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Abstract

We estimate cross sections and rate coefficients for proton and electron impact

ionization, dissociation, and recombination of neutral and ionized hydrocarbon molecules

and fragments of the form CxHyk, x = 1-3, y = 1-6, k = 0,1 in a thermalized hydrogen-

electron plasma.

1. Introduction

The purpose of this work is to provide estimates of rate coefficients for use in

calculations of hydrocarbon transport in a hydrogen isotope plasma. We developed these

estimates for use in fusion applications, namely to study the transport of hydrocarbons

chemically sputtered from a carbon plasma-facing surface. The rate coefficients are

intended to be of reasonable “ballpark” accuracy, in keeping with the numerous

uncertainties present anyway in most plasma-surface interaction calculations (e.g.,

plasma parameters, sputter yields, transport coefficients). With this limitation in mind it

is noted that these rates may be useful for future fusion calculations and other

calculations involving carbonlhydrogen plasmas.

Two of the reactions considered, i.e., proton impact

recombination, are most important for fusion applications

1

ionization and dissociative
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conditions, with electron temperatures of roughly 1-3 eV. These reactions and their

application to chemical sputtering/hydrocarbon transport calculations are discussed in

[1-3], and rate coefficient estimates from [1-3] are summarized here.

The second two reactions considered, electron impact ionization and electron impact

dissociation, are not critical at low plasma temperatures but become more important at

roughly > 3 eV. For these reactions we have estimated the cross sections and then

computed the rate coefficients numerically as described below.

As discussed in [1,3] the accuracy of these estimated rates and cross sections, as checked

against known data, was found to be quite good, specifically with most comparisons

showing an error of within * 35%. However, the available data is limited making a

general accuracy estimate difficult.

2. Proton Impact Ionization–Rate Coefficients

The rate coefficients were estimated directly from molecular polarizability considerations

as discussed in Ref [1-3]. These are listed in Table 1.

As discussed in [2], for our purposes in low-temperature fusion calculations, we have

assumed that all reactions produce an even distribution of products, but the exact

distribution is uncertain.

For other hydrogen isotopes, i.e. D or T, the rates in Table 1 can be scaled by multiplying

by a factor equal to the square root of the ratio of the reduced mass of the reaction

constituents for a protium plasma to the reduced mass for the isotopic plasma in question.
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For example for the reaction D++ CD4 the first rate in Table 1 should be multiplied by

sqrt [ (1x16)/( 1+16)/(2x20)/(2+20) ] = 0.719, yielding a rate of 2.99 x 10 ‘g cm3/s.

3. Dissociative Recombination-Rate Coefficients

The rate coefficients were estimated directly by scaling of data/estimates at thermal

energies, scaling from known methane reactions, as well as polarizability considerations,

as discussed in Ref [1-3]. These are listed in Table 2 for electron temperature T.

Again, an even distribution of products has been assumed for fusion related calculations.

This is believed to be a reasonable rough-estimate, but caution is urged regarding use in

high-accuracy calculations.

4. Electron Impact Ionization-Cross Sections

We consider processes of the form:

e- + CXHY+ CxHY-j++ jH + 2e-

with j an integer depending on the specific reaction. ~

Cross sections for the reactions considered are shown in Table 3 as a function of electron

energy.

5. Electron Impact Dissociation-Cross Sections

We consider processes of the form

e-+ CXHY+Cx.nHy.m+ nC + mH + e-

with n,m integers depending on the specific reaction.

Cross sections for the reactions considered are shown in Table 4 as a function of electron

energy.

3



6. Electron Impact Ionization and Dissociation–Rate Coefficients

The rate coefficient, for a Maxwellian plasma, is given by:

J(av)=(2/kT)1”5~G ‘Eexp(-E/kT)a(E)dE
o

for electron temperature T, cross section o, electron mass ~, and assuming negligible

hydrocarbon speed compared to electron speed.

The rate coefficients for electron impact ionization and electron impact dissociation were

computed numerically for electron temperatures of 1-2000 eV (via Simpson’s rule with 1

eV energy intervals, and with energy integration range of 0-10,000 eV) using the above

equation with the cross sections of Table 3 and 4 respectively.

