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The critical fusion reactor design issue of tritium codeposition in tokamaks with carbon as wall
material is closely linked with the plasma chemistry involving hydrocarbons. A complete set of
cross sections for all important electron- and proton-impact processes with (ZH1-4)
hydrocarbon impurities and their ions (}‘Hls presented. The cross sections are derived on the basis
of most recent experimental information and well established cross section scaling relationships.
The cross sections are presented in closed analytic forms convenient for implementation in plasma
simulation codes. €2002 American Institute of Physic§DOI: 10.1063/1.1500735

I. INTRODUCTION (or cross sectionsenergy and momentum redistribution dur-
ing the collision, etc. Attempts to provide this information
The presence of hydrocarbon impurities in fusion edgehave been made in the past for the Qit=1-4) family of
plasmas(and, in particular, divertoyjsmay significantly in-  hydrocarbonSand for the heavier hydrocarbons;H;, and
fluence the properties and dynamic behavior of these plast33Hy.4 The widely used database in Ref. 7 has to be re-
mas through their cooling(radiative and dissociatiye garded as completely obsolete in view of the large amount of
potential’ fuel dilution, and their plasma recombination new experimental information on the corresponding pro-
capabilities? The hydrocarbon fragmentation dynamics is ancesses and the improved understanding of the physical
important ingredient of their transport in edge plasm#s) mechanisms governing these processes. Also the more recent
the studies of their radiation propertieand, most impor- databast on collision processes of higher hydrocarbons,
tantly, for the critical divertor design issue of tritium codepo- C,H, and GH,, does not adequately reflect the available
sition. If this problem is not solved, then the leading candi-experimental cross section information for these molecules
date material, carbon, for ITERnternational Thermonuclear and, in its most part, is based on unjustified physical assump-
Experimental Reactprand future fusion reactors would be tions about the dynamics of processes for which the cross
eliminated. sections are “derived{guessel Much more accurate cross
A quantitative understanding of tritium and carbon depo-section collections have recently been completed for charge
sition in divertors of magnetic fusion devices is not availableexchange processes of protons withHC (x=1-3; 1<y
at present. Subcomponents of this problem are the unres2x+2)® and electron-impact ionization of 8, (x
solved issues of the carbon sources at the walls, the transportl —3; 1<y<2x+2),° based on the most recent experi-
in the scrape-off-layer including, apparently, effects of largemental cross section information and on physically well jus-
scale convection and, finally, the hydrocarbon chemistry- andified and reliable cross section scaling relationships.
neutral transport mechanisms. In the present article we give a complete cross section
In this article we provide the atomic and molecular datadatabase for the most important collision processes of elec-
necessary to separate this latter issue from the two formdfons and protons with CH(y=1-4) and CH hydrocar-
ones, computationally by plasma edge simulation, andpon species, supplemented by the energetics of all individual
hence, to make these two better accessible to experimentigaction channels for these processes. The processes included
investigation. in the present database are:
The computational task of solving the multidimensional ~ €lectron-impact directl) and dissociativgDl) ioniza-
and multi-species hydrocarbon transport and chemistry prodion of CH,,
lem is largely in hand, due to availability of 3D Monte Carlo

kinetic transport codes for fusion edge plasfdsnder- e+CHyHCH;+29 (1a
standing(or quantitative modelingof hydrocarbon transport

or hydrocarbon radiative properties in fusion edge plasmas, —CH,_,+(H,H;) +2e (1b)
or their effects on the behavior and/or properties of these

plasmas, is, therefore, determined by the accuracy of the —CH,_ -+ (either H" or Hy)+(H,Hp)+2e;
knowledge of the characteristics of their collision processes (10

with plasma electrons and protons, such as rate coefficients . . L o
electron-impact dissociative excitation of Clb neu-

trals (DE),
@Author to whom correspondence should be addressed. Electronic mail:
d.reiter@fz-juelich.de e+CHy—e+CH,_+(H,Hy); (2)
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electron-impact dissociative excitation of (}‘Hions TABLE 1. lonization (I,))/ appearanceA) potentials(from Ref. 13 and

(DE) reaction energetics for ionization channels of Qit=1-4) (from Ref. 14.
e+ CH;_”H' CH;—k'i” (H,H) (39 l,orA, E.) E (diss. products
. . Reaction (eV) (eV) (eV)
—e+CH,_+ (either H" or H;)+(H,H,); (3b)
. . o ) e+CH, —CH;+2e 12.63 12.63
electron-impact dissociative ionization of CHions _.CH;} +H+2e 1495  17.49 3.2
(DD, —CH; +H,+2e 151  18.83 3.7
+ + . + ) —CH"+H,+H+2e 199 235 36
2e+CH, —e+CH_, + (either H" or Hy)+(H,H,); (4) Gt 4 2H 1 e loe  oa6 s
electron dissociative recombination with (;Hions —H"+CHy+2e 18.0 207 3.0
(DR) —Hj +CH,+2e 201 256 6.0
e+CH; —CH,_,+(H,H,); (5) e+CHy —CHj+2e 9.84 984
. i —CHj +H+2e 1512 20.4 5.3
and proton-impact charge and atom exchange reactions —CH' +H,+2e 15.74 21.64 6.0
(CX) —.C+Hy+ H+ 2e 1950 28.84 8.0
" N —HT+CH,+2e 18.42 248 75
H"+CHy—H+CH, (6a) . H} +CH+2e 2018 282 6.0
—H,+ CH;,l , (6b)  e+CH, —CH;+2e 10.40  10.40
. ) —CH"+H+2e 1553 204 5.0
where in Egs.(1b), (10), and (2)—(5) all (importan} frag- _.C* 4+ H,+2e 1467 214 65
mentation channels are supposed to be included. By the pa- —H*+CH+2e 18.01  23.4 6.4
rentheses (H,5) we mean the appropriate numb@rany) —H; +C+2e 1883 255 6.5
of neutral hydrogen atom or neutral hydrogen molecule req, oy, _ o 42 1113 1113
action products in each .Of thgse_ ch_annel;. _ .C"+H+2e 1474 18.35 4.31
The processe@) of dissociative ionization of Cﬁ ions —H*+C+2e 17.07  23.0 5.94

