 keV. (This case will be discussed in
Section 4).

2.1 HY + CH,

In Fig.l we present the experimental cross

lision systems and the fact that the large cross
sections ( higher than 107'%¢m? ) in this energy
region i3 determined dominantly by the asymp-
totic forms of the atomic wave functions of ini-
tial and final electronic states (i.e. the process
takes place at large internuclear distances where
the wave function of the active electron is essen-
tially determined by its binding energy }. The
low-energy behavior of the HY + C'Hy charge
exchange cross section {supplemented with the
data for the OF + CH, collision system) indi-
cates that the electron capture process in this
energy region (below ~ 20 keV /amu) takes place
in a resonant (or almost resonant) manner, ie.
the reaction energy defect is zero (or very close
to it). In an initially (energy-} non-resonant but
exothermic collision system (the electron bind-
ing energies of H and CH, are 13.6 eV and 12.6
eV, respectively), the energy resonance condition
can occur only if the reaction exothermicity is
expended on excitation of the internal degrees of
freedom of the reaction fragments. In the case
of HY + CHy (or O + C'H, ) system, the en-
ergy resonance condition for the electron capture
process is achieved due to the excitation of vi-
brational and rotational degrees of freedom of
the product CH{ jon during the electron tran-
sition process. Indeed, the quantum-mechanical
molecular-orbital close-coupling (MOCC) calcu-
lations performed in Ref.13 for this system could
be brought into agreement with the experimen-
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Figure 1: Total cross sections for the HY + CH,
charge ezchange collisions as a function of the
collisional energy. Symbols represent the ezperi-
mental data [6-10,12,18,16], and solid curve rep-
resents the least square fit of the data (with ap-
propriate eztensions;see text).

tal data of the same reference only with inclusion
of vibrationally excited states of CH}' in the cal-
culations.

The revealed resonant character of the elec-
tron capture process in the H+ 4 C'Hy collision
system in the low energy region allows us to ex-
tend the cross section in the region below the
one where experimental data exist (i.e. below
0.01 keV) by using theoretical arguments. The
resonant electron capture theory gives the follow-
ing expression for the low energy charge transfer
cross section [17,18]

o= Am(2) (1)
where A and B are some constants depending
on parameters of colliding system and v is the
collision velocity. The validity of this expres-
sion is restricted to collision velocities v < 1,
in atomic units, (corresponding to energies £ <
25keV [amu), but greater than some v = wpy,
below which the electron capture is governed by
the Langevin orbiting (or polarization capture )
mechanism. The Langevin polarization capture
eross section formula can be put in the form [19]

(in atomic units)

27
oL = —(—)"2p,
vy

(2)
where « is the polarizability of the molecule, u,
is the reduced mass of the collision system and
P, is the probability of decay of the compound,
formed by the orbiting mechanism, into the re-
action channel ). For instance, in the H++CH,
collision system, two reaction channels are pos-
sible at thermal energies,

Ht*+CHy » (H'CH)) — H+CHf (3a)
—~ Hy+CH} (3b)

with decay probabilities P, ~ 0.4 and Py, ~
0.6. The total thermal rate coefficient, for both
channels, is experimentally known [20] and has
the value 3.8 x 10~ %em?/s. This value, converted
into cross section by the reaction (2), was used to
determine the thermal energy himit of the charge
exchange cross section for the Ht + C'Hy system
in the thermal energy region. The solid curve in
Fig.1 represent the best fit of the data and their
extension with the O + CHy data.

2.2. H+ + CoHy

The experimental cross section data for the
electron capture in H+Cs H» collision system is
available only for energies above 40 keV [8,9,11].
Kusakabe et al. [16] have recently performed
electron cross section measurements for the col-
lision system C% + C3H, in the energy range
0.017-0.38 keV/amu. The charge transfer reac-
tion in this system is exothermic (the ionization
potentials of C' and CoHy are 11.27 eV and 10.51
eV, respectively ) and the data of Kusakabe et.
al.show that in the energy range where the mea-
surements were performed the cross section for
this reaction has a behavior consistent with that
for the resonant charge exchange processes. The
data are shown in Fig.2. In the thermal energy
region (below ~ 0.05 eV), besides the electron
capture, there are also two additional exothermic
reactions taking place in this collision system

HY +CoHy — (HYCoHy) — H+CoHf
—+ Hs+ CgH;_

(4a)
(4b)

- Ha+ H+ CoH (4c)
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Figure 2: Total cross sections for the HT +CaHy
charge exchenge collisions as a function of the
collisional energy. Symbols represent the exper-
imental data [8,9,11,16], and solid curve repre-
sents the least square fit of the date (with appro-
priate extensions;see lext).
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Figure 3: Total cross sections for the HT +CaHg
charge ezchange collisions as o function of the
collisional energy. Symbols represent the experi-
menial data [9-13,16], and solid curve represents
the least square fit of the data (with appropriate
eztensions;see text).

for the OF 4+ C2Hg system [16] smoothly ex-

(4c), according to Eq.(2), is K4 = 4.8 10~%cm3/s, tend the resonant cross section behavior down

which is distributed among the channels with the
probabilities Py, ~ 0.3, Py =~ 0.5, Py =~ 0.2.
The solid curve in Fig.2 represents the best fit
of the available experimental data with an ex-
tension towards the thermal energies by taking
into account the above value of the Langevin rate
coefficients. We note that the decay probability
weights for the reactions (4b) and (4c) are deter-
mined in accordance with reaction exothermici-
ties.