Figures 1-16 show the computed rate coefficients (inks units), grouped by particle type.
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Table 1. Proton impact ionization reaction rate coefficients

Total Rate

Reaction Products Coeff.$m3 /s)

H++ CH1 +

H++ CH3 +

H+ +CH2 +

H++CH +

H+ +CZHG +

H+ +C2H~ +

H+ +C2H~ +

H++ C2HZ +

H+ + CZH +

H+ +CJHC +

0.5 CHA+ +H

0.5 CH~+ + Hz

0.5 CH~+ +H

0.5 CHZ+ + Hz

0.5 CHZ+ + H

0.5 CH+ + Hz

1.0 CH+ +H

0.33 CzH~+ +Hz

0.33 CzHq+ +Hz +H

0.33 CzH~+ +Hz + Hz

0.33 CzH~+ +H

0.33 CZH,+ +Hz

0.33 CZHS+ +Hz +H

0.33 CzHd+ +H

0.33 CZH3+ + Hz

0.33 CZHZ+ +Hz +H

0.33 CZHJ+ + H

0.33 CZHZ+ +Hz

0.33 CZH+ +H2 + H

0.5 CZHZ+ +H

0.5 CZH+ +Hz

1.00 CZH+ +H

0.33 CSHG++H

0.33 C3H5+ +H2

0.33 C3H4+ +Hz +H

0.33 C3H5+ +H

0.33 C3H4+ + H2

0.33 C3H3+ +H2 +H

4.15 x 10-9

3.6x10-9

3.4 X10-9

3.2 X 10+

3.9 x 10-9

4.9 x 10-9

5.0 x 10-9

4.6 X 10-9

6.3 X 10-9

4.4 x 10-9

5.8 X 10-9

5.7 x 10-9



H+ + C~H1 + ().33 C~HA++H 5.9 x 10-9

0.33 C~H~+ + Hz

0.33 C~H,+ +H, +H

H+ + C~H~ + 0.33 C~H~+ +H 5.5 X10-9

0.33 C~H,+ + H,

0.33 C~H + +H, +H

H’ +C~Hz + 0.5 C~Hz+ +H 5.4 x 104

0.5 CqH+ +Hz

H+ + C~H + 1.0 C~H+ +H 5.2x 10-9

6



Table 2. Dissociative recombination reaction rate coefficients

Total Rate

Reaction Products Coeff. (jm3/s)

e- +CH1+ ~ 0.25 CH3 + H 5.4 x 10-8T+”84 T <1 eV

0.75 CHZ + Hz
5.4 x ~0-8~-l.05 T >1 eV

e- + CH~+ + 1.00 CHZ +H 6.8 x lo-8T+”770 T <1 ev
6.8 x 10-8Tg979 T >1 ev

e- +CHZ+ + 1.00 CH+H 1.() x lo-7T4”5a T <1 ev
1.Ox ~()-7T-I.21

T >1 eV
e- + CH+ + 1.00 C+H 7.() x lo-8T_’’”553 T <1 ev

7.0 x ~O-8T-l.]8
T >1 eV

e- + CzHb+ + 0.50 C2H~ +H 9.9 x 10-8T4”50

0.50 C,HA i- Hz

e- +CzH~+ + 0.50 CzHq +H 9.65 X 10-8T+50

0.50 CzH~ +H2

e- +CZH4+ + 0.50 C2Hq + H 1.00 x 10-7T+50

0.50 CZHZ +Hz

e- +CZHJ+ + 0.50 CZHZ + H 1.10 x10-7T450

0.50 C2H + H2

e- I- CZH2+ ~ 0.33 C2H +H 6.81 x 10-8T+50

0.33 CH + CH
0.33 C+ C+H+H

e- + CZH+ + 0.50 C+C+H 9.28 X 10-8T4”50
0.50 CH + C

e- +C~HG+ + 0.50 C~H~ + H 5.50 x 10-8T4”50

0.50 C~H4 + H2

e- +C3H~+ + 0.50 CaHa + H 5.63 X 10-8T4”50

0.50 C3H3 +H2

e- + CJH4+ + 0.50 C~H3 + H 1.10 x10-7T450

0,50 C~H2 +H2

e- + CJHJ+ + 0.50 C~H2 +H 1.10 x 10-7T4”50

0.50 C~H + H2

e- + C~Hz+ + 0.50 CZH + CH 1.10 x10-7 T+”50

0.50 C~H+H

e- + CjH+ 0.33 CH+C+C 1.10 x10-7 T4”50
+ 0.33 C2H+C

0.33 C+ C+C+H



Table 3. Electron impact ionization cross sections

Energy
Reaction Cross Section (cmz) + Range (eV)

e-+ C& -+ C&++ 2e- L8x@,~-[:;:6~] 12.6<E<90

1.8x 10-’6 exp[190-E E>90
748

+ CH3+ + H + 2e- 1.4xlo-6~-(,y::3]] 14.3<:<10

1.4x10 -l, exp.[11OO-E
E>1OO

799
—

e-+ CH3 + CH3+ + 2e-

-+ CH2++ H + 2e-

L8x10-1,~-(;:;:6~]