are expected to be of less importance than procé8sgand
(3b), at least in the rather cold divertor plasmas, due to their

large energy thresholds=(25 eV). However, we include

them in the present analysis for completeness, and because _( ) o

they may be relevant in low recycling limiter tokamaks and!0SS ©of the incident electroB, * and total kinetic energy of
stellarators. The cross sections for the above processes dRaction product&y, (taken from Ref. 1)1 The energyEy
obtained either from the most recent experimental data or of$ distributed among the products according to

the basis of established scaling relationsfips the follow- o

ing sections we briefly discuss each of these types of pro- E':W Ex. 7
cesses, with emphasis on the way of determining the corre- J

sponding cross sections. The cross sections are presented lgreM is the mass of produgt andu is the reduced mass
analytic expressions having proper physical behavior at botbf the products.

low and high collision energies. In the energy regions where  The cross sections, ando, of reaction channels listed
experimental data are available for a given process, thesa Table | can all be represented by analytic fit functions of
analytic cross section expressions represent a least-squaretfie form

of the data. N

1071 I\t
o= Fi- Alln Z (1_E> }(cmz), ®

II. ELECTRON IMPACT IONIZATION OF CH, (I AND DI . . . .
CTRO cTio ON OF CH, ( ) whereE is the collision energyin eV), |, is a parameter

Very accurate {10%) partial cross sections for the di- close (or equal to the appearance potentigxpressed in
rect and six dissociative electron-impact ionization channel€V), andA; (j=1,... N) are fitting coefficients. The num-
for the CH, molecule have become available recently fromberN of these parameters was chosen to ensure a rms devia-
two experimental group¥:*' Experimental data of similar tion of the fit better than 2%—3%. The values of fitting pa-
accuracy have been recently reported also for the diredameterd . andA; for all reactions in Table | are given in the
(CH, —>CH++e) and the dominant dissociative (GH Appendix. The total ionization cross sections for CHy
_>CH+ ot H e) ionization channels of the+CH, (y =~ =1—4) molecules have also been fitted by E&).and the
=1- 3) collision system& For the other important "disso- corresponding coefficients, and A; are also given in the
ciative channels of CiH(y=1-3) molecules, the corre- Appendix.
sponding cross sections were derived in Ref. 9 by using the We also note that the total electron-impact ionization
additivity rules for the strengths of chemical bonds. Table ICross sections
shows all important ionization channels ie+CH, (y GOl g ot
=1-4) collisions. The ionizatiofor appearanogpotentials 1+DI* =1 T I
(threshold energigdor all these channels are also given in for CH, molecules can be represented by a single analytic
Table I (taken from Ref. 18 together with the mean energy expression of the parametgi(accurate to within 10%—20%
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1 \31 TABLE II. Neutral dissociative channels of GH branching ratiosRpe ,
0_}0+t pi(CHy)=84.001+ 0.373/)( 1- Ep) E threshold energie€,, (from Ref. 13, mean electron energy lo€s},’ , and
mean total kinetic energy of producg,,( (from Ref. 14.
X In(e+0.0%E)(x 10 6 cn?), 9) —

_ o . _ En=EY’  Ex (product$
where |, is the ionization potential of CH(in eV), e  Reaction Channel Rpe (eV) (eV)
=2.718 28 ., andy is the number of H atoms in C)‘-" e+CH, —CHs+H+e 0.760 8.8 4.4
[The collision energyE in Eq (9) is also expressed in units “\CH,+H,+e 0.144 0.4 47
of eV] The linearity ofoHD'(CHy) ony is a direct mani- —CH+H,+H+e  0.073 12.5 45
festation of the above mentioned additivity rules. Similar lin- —C+2H,+e 0.023 14.0 6.0
earltlgs ony show a|.SO. the partial cross sectlon_s for. SAME | CH,  _.CH,+H+e 0.83 95 47
reactlon'productg.T'hls is a result of the energy invariance —CH+H,+e 0.14 10.0 55
of reaction branching ratios, observed for energies above —CH+Hy,+H+e 0.03 15.0 7.0
- 9,15

30 eV. e+CH, —CH+H+e 0.90 8.5 4.25
—C+H,+e 0.08 8.2 4.9

—C+2H+e 0.02 14.0 6.2

IIl. DISSOCIATIVE EXCITATION OF CH, TO etCH  —CiHte 10 70 35

NEUTRALS (DE)

There are no direct experimental measurements or theo-
retical calculations of dissociative excitation of Clrol-
ecules y=1-4) to neutral produciseaction(2)]. The cross Here we have introduced the notatier{fA/B) for the
section measurements for GEind CH radical productionin  cross section of a collision proceBs- --- — A+ ---
e+ CH, collisions reported in Ref. 16 are not consistent with  The neutral dissociative channels of Chiolecules are
the accurate measurements of Refs. 10 and 11 for the two iagshown in Table Il together with their branching rati@ge .