2.3. Ht 4+ C2Hg

Experimental cross section data for the elec-
tron capture process in H+ + CaHp system are
available in the energy range from 0.2 keV up
to a few MeV [9-13]. The reaction is exother-
mic (the ionization potential of CoHg s 11.52
¢V) with an energy defect in the initial chan-
pel of 2.08 eV. However, this exothermicity can
be easily expended on excitation of internal de-
grees of freedom of CoHY ion and the cross sec-
tion data below 20 keV shows a behavior typical
for resonant charge exchange (see Fig.3). More-
over, the recent experimental cross section data

to 0.012 keV/amu (also shown in Fig.3). In the
thermal energy region (e.g. below ~ 0.05 eV),
there are two additional exothermic reactions in
the HY + (> Hg system

HT + oHs — (H+02H5) —F H+02Hé[_

(5e)

—~ Hy+H+ CoHF (5b)
— Hy+Hy+ CgH;' (5¢)

The reaction channel producing Hs + CgHg*' is
endothermic and does not participate in the de-
cay of the complex (HtCyHg). Further, the
ion CpHZ has a dissociation energy of about 1
eV with respect to dissociation into CoHf + Ho
products and can rapidly predissociate into this
channel. Therefore, the channels (5a) and (5b)
are sometimes treated jointly in the thermal en-
ergy region. The total rate coefficient for all the
channels (5) is K5 = 4.2 x 10~%em3/s [21], with
channel probabilties Ps; ~ 0.3, P5 =~ 0.3 and
P;. ~ 0.4. The solid curve in Fig.3 represents
a least square fit to the data with an extension
towards lower energies consistent with the above
rate coefficient value.



2.4 H+ + C3H,

Experimental cross section data for the elec-
tron capture reaction in this collision system are

available in the energy range 0.2-200 keV {10,12,13]. 1%

Similar data have recently become available also
for the O" + C3Hjg system in the energy range
0.012-0.28 keV/amu [16]. The H* and O7F im-
pact data are plotted in Fig.4 and they all show
a consistent low energy behavior of the cross sec-
tion, confirming the resonant character of the
process in the region below ~ 20 keV /amu. (The
ionization potential of C3Hj3 is 11.08 V.) In the
thermal energy region, the charge exchange is
accompanied also by atom exchange, ie.,
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Figure 4: Total cross sections for the Ht +CyHy

HY + C3Hy — (HYC3Hg) — H +C3HF (6a) charge exchange collisions as a function of the

— Hz—i—CgH—:-i_ (ﬁb)

with total rate coefficient Ks = 5.2 x 10~ %em3/s
[21], and decay channel probabilities P, ~ Py, ~
0.5. The solid curve in Fig.4 is a fit of the data
with an extension towards lower energies consis-
tent with the above value of the rate coefficient.
In the region above 200 keV/amu, the cross sec-
tion is derived by using the scaling relation dis-
cussed in Section 3.

2.5. Ht +CyHyp

The electron capture cross section data for
this collision system are available only in the re-
gion above 1 keV (up to 1 MeV) [8-10] and are
shown in Fig.5. The low-energy data (below ~
20 keV) indicate that this reaction also has a res-
onant character, consistent with its high exother-
micity (the lonization potential of CyHyg is 10.53
eV) and the large number of vibrational modes
of Cy4Hj, product ion (available to absorb the
reaction exothermicity during the capture pro-
cess and provide resonance conditions for the
process). Since the rate coefficient for this re-
action in the thermal energy region is unknown,
we have calculated it by using the relation

Kig = Ks(210)1/2 )

g
following from Eq.(2), where the subscripts ” 8"
and 7107 refer to the C3 Hg and Cy H1y molecules,

collisional energy. Symbols represent the ezper-
imental data [10,12,13,16], and solid curve rep-
resents the least square fit of the data (with ap-
propriate extensions;see text).

the polarizabilities of which are known: ap =
42.49, a;0 = 54.7, in atomic units (a3)[22]. This
gives the value for Kyp of 5.9 x 10~%¢m3/s. The
solid curve in Fig.5 is a fit to the experimental
data, extended towards the low energies in ac-
cordance with the above value for K.

At the end of this section we would like to
make the following remark. It can be observed
that the high energy dependence of the cross sec-
tions for the cousidered collision system some-
what changes (the cross section curves change
their slope) at the energies above 400 - 500 keV
(see Figs.1-3,5). The observed increase of the
cross sections in this energy region is due to the
contribution to the process of electron capture
from the inner shells of C,H,,.