[1

95–E
1.8x10-*C exp —

767

12.6<E <95

E >95

15<E <85

[185-E
l.OxlO-l, eXp — E>85

832

e-+ CH2 + CH2++ 2e- 1.8X 10-1,
~-(;j:,~] 12.6<E<,,

[195–E
1.8.10 -’s exp — E >95

767

+CIr+H+2e- 6.5x10-17~-(;j:,}] 17.,<E<,5

[195-E
6.5 x 10-’7exp — E>95

800

e“+CH -+C~+2e- 1.8x10-*,
~-(9=6~] 126<E<,5

[195-E
1.8x10-1S exp ~ E >95

+C++H+2e- “ 3.,xU)-17~-[==~] ,7<E<,5

8



[195-E
3.1x 10-’7exp — E >95

816

e-”+cz& +czHG++2e” 1.32x 10-’6[1-[:;:;J]

[186–E
1.32 x 10-’6exp —

742

+ C2H5++H + 2e- 8.66X 10-’7~-(::::y]

[186-E
8.66x 10-17exp —

742

+ C2Hj++ H2 + 2e- 4.37 x 10-’6~-(g;)q

10<E<8(5

J5>136

12<Ec86

E>86

12cEc86

.[186-E
4.37x 10-16exp — E>86

742
.-l

e-+ CJ15 + C!2H5++ 2e- L24x10-1,~-(~~j

[189-E
1.24 x 10-’s exp —

717

+ C2H4++H + 2e- 8.11x10-’7 ~-(~~]

[1

89-E
8.11x 10-17exp —

717

+ C2H3++Hz + 2e- 4.10X10-*6~-(~)q

10<E<89

E>89

12<E<89

E>89

12<E <89

[189-E
4.10x 10-’, exp ~ E>89

e-+ CJLI + C&14++2e- 1.15X10-*6
~-(~~] lo<E<,o

[190-E
1.15x 10-’, exp — E>90

668

+ C2H3++H + 2e- 7.57X 10-’7
~-(~~] 12<E@0

[190-E
7.57 x 10-’7exp — E>90

668

9



+ C2HZ++ H2 + 2e- 3.82x,0-tf,-(;:::~] 12<E<90

[190–E
3.82x 10-’6exp — E>90

668

e-+ C2H3 -+ C2H3++ 2e” Lo7xlo-,fl-(::::q IO<E<86

1.07 x10-’, exp[186–E /5>86
646

+ CZHZ++H + 2e- 7.02 X10-17
~-(~y] 12<E<86

[186-E
7.02 x10-17 exp — E>86

646

+ C2~ + H2+ 2e- 3.55X 10-’6
~-(~~] 12<E<86

[186–B
3.55 x 10-’6exp — E>86

646

e-+ C2H2 -j C2H2++ 2e- .
~-(:;::]] 12<E<8,

2.96 X10-’,

[187-E
2.96 x10-1Gexp — E>87

634

+C2~+H+2e- 1.94X10-16
~-(:;:;~] 12<E<87

[187-E
1.94 x 10-’s exp ~ E >87

e-+ C2H -+ C2~ + 2e- 2.71x10-1,~-(:;::]] IO<E<84

[184–E
2.71 x 10-’6exp — E >84

575

-+ C++ C+ H+2e- L94x10-lfI-(:;:;}] 12<E<84

[184-E
1.94x 10-’s exp — E>84

575

10
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e-+ C3H6 + C3HG++ 2e- 1.79X 10-16
~-(;::laq 10<E<98

[198-E
1.79 x 10-’6exp — E>gg

688

+ C3H5++ H + 2e-
“ ~-(~j~~~] 12<E@g

1.18x 10-’6

[198–E
1.18x 10-16exp ~ E>gg

+ C3H.4++ 2H + 2e- 5.95 X10-16
F-(%J] 12<~<,8

[198-E
5.95 x 10-’6exp ~ E>98

e-+ C3H5 + C3H5++ 2e- 1.71X10-16
~-(;;:;y] lo<E<97

[197-E
1.71x 10-’6 exp — E>97 .

652

+ C3H4~+ H + 2e- 1.21X10-16
i-(a] 12<E.97 .-

[1

97-E
1.21x 10-*6exp ~ E>97

+ C3H3++ 2H + 2e- 5.67 x 10-16
~-(%%y] ~2<E<,7

[197-E
5.67 x10-’C exp ~ E>97

“[( )]

95-E 2
e-+ C3H4 < C3H4++ 2e- “ 1.63x10 -’6 1- — lo<E<95

95-1o

[195-E
1.63x10-16 exp ~ E>95

-+ C3H3++ H + 2e- 1.07 x 10-16
~-(ay] 12<E<,5

[195-E
1.07 x 10-’6exp — E>95

617



+ C3H2++ 2H + 2e- 5.40X10-’6
~-(;:;)l 12<E<,5

[195–E
5.40x 10-16exp ~ E >95

e-+ C3H3 + C3H3++ 2e- 1.54X 10-’6
~-(;::;~] lo<E<,,

[194-E
1.54x 10-’6exp — E>94

581

+ C3H2++ H + 2e- I.OIXIO-lb~-(~::~] 12<E<94

[194-E
l.OlxlO-lbexp ~ E>94

-+ C3~ + 2H + 2e” 5.12x10 -’6
~-(~~] 12<E<,4

[1

94-E
5.12x 10-’Gexp — E>94 .