DdeUCtiOﬂ channels CH-CHz+H"+e and CH—CH,  This table also gives the mean energy I&§’ of the inci-
+H, which contain the same radicals. Therefore, we adopgent electrongequal to the reaction threshold energgnd

the approactifollowed also in Ref. Y to represent the total o mean total kinetic energy of the produc&;i (taken from
cross sectiom g as difference of theotal dissociation cross Ref. 14. It should be noted that f&=30 eV the branching
section for a Ckj molecule,o 5" and the total dissociative |atios Roe do not depend on the enerdywhile for E
tot
ionization cross sectionp) , i.e., <30 eV the behavior of the cross sectiong(A) is fully
oot OL(CH,) = O'tOt(CHy) O'tOt(CHy) (10) determine&c)it by the position of the threshold. The total cross
sectionsop(CH,) for all CH, (y=1-4) molecules, the de-

tot
While op;(CHy) is known for all CH (y=1- 42 tmolecules termination of which was described earlier, can be repre-
(see preceding sectlon and the Appem,dnro(CHy) IS sented by a single function
known only for CH,.’
By virtue of the additivity rules for the strengths of Sl _E_ 1
chemical bonds one can expect that the total cross sections pe(CHy)=34.61+0.2%)| 1 E

o5e(CH,) and o1% 5, (CH,) are proportional to each other. ><|n(e+0.1$)(><10‘16cmz), (12)
Knowing the ratiooS/a\%'p, for CH,, one can then deter-

tot
mine the total cross sectionspe for all other CH (y wherey is the number of H atoms in CH the collision and

=1-3) molecules, at least f6=30 eV where the additiv-  , o5n01d energie¢E and E,) are expressed in eV, arel
ity rules are strictly valid. For energies below30 eV, the =2.71828 . . . Thepartial cross section for a particular neu-

magnitude ofope(CH,) are determined by its threshold be- . qissociation channel GH-A+B is now given by
havior (1— Eth/E) with @=3.

For determining the cross sections of different neutral
dissociation channels, one needs to invoke the fact that the
dissociation of CKl to neutrals and the dissociative ioniza-
tion of CH, are governed by a common physical mechanism:;
excitation of a dissociative state which lies in the ionization

continuum®®° Autoionization of this state leads to dissocia- . ) :
AR o . . L types, the branching ratid®, for the various channels are
tive ionization, while its survival leads to dissociation to neu-

trals. On this basis one should expect that the contributior?'ven mdepen_dent of the_ collision e”.e@A possible re-
+ inement of this, accounting for the distinct threshold ener-
Rp, of dissociative ionization channel GH:-A™+ ... +e

tot giesEy, i of these individual channels, is given by the reduc-

ope(AICH,) =Rpe(A/CHy) oSE(CH,), (13

where the values of branching ratiBge(A/CH,) are given
in Table II.
Here, as well as in the tables below for the other reaction

to o) (CH,), and the contributiope of d|ssomat|ve chan- tion formula:
nel CH—A+ --- to o3c(CH,) are equal, i.e., '
O-DE(A/CHy) + O-DI(AJr/CHy) EQK(E)=O for E< Ethk
tOt (CH ) _RDE(A)_RD|(A )_ tOt(CHy)
(11 and
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R k-1 TABLE Ill. Dissociative excitation channels of C;H branching ratios,
F?k(E)= k 5 — E ﬁj(Eth k) ESE’ threshold energies, (from Ref. 13, mean electron energy loss,
1-(1-R )( Eth,k) j=1 ' E{,?, and mean total kinetic energy of produdgs, (from Ref. 14.
—(L=R| —=
E —
En=EY’ Ex (product$
for E=Epy. Reaction Channel Rbe (eV) (eV)
The indexingk andj of the channels in this formula, for any e+CH; —CHj+H+e 0.360 5.2 3.6
particular process DE, DI, DR, etc., has to be such that the —CHy+H"+e 0.315  8.04 2.6
channels are ordered with increasing threshold enExgy. H(C::fHHf: 8'3‘712 g;#) 2460
. . — > 2 . . .
Eurthermore, these mod|f_|ed energy dependent branching ra- LCH™ +H,+ Hie 0068  10.0 v
tios have to be renormalized, for each energy, so that their —Ct+2H,+e 0.044  10.4 3.7
sum overk becomes 1. .
e+CHj —CH; +H+e 0.256  10.6 5.3
—CH,+H" +e 0515 116 25
IV. DISSOCIATIVE EXCITATION (DE) OF CH} BY —CH e 0125 129 o1
: y —CH+H; +e 0.048  11.8 0.8
ELECTRON IMPACT —C'+H,+H+e 0056  14.0 45
Total cross section measurements for the electron-impaet-cH; —CH"+H+e 0.195  12.0 7.0
dissociative excitation of Cﬁ ions, reactiong3a) and(3b), —CH+ H*++e 0.675 9.0 2.4
have not been performed so far. However, experimental cross —C+H+H" +e 0040  14.2 3.3
; : —C*+H,+e 0.056  11.0 6.8
section data have become available recently for theaHd +
il X X e ; —C+Hj +e 0.021  11.8 3.3
!—lz ion production channels in electron .coII|S|ons Wlth S’JH Ct4oH+e 0013 155 6.8
ions (y=1-5)2%?! for the C"-production channel ire X X ,
+CH" collisions? and for the H production channel in ¢*CH  —C tHve 0.00 12 8.2
+CH' collisions?® —(CH)** =C*+H+e 1.0 2.5 4.0
e 2 - . _ —C+H"+e 0.91 5.0 2.0
The measured H, H; - and C"-production cross sec- El)_gs

el T

tion contain contributions from both DE and dissociative
ionization DI processes. Thus, the hproduction cross sec- Experimental threshold energies, Refs. 20 and 21.

tion in e+ CH" collisions is the sum of the cross sections for CPtained from potential energy curves of CkRef. 25.