3. CROSS SECTION SCALING RELA-
TIONS

The similarity in $he cross section energy be-
havior for all Ht + C;H, collision systems con-
sidered in the preceding section indicates that
the electron capture process in these systems is
governed by the same physical mechanism at low
energies (£ '< 20keV) and another physical mech-
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Figure 5: Total cross sections for the Ht+CyHyg
charge exchange collisions as a function of the
collisional energy. Symbols represent the exper-
imental data [8-10], and solid curve represents
the least square fit of the data (with appropriate
ertensions;see lext).

anism (but same for all collision systems) at the
high energies (above ~ 100keV). We have al-
ready argued that the low-energy transition mech-
anism is the resonant capture mechanism, char-
acterized by a cross section energy behavior in
the form of Eq.(1). From the theory of resonant
charge exchange reactions (see e.g. [17],[18]), it
follows that the constant A in Eq.(1) is propor-
tional to 1/I,, where I, is the ionization poten-
tial of the molecule. The constant B in Eq.(1)
is proportional to the number of equivalent elec-
trons in the target, which we take to be equal to
the number y of H-atoms in the Cy Hy, molecule.
For 4 < y < 8, In%y can be approximated by
y/? to within an accuracy of 37%, or better.
Therefore, in the low energy region, the reso-
nant capture cross section can be approximately
represented in a reduced form

o= JIp/yuz- (8)

In the energy region above ~ 100keV, most
of the theoretical models {e.g. the classical im-
pulse approximation, the first Born approxima-
tion, etc) show an I 2 dependence of the charge
exchange cross section {see e.g. [23]). Assuming
that the electron donors of the CpH, molecule

in the electron capture process, are the H atoms,
and that at high energies these atoms can be con-
sidered as independent donors, 1t follows that the
cross sections at these energies is proportional 1o
the numbers y of H atoms in the C; H molecule.
Therefore, in the region above 100-200 keV, the
approximate reduced form of charge exchange
cross section is

2
ols

" (9)

Gp =

In the intermediate energy range (~ 20 —
100keV'}, the electron capture process in any ion-
atom or ion-molecule collision system results from
the coupling of many electronic states and no
simple dependence of o on I, and y can be theo-
retically predicted. For the practical purpose of
constructing a reduced cross section & in the en-
tire energy region, one can bridge these interval
by taking the average value of o7 and &5,

Om = (07 +T1)/2 (10)

Using the scaling relations (8)-(10), we have
plotted the experimental data for CH; , CoHs,
C3Hg and CyHqyg in Fig6 in a reduced form,
G(E). The scaled data show a pronounced ten-
dency of grouping around a single curve, their
dispersion being result of the approximate char-
acter of the scalings (8)-(10), but also a reflection
of the experimental uncertainties of the original
data. The solid line in Fig.6 represents a best-
square fit of the data. The extension of this line
towards lower collision energy was done by using
the scaled fits of the cross section for these sys-
tems in the energy region below 1eV. It should
be noted that the scaling relation (8) is valid
only for those systems for which the electron cap-
ture process has a resonance character. We could
expect that the energy resonance conditions for
the processes can be met for the Cp H,, molecules
with sufficiently large number of H atoms (e.g.
y > 2z, or so). The high energy scaling rela-
tion (9), however, should be valid for any C;H,,
molecule.

4. DERIVED CROSS SECTIONS FOR
OTHER H* + CxHy SYSTEM
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Figure 6: Total cross sections in a reduced form
[Eqs.(é’)—(lﬂ)) fO‘.l'_ the CH4, Csz, C3Hs and
CyHip charge exchange collisions as a function
of the collistonal encrgy. Symbols represent the
ezperimental data [6-13,16], and solid curve rep-
resents the least square fit of the data,extended
to scaled thermal-energy cross section values.

In order to perform a complete modeling of
the transport of hydrocarbons in a plasma one
needs to know the cross sections (or rate coeffi-
cients) for all members of the hydrocarbon fami-
lies Cp Hy, for x=1-3 and 1 <y < 2z +2, and for
all important processes. Charge exchange is cer-
tainly one of those processes, especially for the
ternperatures characterizing the edge and diver-
tor plasmas. (The CyHy¢ family of hydrocar-
bons will be excluded from our further consider-
ations.) Since apart from the systems discussed
in Section 2, experimental (and theoretical) in-
formation exists only for the HT 4 Cy Hs system
(but only in the energy range 0.2-4.5 keV [15}),
one is left with the necessity to derive approxi-
mate cross sections for the remaining H++C, Hy,
collision systems on the basis of the scaling laws
discussed in the previous section, the informa-
tion about the thermal rate coefficients available
from Ref.21, and by using the general theory of
charge exchange reactions [18,23,24]. In deriv-
ing the approximate cross sections for the sys-
tems for which data are not available {above the
thermal energy region) from the literature, it
is convenient to separate the Ht + C H, col-