C+H" (DE) and C"+H" +e (DI) channels. Similarly, the

Q*-productlop cross section - CH™ collisions(measured  cjation limit. The CAD process exhibits a much smaller
in Ref. 22 is the sum of the cross sections for'C ihreshold energy than the DE process. Thus, the “vertical”
+H(DE) and C +H" +e (DI) channels. For the+CH" pE) threshold for this channel is about 5.0 @\This indi-
system, the cross section for the DE channeti  (ates that the observed Fproduction cross section contains

has been measured independentljn storage ring 5o a(relatively small contribution from the CAD process.
experiment¥), thus allowing us to separate the contribution In contrast to this, the “verticalDE) threshold for the C
of the DI channel in the H production cross section for this +H dissociation of CH is =12.2 eV while the experi-

collision system. . mental threshold for this channel 482.5 eV ?? This means
As we will see later, the separation of DE and DI con-ihat  the observed experimental cross section  for

tributions in the H- and H; -production cross sections is C*-production, at least in the energy range below tHe C

possible also for other GHions. +H* +e reaction threshold=29.0 e\?), is almost entirely
A. Capture auto-ionization dissociation ~ (CAD) versus due to the CAD process. The contribution of the direct DE
“proper” DE process to the C+H dissociation channel in the energy

ltis | ant t te that th di iati ithout range above-12.2 eV can be estimated from the threshold
IS important to note that the C;H issociatior(withou energy behavior of direct DE procesdasge Eq.(14)]. For

lonizatio) may proceed via two mechanisms: a dirECtthe cross section ratio of G- H and H" + C DE channels of
mechanism, corresponding to the excitation of a dissociativ%H+ dissociation this gives (5/12.29=0.11, i.e

state o+f CI-;f (by “vertical” trangitio_n fr_om the grou_nd state ope(C/CH™) contributes about 10% to'°L(CH*) in the
of CH,), and a capture-auto-ionization mechanism, COM€anergy region sufficiently far from both thresholds.
sponding to capture of an incident electron on a doubly ex-
cited dissociative Rydberg state (:*Hof the CH, molecule,
the auto-ionization of which leads to dissociation of ;pH
Both mechanisms produce the same reaction prod(ithe Next we discuss the cross sectiong(CH; ) for the
survival of the doubly excited dissociative state against autodirect electron-impact dissociative reactions of)ﬁ:lfbns.
ionization contributes to the dissociative recombination of  Using the similarity of electron impact dissociative ex-
CH; ions, see Sec. V. citation processes of GHand CI—;F systems, one can adopt
Only the first of these two mechanisms is a proper DE~(in accordance with the additivity rulethat the increase of
process. The capture-auto-ionization dissociati@AD)  total dissociative excitation cross secti@ﬁtE(CH; ) of CH;
mechanism is an “indirect” process and requires the exisions with increasing the numbgrof its H constituents is the

tence of “core-excited” states of C;)'—|with the same disso- same as that th[‘,"E(CHy), at least in the energy range above

B. The direct (“proper” ) DE processes
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~20-30 eV. With the known value of theS(CH") cross  +H products to be=4.0 eV.(The Ey, andE values for this
section[obtained as sum of the experimentge(H"/CH™) process are also given in Table JIThe closeness of ob-
cross sectioff*?? and the above estimated 10% contributionserved energy thresholds of*H and H -DE channels of
of ope(CT/CH") to oSE(CH™)], one can then determine CHy+ (y=2-4) ions with those which can be calculated
ope(CHy) for all other CH; (y=2-4) molecular ions. from thermochemical tablé$ (see also Ref. 14dindicates
Using the known cross sections for thé ldnd H, pro-  that the CAD contribution to the H and H; -ion production
duction cross sections in dissociative ionization for aII;,CH is negligible. However, with regard to the CAD contribution
ions considered here, the valuesadft(CH; ), and the lin- to C*-ion production dissociative channels for these ions
ear dependence of fractional contributicRéE(AWCH;) of  listed in Table Ill, in the absence of any experimental cross
the channels CJ#—~A"+ ... to o[5c(CHy) ony, one can section information, or potential energy calculations of ex-
derive the values of branching ratié&gE(A*/CHy*) for all  cited Cl-c (y=2-4) states, it is difficult to make an esti-
dissociative excitation channels of gtans.l“The values of mate of corresponding CAD cross sections. The resonant
Rpe for the various dissociative excitation channels of;CH structures observed in the dissociative recombination cross
are given in Table Ill. In this table are also given the thresh-sections of these ionsee next sectigrin the energy region
old energies ), the mean electron energy IosEfs() above 1-2 eV can be taken as an indication that the CAD
=Ey), and the mean total kinetic energy of dissociatedmechanism contributes to the"@on dissociation channels
products EK) for all dissociative excitation channels of in these collision systems. The magnitude of this contribu-
CH; ions (taken from Ref. 1% tion, however, cannot be estimated at present.

The total dissociative excitation cross sectb:fﬁ;(CH; )

for all CH; ions can be represented by a single analytic fit
function V. DISSOCIATIVE IONIZATION (DI) OF CH; BY

ELECTRON IMPACT
ope(CH))=29.41+0.71(y—1)]
- We now discuss the cross sectiong, for dissociative
( B @) cl ionization of CH ions [reaction(4)]. As we mentioned at
E E the beginning of the preceding section, the total DI cross
section for CH ions can be derived as difference between
XIn(e+0.9E) (x10 %cn?), (14 the experimegtal H-ion production cross section for this
where collision and threshold energié® and Ey,) are ex- ion®® and independently measured cross section for the C
pressed in units of eV, are=2.71828 . . . Thepartial cross +H" dissociative excitatioA? This procedure determines
sections for individual dissociative excitation channelsod|(CH") up toE=70 eV. There are also theoretical calcu-
CHy+—>A++ --- are then given by lations for this cross sectidi,which agree witho S (CH™)
derived from the experiments, and extend the cross section