lision systems into two classes: systems in which
the process has resonant character and systems
with non-resonant electron capture. This sep-
aration is mainly applicable for the low energy
region, since at high energies the electron tran-
sition mechanism is less sensitive to the energy
resonance condition [23,24]. The criteria for the
expected fulfiliment of the resonant energy con-
dition for the charge exchange process in HT +
CzH, systems were discussed at the end of the
preceding section. We should note that the ”res-
onant electron capture” is used here in a broader
sense (equality or near equality of the total inter-
nal energy in the initial and final reaction states)
and is not relaied to the symmetry properties of
the collision system (like in the case of resonant
electron capture in isonuclear atomic and molec-
ular collision systems).

4.1 Resonant H* +C;H, Charge Exchange
Reactions

We have seen in Section 2 that the charge
exchange reactions in HT + CHy, C3H,,CoHg,
C3Hg collision systems have a resonant charac-
ter in the low energy region. In the next sub-
section, we shall see that the experimental cross
section data for the H+ 4+ C5H> reaction in the
energy range 0.2-4.5 keV show a behavior de-
parting (but not drasticalty ) from the resonant
crogs section behavior. This can be taken as an
indication that for the H+ + C Hy, withz =2,3
and y > 2z — 1 the process attains its resonant
character. Therefore, for these systems, as well
as for CHj, the eross section above the thermal
energy region can be derived from the cross sec-
tion for CyHopto (given in Section 2) by using
the scaling relations (8)-(10). Below ~ 0.5 eV,

_these cross sections should be extended in such

a way as to smoothly go over into the values de-
termined by the known reaction rate coeflicients
[21]. In Table I we give the total rate coefi-
cients for all H+ + CyH,, reactions [21], together
with the branching ratios (probabilities Py) for
the different channels of the orbiting compound
decay. We note that not in all cases we have
used the branching ratios adopted in Ref.21, but
rather we have taken into account the trend of




the charge exchange cross section behavior as
suggested by the recent low-energy experimen-
tal data [15,16], (not available in the time when
Ref.21 was published), as well as the values of
exothermicities of the particular reaction chan-
nels. We further note that in Ref.5, the total rate
coefficient for (H*,CyHy) compound formation,
ow = K was calculated by using the Langevin
formula (Eq.(2) with P, = 1)) and then assign-
ing equal branching ratios to all reaction chan-
nels. The assignment of equal decay probabil-
ity Py to all reaction channels in Ref.5 leads to
significant uncertainties in the derived cross sec-
tions.

A further remarks is noteworthy here regard-
ing the energy dependence of the channel cross
sections in the thermal energy reactions

Ht +C.H, — (HYC.H,)
~ H+C.Hf (11a)
- Hy+C:HI {11b)
- Hy+H+C:H, (ll¢)
— Hy+ Hy+C H] 3 (11d)

While the 1/v dependence is common to the
cross sections of all the channels of reaction (11)
in the thermal energy region (e.g. below ~ 0.05
eV ), the decrease of the cross section with in-
creasing the collision energy is much faster for
the particle exchange and break-up channels (11b)-
(11d) than for the electron transfer channel (11a},
which continues to follow the 1/v dependence in
a much larger energy region. These diflerent en-
ergy dependences of the cross sections for the
reaction channels (11a) and {11b)-(11d} have to
be taken into account when trying to smoothly
connect the cross sections from the resonant re-
gion (when experimental electron capture data
for the HY + CpHag o exist) with the cross sec-
tion for the channel (11a). If K = K Py is the
thermal rate coefficient for the reaction channel
A in Bq.(11), and Ky is the total thermal rate
coefficient for all channels, expressed in units of
em? /s, then the thermal energy cross sections of
the channel {11a) and channels (11b)-(11d) can

be expressed as

0-—7 Klla (cms/s)

O11a =126 x 1 E(eV)1/2 (c'm,z) (12)
_ _ K (cm®/s)
oy = T7.26x10 7E(6V)1/2 T aE(eV) (em?),
A = (11B) — (11d), (13)

where a (< 1) and S (> 1) are constants given
in Table T for each of the reaction channels.

The scaling relations (8)-(10) were used for
deriving the resonant cross sections for the sys-
tems Ht +C,Hy, y > 22— 1 separately for each
of the CpH, families of hydrocarbons. For in-
stance, the cross sections for the HY + C3H,,
5 < y < 17, collision system were derived by re-
lating the cross section for each of them with the
cross section for the system H* 4+ C3 Hg by using
Egs.(8)-(10). The ionization potentials I, of the
C.H, molecules, needed in the use of Eqgs.(8)-
(10) are given in Table IT. These data were col-
lected from the literature, or calculated from the
thermochemical tables [25,26].