+ NPt (At +y _tot +
ooe(A"/CHy ) =Rpe(A"/CH, )ope(CH, ), 19 into the KeV region.cSI(CH") has a maximum at about
with RS (as well asEy) given in Table IlI. 80-100 eV.
The main reaction channels of dissociative electron-
C. The CAD processes impact ionization of Clﬁl ions are given in Table V. All of

these are H-ion production channels. Therefore, the total DI
cross section for a given GH ion is o(CHy)
~aD,(H+/CH;) and can be determined from the total ex-
e+CH"—(CH)** —e+C"+H perimental H -ion production cross sectiéh?! by subtract-

can be obtained from the experimental data of Ref. 22 on thid from it the part'f‘l"DE(HJr/ CH, ) cross section, given by
C*-ion production cross section by subtracting the contribu£d- (14) and theRpg(H ") value from Table IIl. The cross
tion to this cross section coming from the DI channel C Sectionso;(CHy') obtained in this way up t&=70 eV[the

+H" +e in the energy region above 29.0 dthe threshold 'ast ~experimental energy for the ope(HT/CHY)

of this DI channel. This subtraction was done in such a way +op(H"/CH) suml can be extended to higher energies
that the energy dependencecfp(C*/CH*) in the energy  bY assuming that the ratiosp,(H*/CHy)/o5(H*/CH")
region above~35-40 eV is the same as the energy depenremain the same as their values in the energy range 40-70
dence of UDE(C+/CH;) cross section. The obtained €V (in which these ratios are essentially energy independent

oeap(CH/CH") cross section can be represented by the andknowing o (H*/CH®) in the entire energy range and the

The cross section for the capture-auto-ionization disso
ciation process

lytic fit expression above ratios for each ion, the total DI cross sections
opi(CH))=~op (H*/CHy) for all CHy ions can be repre-
Ep|*°1 sented by the analytic fit function
O'CAD(C+/CH+):20. l—E E

opi(CHy)=30.11+0.086y—1)]
XIn(e+0.9E) (x10 %cn?), (16)

E h 1.551
whereE,=2.5 eV. From the potential curves of dissociative X ( 1- Et) E
states of CH ion converging to the C+H dissociation
limit,?® one can estimate the total kinetic energy of the C XIn(e+0.5E)( X 10 ). (17
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TABLE IV. Main reaction channels in dissociative ionization of ;:H TABLE V. Values of fitting parameters in E¢19) for dissociative recom-
branching ratiosRy, , threshold energie&y, (from Ref. 13, mean electron  bination ine+ CH;r systems.
energy Iossﬁe[) (=Ey), and mean total kinetic energy of ionic products,

Ex(ion.prod.) [Ex(neutr.prod.)=0]. Coliision system A a @ B
— e+CHj 3.0 0.1 1.25 1
En=EY’ Ex (ion.prod) e+CH; 4.8 0.8 1.10 05
Reaction Channel Roi  (&V) (ev) e+CH; 6.7 1.2 1.15 0.5
+
e+CH; —e+CHj+H"+e 035  27.05 11.78 etcH 3.16 0.13 075 10
—e+CH, +H+H" +e 0.24 3248 11.78
—e+CH +H,+H +e 022  33.09 11.78
—e+C"+H,+H+H"+e 019 36.76 11.78
2 opi(ATICH; ) =Ry (A*/CHy ) o5 (CHY). (18
e+CH; —e+CHj+H"+e 040  30.81 11.78 ; i ' i
et CH 4+ HAH +e 031 35094 11.78 There is, however, no experimental basis to determine the
—e+C +H,+H +e 0.29  35.09 11.78 branching ratio®Ry, . In the absence of such information, we
shall determineR}(A*/CH;) from the threshold behavior
e+CH; —e+CH'+H"+e 055  30.41 11.78 tots n-+ P'( . ) ; "
—e+C +H+H" +e 045  34.15 11.78 of ~op|(AT/CHy), which is =[(E-Ey)/E]*=(E

—Ey)“/Ef, when E—Ey. Assuming that any two
e+CH™ —e+C'+H'te 100 290 11.78 R5(A1/CH;) andRf, (A3 /CH;) branching ratios have the
same energy dependenéié any) in the regions near the
thresholds ofA] +H" andA; +H™ channels, respectively,
one finds

In the region below~40 eV, the cross section behavior
is dominantly determined by the threshold factor (1
— Ew/E)"*. We see that5(CHy') has a rather weak linear
dependence oy. wherea=1.55[see Eq.17)]. By using such ratios and the
The DI reaction channels not included in Table IV con-condition that the sum of aRp, (A;"/CH,) should be one,
tain CH and Hj reaction products. Their cross sections canwe have determined ttRy, values given in Table IV. Under
in principle, be determined by subtracting;E(H;/CH;) the assumption made in their derivati@gual energy depen-
from the experimentally known F+on production cross dence ofRp, in the threshold regionthe extension of ob-
SECtiOﬂS,U’DE(H;/CH;)+0'D|(H;/CH;).21 However, the tainedRp, values to high energies is justified.
H, -ion production cross sections are about an order of mag-
nitude smaller than the Hion production cross sectioRs.  VI. DISSOCIATIVE RECOMBINATION (DR) OF
Moreover, the thresholds of HDI channels are always ELECTRONS WITH CHy
larger than the thresholds of'HDI channels, which further Total cross section measurements for the dissociative re-
reduces their cross sections with respect to those of the Hcombination of electrons with CJ—| (y=1-5) have been

DI channels. o performed in both merged beafhsand storage ring
The threshold energies in Table IV for DI channels Wereexperiment£328-%|t appeared that due to a calibration er-
determined in the following way: ror, the data reported in Ref. 28, used in the database by