The cross sections for the resonant H™ +
CzH, (2z — 1 <y < 2x + 2} charge exchange
reactions are given in Fig.7 (for CH,), Fig.8 (for
C2H,) and Fig.9(for C3H,), together with the
cross sections for the non-resonant reactions.

Tt should be noted that the cross sections for
the system H+ + C; Hoy4) in the low-energy re-
gion are larger than the cross sections for the
H* 4+ C_Ha, o systems, which is a consequence
of the scaling relation (8) and the fact that the
ionization potentials of C; Hay4; are smaller than
those for C,Haz 1o (see Table IT).

4.2 Non-resonant H* + C,H, Charge Ex-
change Reactions

The only non-resonant charge exchange reac-
tion in the H*+C; Hy collision systems for which
the cross section has been measured in the energy
range 0.2-4.5 keV is the reaction H++CoH> [13].
There have been recently cross section measure-
ment also for the charge exchange reaction O +
CyH> in the energy range 0.012-0.3 keV/amu.



TABLE I: TOTAL THERMAIL RATE COEFFICIENTS, BRANCHING RATIOS AND VAL-
UES OF PARAMETERS o AND g IN EQ.(13) FOR THE H* + C.H, CHARGE EXCHANGE
REACTIONS

Reaction | Branching Total Rate o B
"Ratios, Py | Coef.(10~%em3/s)

HY +CHy— H+CH; 0.4 3.8 -1 -
— Hy + CHF 0.6 0.5 | 2.5

H* +CHy; —+ H+CHf 1.0 3.4 - -

H* +CHs — H+CH; 0.36 2.8 - -
— Ha+ CH* 0.64 0.5 | 2.5

H* +CH » H+CH*t 0.31 1.9 - -
— Hy +C7 0.69 0.01 | 3.5

HY + CaHg — H + CoHy 0.29 4.2 - -
— H+ Hy+ CoHy 0.33 0.45 | 2.5
— Hy+ Hy+ CHy 0.38 0.45 | 2.5

H* + CoHs — H + CoHY 0.40 4.5 - -
— Hy + CoHY 0.49 0.45 | 2.5
— H + Hy + CoHy 0.11 845 | 2.5

H* + CoHy —+ H + CoHf 0.31 4.8 - -
— Hy + CoHy 0.52 0.45 | 2.5
— H+ Hy + CoHy 0.17 0.45 | 2.5

HT + CoHy — H + CoHy 0.77 4.0 - -
— Ho + C2HY 0.23 05 | 25

H* +CoHy — H + CoHy 0.71 35 - |-
— Hy + CoHT 0.29 0.45 | 2.5

HY+CoH — H+CoHT 0.5 3.0 - -
= Hy +Cf 0.5 0.45 | 2.5

H* 4+ C3Hg — H + C;;H;- 0.5 5.2 - -
— Hy + C3H 0.5 0.6 | 3.0

HY+C3Hr - H + C3H:_r‘_ 0.5 5.0 - -
— Ho + CgH; 0.5 06 130

H*+C3Hs - H+ CgHé{' 0.5 48 - -
— Ho + C3HY 0.5 0.6 { 3.0

HY+C3H; - H+ C3H;_ 0.5 4.6 - -
— Hy + C3Hf 0.5 0.6 | 3.0

Ht3C3H, —H+ 0332' 0.5 44 - -
— Hy + CsH 0.5 0.6 | 3.0

HT + C3Hz; — H+ CgH;- 0.5 4.2 - -
~ Ha + CsHy 0.5 0.8 | 3.0

Ht 4+ CsHo -+ H + C3H; 0.5 4.0 - -
— Ho + C3HY 0.5 1.0 | 3.0

Bt +CyH > H+CaHT 0.5 4.0 - -
- Hy +Cf 0.5 1.6 | 3.0




TABLE II: IONIZATION POTENTIALS OF

C:H,
CHy | I(eV) CyH,y I{eV)
CH; 12.51 CsHyg 11.08
CH; 0.84 CsHy 9.10
CHs | 1046 Cs5Hg 9.74
CH 11.13 C3Hs, 9.90
CoHg | 11.52 C3Hy 10.02,,
CoHs { 825 | (Propyne) | 10.36
CoH,y | 10.51 (Allene) 9.69
C9H; 9.45 C3Hs 8.34
CoHs | 1151 C3Hy 12.50
CoH | 17.42 CsH 13.40

107 . mr r vy -
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Figure 7: Cross sections for the HY + CHy(y =
1—4) charge exchange collisions as a function of
the collistonal energy.

These data are shown in Fig.10 and they follow a
single line. The solid line through the data rep-
resents their fit. This line is smoothly continued
towards the low energies in such a way that it
goes over into the thermal energy electron cap-
ture cross section of the form of Eq.{12) with the
value of rate coefficients (Kj1,) given in Table I.

In the energy region above ~ 20keV, the
cross section has been determined by using the
scaling relations (9) and (10} in conjunction with
the known cross section data for the H¥ + CoHy
and HT + C>Hg reactions. Since the experimen-
tal data above 3 €V show already a very slow in-
crease (see Fig.10), a smooth connection of the

Lo
g
© 1.3
107
10"
10"' N 2 d aad aad o, ad \
wt w® Wt 17 10” 10' 10°
E {kaViamy)

Figure 8: Cross sections for the HY + CoHy(y =
1—6) charge ezchange collisions as a function of
the collisioncl energy.
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Figure 9: Cross sections for the HY + CHy(y =
1-8) charge ezchange collisions as a function of
the collisional energy.



data below 4.5 keV with those above 20 keV is
possible using the fact that the velocity at which
the cross section maximum occurs is given by the
Massey relation (in atomic units)

cAEfv~1 (14)

where v is the collision velocity, AE = Ip(H) —
Ip(ChH;3) = 2.2eV, and ¢ is some constant. The
cross section maximum at ~ 10 keV for the H+ +
Cs Hy reaction gives the value of ¢ ~ 8. This
value of ¢ will be taken as typical also for the
other non-resonant H+ + C; H,, charge exchange
reactions. The relations (14) shows that for reac-
tions with larger AF, the cross section maximum
appears at larger energies.

The non-resonant charge exchange reaction
in ion-atom/molecule collision systems are gen-
erally described by Demkov’s (two state) model
[18] which predicts a rapid decrease of the cross
section when the energy decreases below the value
at which the cross section maximum occurs. This
decrease is faster (exponential) for the reactions
with larger energy defect. However, if the po-
larizability of the neutral reactant is high, like
in the case of hydrocarbon molecules (for C'Hjy,
(CsHg and (3 Hg the values of « are 17.56, 30.20
and 42.5 a3, respectively[22]), the mechanism of
polarizational capture (Langevin orbiting) starts
to operate atf larger collision energies and the
cross sections starts to increase with decreasing
the energy.

In deriving the cross sections for the non-
resonant H+ +CH, charge exchange (other than
for CoH>), we have used the scalings (9)-(10} for
the energies down to ~ 20 keV, Demkov’s model
[18] for the energies below ~ 20 keV and the
polarization capture model, Eq.(12), for the en-
ergies below ~ 1 eV. Since the parameters en-
tering in Demkov’s model (e.g. the exchange in-
teraction) are not well known for the considered
collision systems, and since the Franck-Condon
CHy ~» CH trausition factors enter the the-
ory in different ways at the higher (~ 10 keV)
and lower (~ 1 — 10 eV) energies (frozen vs. re-
laxed vibrational motion), the use of Demkov’s
model was done in a qualitative manner only (to
determine the slope of the cross section decrease

10-‘9 —4 .‘4 _.-2 _.-1 ._JO k. 1 g - E] 4
10* 100 10° 10 10° 100 100 tw0° 1o
E (iceV/amu)

Figure 10: Total cross sections for the H™ +
CaHy charge exchange collisions as a function
of the collisional energy. Symbols represent the
experimental data [13,16], and solid curve repre-
sents the least square fit of the data (with appro-
priate ezfenstons;see fext).

in the region below the energy of the cross sec-
tion maximum). Therefore, the cross sections
for the Ht + C,Hy, systems, with £ =1—3 and
y = 1,2 (except for Cy Hs) have large uncertain-
tles in the energy range 1 eV - 10 keV. The cross
sections for the non-resonant reactions derived
by the procedures described above are shown in
Fig.7 (for CH,), Fig.8 (for CoH,) and Fig.9 (for
C3Hy), together with the cross sections of reso-
nant reactions.

5. ANALITIC FITS TO THE CROSS SEC-
TIONS

For an easy incorporation of the present cross
sections into various plasma application codes,
we have fitted the charge exchange cross section
data to the following analytic expression

info) = 3" OTz) (15)

=1
where, © = [{(InE — InEnip) — (InFmay — InE))
JlinEmer — inBmin), E is the collision energy ex-
presses in units of keV, C; are the fitting coeffi-
cients, the units of o are 107 %cm?, and Ti{z) are
the Chebyshev orthogonal polynomials (73(z) =



TABLE III: VALUES OF PARAMETERS C; IN EQ.(15) FOR THE H' + C;H, COLLISION
SYSTEMS AND THEIR REDUCED FORM EQS.(8)-(10). { The r.m.s. deviation of the fits is
shown in the bottom line )