For the CH ion, the “vertical” energy to reach the g factor of 2 too largé® The present database uses the most
(C*+H") potential energy curve from the energy minimum

of CH" ground electronic state is 29.0 &%t lies 11.78 eV

above the (C+H™) dissociation limit(infinite internuclear ~ TABLE VI. Dissociation channels ire+CHy recombination: branching
distances The amount of 11.78 eV is the Coulomb interac- ratios,Rpg , and total kinetic energf(®) of products(in their ground states
. o and forEg=0, from Ref. 14.

tion energy of C and H" ions after the Franck—Condon

th,
En,

Rg,(Af/CH;)/Rgl(A;/CH;)~(

transition from the CH ground electronic state to (C  Reaction Channel Ror EQ (eV)
+H™) dissociating state_ is accomplished. Thiisteractiorn) o+ CH; G+ H 021 .17
energy depends on the ion charges only and has been added —.CHy+ H, 0.09 783
to the calculated dissociation energiasing thermochemical —CH,+H+H 0.43 3.30
tables, Ref. 1Bof all DI channels in Table IV. The charged —CH+H,+H 0.25 3.42
reaction products share the amount of 11.78 eV according to —C+HytH, 0.02 4.43
Eq. (7). The neutral products in DI channels of Table IV have e cpy; —CH,+H 0.40 4.97
zero kinetic energy. —CH+H, 0.14 5.10
As in the case of other types of reactions considered in —CH+H+H 0.16 0.64
the present article, one can expect that the branching ratios —C+H+H 0.30 1.57
RD|(A+/CH;) for individual DI reaction channels produc- e+ cH; _ CH+H 0.25 6.0
ing A*+H" ionic products in &+ CH; collision should be —C+H, 0.12 7.00
energy invariant for energies well above the threshold. —C+H+H 0.63 2.47
Therefore, forE=50-60 eV, the partial DI cross sections o, cpy+ —.CtH 1.0 7.18

for a given Cﬁ ion can be expressed as
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23,28,29 TABLE VII. Charge exchange reaction channels if HCH, thermal col-

lisions: Total thermal rate coefficient&S}, branching ratiosR.,, and re-

action exothermicitiesAE (from Ref. 14.

recent storage-ring data for (;I—(y=1—3) given in
the energy range-10 “-20 eV, and only for CH it uses
the corrected data of Ref. 2(gjiven in the energy range

~10 3-4eV). In the energy region above 1-2 eV, the Reaction Channel K (10°cm’/s) R, AE (eV)
At ; t +

total recombination cross secF|on§R(C_Hy) show resonant_ H+CH, —H+tCH; 38 0.4 19

structures, pronounced particularly in the energy region . Hy+CH: +e 38 0.6 2.96

around 5-10 eV where the thresholds of competing dissocia-

. . . . . +
tive excitation processes lisee Table I. After averaging ' *¢He  —H+CHs+e 3.4 10 378
over these resonances, the cross secti@ﬁg(CH;) (y H*+CH, —H+CH;+e 2.8 0.36 3.2
=1-4) can all be represented in the form —H,+CH'+e 2.8 0.64 5.17
A H*+CH  —H+CH* 1.9 0.31 2.47
opR(CH) = =s=——=75 (X 10 'cn?), (19 —H,+C* 1.9 069 528

~ E*1+aE)*?

e . . aThese exothermicities are absorbed by reaction products.
where the fitting parametess «, a andB are given in Table Y P

V andE is expressed in eV units. The value of parameters

:S clofse(gr e<|:|(ua] o one, In a;:coFrzdz:ncezélwtggthe V(\j/|g3n0erf] family of hydrocarbons. We first note that the thermal rate
aw for break-up react|_0ns. n Rels. 23, , and 59 t ecoefficientchx for the sum of reactiong6a) and (6b) are
branching ratioskpg of different dissociative recombination

h Is h b d for'CKCH® and CH | known from astrophysical literatufé.This information, to-
channels have been measured for,GHCH; and CH; ions, gether with the estimated branching raR) , R (on the
respectively. The branching ratios for (}‘Hons y=1-4)

. . n basis of exothermicities of these chanpelan serve as a
are given in Table VI, where the values of&Rfor CH, are : : -, :
' 4 basis to determine the low-energy limit for the cross sections

obtained by interpolation between colrresponding ra_tios_ fo[)f reactions(6a) and (6b). Moreover, using the orbitingpo-
the CH; g‘;d CH ions. Table VI also gives the total KiNetic |4 atior mechanism for the charge and particle exchange
energyEy”’ of the dissociated products for a zero electron o tions in the thermal energy rangE=<(0.05 eV), the

Impact energy and when the products are in their ground,,ss sections of reactiori6a and (6b) can in this energy
state.” If the electron impact energy in the center-of massregion be written &5

system isE, the total kinetic energy of dissociated product is

Ex=E+E{. The products from the dissociative recombi- @K

CX CX _
nation process, however, are most probably excited, which Ugi):7'26 EL2 (X10 *en?), (2D
follows from the nature of the maidirect mechanism for By, tot
this procesgelectron capture to a doubly excited repulsive o702 Rex Kex (X 10~ L6cn?) 22)
state of the Ckl moleculg. Because of the large excitation ox — L2 cEY '

energy of H atoms, and in view of the experimental evidenc
for the case of CH ion® it is most probable that foE
=10 eV only the CH, (y=0-3) recombination products
are in excited states. The experimental evidence withethe
+CH" recombinatiof® indicates that the lowest excited
states of Ckl products are “core-excited” states, the exci-
tation energies of which are relatively smal-{ -2 eV).
For this amount the values & in Table VI should be
reduced[For instance, the+ CH* recombination below 9.0
eV leads to formation GD)+H(1S) and C{S)+H(1s)
fragments, the first channel havinlgpr=0.75 and E{
=5.92 eV, while the second channel hRgr=0.25 and
E(®=4.50 eV?®] Knowing the values of branching ratios
Rpr, the cross sections for individual dissociative recombi-
nation channels Cfl—>A+ B+ --- are given by