O, CH, CH, CH CoH,
4 3.901564E-1 6.854778E-1 1.118652E-1 | -1.060468E-+-0 §{ 1.275456F+0
Cy -6.426675E4+0 | -5.810741E+0 | -5.216803E+0 | -5.662572E4-0 | -5.408443E+0
s -3.706893E4-0 | -3.622136E40 | -3.893841E+0 | -4.376450E4-0 | -3.426843E+0
Cy -1.999034E+0 | -2.179920E4-0 | -2.756865E+0 | -3.567226E4-0 | -2.298691E+0
Cs -5.625439F-1 | -7.801006E-1 | -1.192043E-+0 | -1.433069E+0 { -1.310537E+0
Cs 2.279431E-1 -2.421371E-2 -5.200059E-1 -5.789399E-1 -5.555345E-1
Cr 3.443980E-1 2.762333E-1 -1.816781E-1 -3.523295E-1 -1.044490E-1
Cs 1.566892E-1 2.288237E-1 1.129866E-2 -9.95698R8E-2 5.031086E-2
Cy -5.398410E-2 6.164797E-2 -3.658702E-3 1.532751E-2 6.306925E-2
Cho -1.822252E-1 -6.864191E-3
Ci1 -1.593352E-1
Cio -8.826322E-2
Deviation 6% 6% 5% 2% 5%
TABLE III:  (continued)
CaHy ChHy CyH3 CyH, C:H
i 1.716498E4-00 8.341737k-1 8.888440E-1 2.513870E-1 | -1.986507E+0
Co -5.230512E400 | -5.821612E4-0 | -5.243715E4-0 | -5.812705E+0 | -5.720283E+0
Cs -3.170772E+00 | -3.769920E4-0 | -3.110835E4-0 | -3.338185E+-0 | -3.535139E+-0
Cy -92.185277TE+00 | -2.790407E4-0 | -2.531330E+0 { -3.071630E4-0 { -4.230273E+0
5 -1.232087E4-00 | -1.480843E4-0 | -1.113044E+0 | -1.433263E+0 | -1.254502E4-0
Cs -5.036952E-01 -6.962345E-1 -3.147011E-1 -3.583544E-1 -2.056898E-1
Cy -7.220334E-02 | -2.496726E-1 -5.834419E-2 | -1.456216E-1 | -4.595756E-1
Cs 8.230586E-02 -8.972341E-3 2.4325798-2 -7.391778E-3 | -7.842824F-2
Cy 8.365203E-02 2.066349E-2 -9.508213E-3 1.151712E-2 3.002537E-2
Cio 1.283200E-02 -5.626713E-2
1 6.455583E-2
Deviation 4% 4% 3% 3% 5%




TABLE III:  (continued)
(3 Hy CsHy CsHg CsHg CsHy
c; 1.403347E+0 | 1.7327T13E+0 | 1.487291E+0 | 1.239651E+0 9.386948E-01
Co -5.455461E4-0 | -5.142546E+0 | -5.211636E+0 | -5.153170E+0 | -5.123019E4-00
Cs -3.554360E-+-0 | -3.263284E+-0 | -3.372781E+0 | -3.302519E+0 | -3.226687E+00
Cy -2.464602E1-0 | -2.274484E+40 | -2.304268E+0 | -2.360416E+0 | -2.473107E-4-00
Cs -1.438525E4-0 | -1.321468E+40 | -1.360992E10 | -1.335779E+0 | -1.322435E4-00
Cs -6.514340E-1 | -5.792384E-1 | -6.362773E-1 | -5.991178E-1 | -5.319703E-01
Cq -L.712580E-1 | -1.275364E-1 | -1.832337E-1 | -1.796747E-1 | -1.588061F-01
Cs 1.920722E-3 3.649298E-2 -2.945122E-2 | -3.727936E-2 -5.410573E-02
Cy 1.586834E-2 6.265064E-2 5.310641E-3 1.001740E-2 -5.656260E-03
Cin -4.835895E-2 | -1.079800E-2 | -8.896402E-2 | -7.613230E-2 | -7.050675E-02
Deviation 2% 2% 6% 8% 7%
TABLE III:  (continued)
CaHy CzHa C3H CyHyg Redueced &
G 6.955227E-1 | -2.638408E-1 | -1.152102E+0 | 2.083786E+0 | -4.977547E-1
Ch -4.904809E-+0 | -5.204029E+0 | -5.658128E4+-0 | -4.479109E+0 | -5.282566E4-0
Cy -2.961972E4-0 | -3.135821E+0 | -3.394316E+0 | -2.435900E+0 | -3.084821E+0
Cy -2.610693E+40 | -3.021844E40 { -3.55101TE+0 | -1.560149E+0 | -1.686825E+0
Cs -1.346304E+0 [ -1.220869E+0 | -1.368680E+0 | -7.565884E-1 | -5.026824E-1
Ce -3.076411E-1 | -2.175365E-1 | -1.457613E-1 | -1.216295E-1 2.047167E-1
Cy -2.245476E-1 | -1.076868E-1 | -7.086518E-2 | 2.54072iE-1 4.7545295-1
Cs -0.378583E-2 | -9.698720E-3 | -4.108061E-2 | 3.300761E-1 3.703372E-1
Cy -2.851315E-2 8.886834E-3 8.174401E-3 2.530929E-1 2.414728E-1
Cuo 9.383315E-2
Deviation 8% 8% % % 8%




1, Ty(z) = x, and Tpya(x) = 2T 41(z) — Ta(z))-
For all the reactions considered, the Enpin = 1074
keV and Epgge = 10° keV, and the fitting coeffi-
cients C; are given in Table III. The r.m.s. de-
viation of the fits from the cross section values
that have been fitted is somewhat different for
different reactions and is in the range 2% - 8%.
{The r.m.s. value for each reaction is also shown
in Table IIT).

The solid curve on Fig.6, which represent the
fit to the experimental data for the H 4+ CHy,
CsHg, C3Hg and C4H.g systems, can also be rep-
resented by the same expression as the Eq.(15).
This reduced cross section, which represents the
data with an accuracy of about 20 — 30% in
the low energy region, and with an accuracy of
30 — 40% in the high energy region, can also
be used to derive the cross sections for other
Ht + CpH, resonant reactions.

6. REACTION RATE COEFFICIENTS

. The rate coefficient < o» > of a heavy par-
ticle reaction (like charge exchange) between a
particle of mass m and fixed energy E; = mV?/2
incident on a Maxwellian distribution of particles
of mass M and temperature T = Mu2/2 is given
by [27]

<ov> = —m fm 2 dv, (B,
ov = T L, vidvyo(Er

{exp[—(vr — V)2/ u2]
—ezpl—(v, + V) /u’]} (16)

where v, = |I7' — ii] is the relative (collision}
velocity related to E, by E, = m,v2/2, m, =
mM/(m + M) being the reduced mass of collid-
ing particles, and vy, is the value of v, at the
threshold, E, = Fy. Al charge excharge reac-
tions covered by the present report are exother-
mic and for all of them Ey = 0.

We have calculated the rate coefficients for
the considered H* + C, H, charge exchange re-
actions by using Eq. (16) for five values of pa-
rameter F;, E;=0.1,1,10,100 and 1000 eV in the
temperature range T=0.1-20 keV. The analyti-
cal cross section fits for o, Eq.{15), where used
in these calculations. The results are shown in

the Graphs 1-18 in the Appendix. The thick
solid line on each of the graphs represents the
recommended cross section of the correspond-
ing reaction in the energy range E=0.1 eV-20
keV, for which the right-hand side ordinate of
the graph applies. We note that the rates for
the H* + C'H, charge exchange reactions, cal-
culated with the cross sections of the present re-
port are drastically different from those given in
Ref. [4]. In fact, in Ref. [4] the cross section
for the HT + CH, reaction was assigned to all
other H* + CH, (1 < y < 3) collision systems,
producing the same rates for all of them.

7. CONCLUDING REMARKS

We have compiled and assessed the existing
experimental cross section data for the charge ex-
change process in Ht + CzH,, collision systems
withz =1—-3and 1 <y < 2+ 2. For the
systems with y = 2z 4 2, as well as for CoHy,
we have observed that in the low energy region
(below ~ 20 keV), the cross section has an en-
ergy behavior typical for the resonant electron
capture processes. The charge exchange cross
sections for these systems exhibit scaling prop-
erties, the validity of which has been extended
also to the collision systems with large number
of H atoms in the C;H, molecule (y > 2z — 1).
In the high energy region (above ~ 100 keV),
the cross sections for all systems investigated ex-
perimentally so far, also show scaling properties.
These cross section scalings have been used to
derive the cross sections for the systems with
y > 2z — 1, which are consistent with the known
values in the thermal energy region. For the non-
resonant charge exchange processes, the cross
sections have been derived by using the high en-
ergy scaling, the known thermal energy reaction
rate coeflicients and theoretical arguments based
on Demkov’s model and Massey relation (14).

The accuracy of the resonant cross sections
for which experimental data were found available
both in the low and high energy regions (CHy,
CoHy, CoHg, C3Hg) is estimated to be within
15 — 20%. Based on the accuracy of the high-
energy cross section scaling, all derived cross sec-
tions have an estimated accuracy of 30 — 40% in



the region above ~ 100 keV. In the energy region
below ~ 20 keV, the cross sections of derived res-
onant reactions (y > 2z — 1) have an estimated
accuracy of about 20 —30% (based on the acecu-
racy of the low energy scaling}, while the accu-
racy of the cross sections for non-resonant reac-
tions is much larger in this energy region {and
in fact is undeterminated). In the energy range
between ~ 20 keV and ~ 100 keV, the expected
accuracy of all derived cross sections in the range
20 — 30%.

We have also calculated the rate coefficients
of all considered charge exchange reaction in the
temperature range 0.1 eV - 20 keV for five val-
ues of the "{arget” energy. The accuracy of the
these rate coefficients is similar to that of the
corresponding cross sections in the region E ~
T.
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Appendix: GRAPHS FOR RATE COEFFICIENTS FOR CHARGE EXCHARGE REAC-
TIONS IN H* + C.H, COLLISION SYSTEMS FOR DIFFERENT VALUES OF TARGET KI-
NETIC ENERGY, E;.
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