Swhere the collision energg is expressed in eV\R® and
R(® are the branching ratios of reactioft&) and(6b) in the
thermal energy region, a ‘OX‘ is the total rate coefficient for
both (6a) and (6b) channels expressed in units of
10" ° cm’/s. The second term in the denominator of E29)
reflects the fact that the cross section of particle exchange
reactions decreases faster than that for pure electron capture
when the collision energy becomes larger than the typical
thermal energies. The values K%, R ® are given in
Table VII, together with reaction exothermicitiesE for
each channel(For H"+CHs;, only the electron capture
channel is exothermic.The parameters and y are c=0.5
andy=2.5 for the H +CH, and H"+CH, reactions, respec-
tively, andc=0.01 andy=3.5 for the H"+CH reaction.

The cross sections for these reactions have not been

UDR(A/CH;):RDR(A/CH;)UtStR(CH;)- (20) measured for collision energies above the thermal ones, ex-

cept for the pure electron capture process in theHCH,
VII. CHARGE EXCHANGE AND PARTICLE EXCHANGE collision system. For this particular system, experimental
PROCESSES cross sections are available from40 eV/amu up to the
MeV/amu regiort>~2® With the recent data for the ©

The cross section database for charge exchajge +CH, systent® which is electronically almost identical to
charge transfer, or electron captupeocesseésa), as wellas  the H" + CH, system(H and O have almost identical ioniza-
for particle exchange processb), was discussed in detail tion potentialy, the collision energy range with available
in Ref. 8 together with the similar processes of higher hydrocross section data is extended down to 12 eV/amu. In this
carbons, GH, and GH, . Therefore we shall here describe entire energy range, the electron capture cross section for
only the main aspects and results for the Cy=1-4) H* +CH, shows a typical resonant cross section behavior
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TABL_E VIII. Values of fitting parameters; in Eq. (23) for electron capture @ cy caexp(—Cs /Ece)
eactons Tox T EDST C,E% T ESTH CgESS Ot Gy

+ + + +
c H"+CH, H*+CH, H*+CH, H*+CH (x 10 5n?), 23
zi 542.30 31;5'90 g.'ggs gﬁgl whereE is the collision energy expressed in units of eV, and
Cs 23 25 3.0 3.0 c; are the fitting parameters. The valuesopfare given in
C4 46.2 51.3 20.95 20.2 Table VIII.
Cs 0.00 0.00 1.55 5.3
Ce 057 0.35 VIIl. CONCLUDING REMARKS
¢ 0.094 0.096 0.00 0.00 We have presented a complete cross section database for
28 9.01120 2'02100 235;;2 1'12>1< i‘; all important collision processes of electrons and protons
cjo 2845¢10°®  55x10°2 586102  1.10¢10 2 with hydrocarbon Ckl (y=1-4) molecules and their ions
iy 3.8 43 4.26 4.3 for use in fusion applicationghydrocarbon transport model-
Cip 5.81x 10" % 0.00 0.00 0.00 ing and diagnostigs In this database we have used the most
Ci3 4.4 recent experimental data and information regarding the

mechanisms governing the considered reactions. In particu-
lar, semi-empirical cross section scaling relationships, origi-
nating from the stability of chemical bond strengths with
respect to external perturbatiotf€!* have been used for de-
riving the electron-impact reaction cross sections when such

(logarithmic increase with decreasing the collision engrgy were not avaﬂablt_a in the Iltgrat_ure. Similar scaling relation-
ships were used in the derivation of charge exchange cross

and_ smoothly joins the cross section E®l) in the ther_mal sections of CH (y=1-3) with protons.
region. In Ref. 8 it was argued that the cross sections for . . s
All cross sections are represented in from of analytic fit

H'+CH, sy;tem should have a similar resonant E)ehavior. I?unctions valid in a broad energy rangeom threshold, or
was shown in Ref. 8 that theHCXHY_’H+CXHV reac  thermal energy region for exothermic reactions up to several

tions with y=2x all have resonant character and on thaty o, ¢, electron impact, and several hundred keV for proton
ba3|s_ a cros_s section scal!n_g relation was reve_aled for the?leﬁpact reactions For dissociative processes, all important
reactions in the collision —energy region below yisqqciative channels have been included in the database.
~20 keV/amu. The validity of another scaling law was dem- g accuracy of presented cross sections for electron-
onstrated in Ref. 8 for all F+CiHy systems in the energy impact processes is within 10%—15%, when the cross sec-
region above~100 keV/amu. These two scaling laws were tjons are obtained from experimental sources, and 15%—30%
used in Ref. gtogether with a plausible interpolation in the \yhen they are derived from scaling relationships. The charge
range 10-100 keV/amuo determine the cross sections for exchange cross section for Gl believed to be accurate to
the collision systems for which no experimental or theoreti-yithin 15%-20%, while for the other molecules the cross
cal cross section information is available in the literature.section accuracy is lowdr30%—40% for energies below
(For the systems H+ C,H, , with y<2x, additional criteria  ~1 eV and above 1 keV, and even higher for the energies in
were used for determination of;, in the energy region be- the range 1 eV to 1 keV The average energy lost by the
low ~20 keV/amu) reactants and/or gained by the reaction products is provided

The derived cross sections for electron capture channegbr each of the considered reactions. Because the energies of
(6a) were analytically represented in Ref. 8 by analytic fitexcited(dissociative states of Cki molecules and C{ ions
functions using Chebishev polynomials. In order to ensurere known only for CH and CH, the estimated average
correct cross section behavior outside the range of fitted datanergy loss/gain values for electron-impact processes for
we take here an analytic fit function of the form other systems may have an uncertainty of 1-2 eV.

APPENDIX: FITTING COEFFICIENTS FOR IONIZATION CROSS SECTIONS

Values of the fitting coefficients in E¢8) for the total and partial ionization cross section®iiCH, collisions. For each
procesd . andA; (i from 1 to N) are listed. 5.1090E 02 means 5.109010%.

e+CH
(a) Total cross section
Process I A,i=13
Ai y | = 4,6
A, i=78
e+ CH— total ionization 1.1200E+01 1.2258H8-00 —3.0764E+00 2.6182E-01
—1.4891E+02 4.32245-02 —6.6387E+02
5.1090E+02 —1.5314E+02
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(b) Partial cross sections
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Process I A, i=13
A, i=46
e+CH—-CH"+2e 1.1300E+01 1.4439B-00 —1.2724E+00 —2.2221E+00
9.2822E+00 —1.5506E+01 8.27788-00
e+CH—-C'+H+2e 1.48008-01 4.3045E-01 —4.1305E-01 —56881E-01
3.2957E+00 —5.6549E+00 3.4295B-00
e+CH—-C+H"+2e 1.7140E+01 4.4144E-02 —1.8579E-02 —4.1046E-01
2.3115E+00 —4.1040E+00 2.74368-00
e+CH2
(a) Total ionization
Process . A, i=13
Ai y | :4,6
e+ CH2—total ionization 1.0910E+ 01 2.9597E+ 00 —2.6451E+ 00 —3.7136E+ 00
8.9168E+ 00 —1.2872E+01 5.8594EF 00
(b) Partial cross sections
Process I A, i=13
Ai y | :4,6
e+ CH,—CH,+2e 1.0400E+01 1.7159E+00 —1.7164E+-00 —6.5529E-01
2.1724E+00 —5.4186E+00 3.16168-00
e+CH,—CH"+H+2e 1.5530E+01 8.1919E-01 —7.5016E-01 —3.8063E-03
1.4065E+00 —3.6447E-00 2.6220B-00
e+CH,—C"+H,+2e 1.7100E+01 3.8400E-02 —2.91786E-02 —0.98490E-01
0.73008E-00 —1.2111E+00 0.85722H-00
e+ CH2—>CH+H+ +2e 2.2300E+01 —5.8168E-02 8.2064E-02 5.2048E-02
3.1915E-01 —1.3363E-01 2.3477E-01
e+CH,—C+H5> +2e 2.4800E+01 2.7682E-02 5.0215E-02 3.7494E-04
5.1300E-01 —6.1525E-01 6.2835E-01
e+ CH,
(a) Total cross section
Process I A, i=13
A, 1=4,6
4.6634-01 —4.1606&+00 4.579%+00
(b) Partial cross sections
Process lc A, 1=13
A, 1=4,6
e+ CH;—CH; +2e 9.800CE+00 1.972%+00 —2.101E+00 1.059%-+00
—6.343&+00 8.014€E+00 —4.244¢E+00
e+ CH;—CH5 +H+2e 1.400¢+01 1.2824+00 —1.3906+00 6.299F—-01
9.452E-01 —5.362%+00 4.308F+00
e+CH;—CH"+H,+2e 1.600@E+01 1.1666-01 —1.1254&-01 1.5594£-01
—7.317FE-02 —2.130FE-01 5.529¢-01
e+ CH;—CH,+H" +2e 1.848@E+01 —2.166E-02 3.269%-02 —1.330&-01
1.147F+00 —1.943FE+00 1.582F+00
e+ CH;—C" +H,+H+2e 1.954@E+01 —9.527%-03 1.725E-02 —5.127%-02
4.075%-01 —6.584F-01 5.183%-01
e+ CH;—CH+H;+2e 2.018+01 —4.406FE—-03 8.607E-03 —2.0148-02
1.672&-01 —2.654E-01 2.111€E-01
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e+CHg
(a) Total cross section
Process I A, i=13
A, i=46
e+ CHgq—total ionization 1.263@+01 2.344%€+00 —2.6163FE+00 2.184F-01
1.089(+01 —2.971&+01 2.458E+01
(b) Partial cross sections
Process I A, i=13
A, i=46
e+CH,—~CH,+2e 1.263(E+01 1.354E+00 —1.466%+00 1.678E-01
6.180E-+00 —1.563&+01 1.076'E+01
e+ CH4—>CH;’+H+2e 1.401(E+01 1.6074&+00 —1.4713F+00 —2.738&-01
1.955&-01 1.134F-01 9.0166&-03
e+ CH4—>CH;+H2+ 2e 1.620¢+01 1.625Z-01 —1.070&-01 —3.225Z-01
8.712%-01 —1.874E-02 1.307E-01
e+ CH,—CH"+H,+H+2e 2.220C+01 —1.245&-01 1.628F-01 —3.339%-01
3.573&+00 —5.047Z+00 2.824E+00
e+CH,~C"+2H,+2e 2.200@E+01 —6.213&-02 447402 1.7054-01
—2.298F-01 7.742€—-01 —2.902¢E-01
e+ CH,—CH,+H;+2e 2.230@€E+01 —1.761%-02 1.834FE-02 —5.0664&—-02
2.611&-01 1.531&-01 —1.7314&-01
e+ CH,—CHz+H" +2e 2.110E+01 —3.469&-01 —1.6026-02 4.3296+00
—1.515%+01 2.476&+01 —1.087F+01
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