581

e-+ C3HZ -+ C3HZ++ 2e- 4.39 x 10-’6
~-(ay] 10<E<,3

[193-E
4.39 x 10-ls exp ~ E>93

-+ C3~+H+2e- 2.88x 10-16
~-(;=~] 12<E<93

[193-E
2.88 x 10-’s exp ~ E>93

e-+ C3H + C3~ + 2e- ,.85x10-lc~-[~~] ,O<E<,,

[191-E
6.85 x 10-ls exp — E>91

511

t ple=e ~Ote: Al ~rO~~~ectiOm ~e ~ro below the threshold energy.
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Table 4. Electron impact dissociation cross sections

Energy
Reaction Cross Section (cm*) t Range (eV)

e-+C& -+ CH3+H+e- 1.4xlo-1,~-(::::~] lo<Ec2,

E>25[125-E
1.4.10-’, exp —

+CH2+2H+e- “ ,.3x10-17~_#J] ,,<E<,*

[118–E
7.3x 10-’7exp — E>18

11.4

e-+CH3 +CH2+H+e- 1.27xWj-(;;::~] IO<EQ5

1.27.10-’, exp[125-E
E>25

77

+CH+2H+e- 6.33xlo-17~-(::::y] ,0<EC,8

[118–E
6.33x 10-17exp — J?.3>18

11.4

e-+CH2 +CH+H+e- 7.33x10-17~-(:;::)] lo<EQ,

7.33 x 10-*7exp[125–E E>25

+C+2H+e- ,.67x10-17p_[_y] ,0<E<,8

[118-E
3.67x 10-17exp — E>18

11.4

e-+CH -jC+H+e- 6.0 X10-’7
~-(=~] lo<EQ,

6.0.10-’7 exp[125-E
E>25

e-+ czH(j -+ C2H5+ H + e- 3.34x10-lfI-(:;:~] lo<Ec25

13



[125-E
3.34x 10-’6exp — E >25

+C2~+2H+e- ,.67X10-,6[1-[::;J] ,0<E<,8

[118-E
1.67 x10-16exp — E>18

11.4

e-+ C2H5 +C2~+H+e- 3.28 x 10-’6
~-(=~] lO<EQ,

[125–E
3.28 x 10-’6exp — E >25

+ C2H3+ 2H + e- L64x,0-lG~-&]] IO<E<18

[118–E
1.64 x 10-’6exp ~ E>18

~-(::i:)]

2
e-+C2~ -+C2H3+H+e- 3.13X10-’6 10<EQ5

[125-E
3.13x 10-’Gexp 77 E>25

+ C2HZ+ 2H + e- L56x10-1’f(;::;)] 10<E<18

[1

18-E
1.56 x 10-’6exp — E>18

11.4

e-+ C.2H3 + C2H2+ H + e-
[-(~~] lo<Ee5

2.84 X10-’6 1

2.84 x 10-’6exp[125-E
E>25

+C2H+2H+e- L42x,0-lfl-&j~] ,0<E<,8

[118–E
1.42 x 10-’6exp ~ E>18

1-(;;:;)]

2
e-+ C2H2 +C2H+H+e- 4.06x 10-’6 — 10<EQ5

[125-E
4.06 x 10-’6exp — E >25

77

14



e-+C2H -+ C+ C+ H+e-
[-(;;:;~] ,o<EQ,

3.60x 10-’6 1

[125-E
3.60 x10-16 exp — E >25

e-+C3& +C3H5+H+e- 4.76xlo-l;~-(;;::~] lo<EQ,

[125-E
4.76x 10-16exp — E>25

+ C3H4+ 2H + e-” 2.38x,0-1’f-&~] ,0<E<,8

[118-E
2.38 x10-16 exp ~ E>18

~-(;:i)]

2

e-+ C3H5 +C3&+H+e- 4.53 X10-’6 — 10<EQ5

[125-E
4.53 x10-16 exp ~ E>77 .

+ C3H3+ 2H + e- 2.27 X10-’6
~-(;::;y] lo<E<18

[118-E
2.27 x 10-’6exp ~ J5>18

e--t-C3~ +C3H3+H+e- 4.31xlo-f(~y] “ lo<~Q5

[125-E
4.31x 10-’6exp ~ E>25

+ C3H2+ 2H -I-e- 2.16x10-*C
~-(w] 10<E<,8

[118-E
2.16 x 10-’6exp”~ E>l13

~-(;;i)]

2

e-+ C3H3 + C3H2+ H + e- 4.10X10-’6 — 10<E~5

[125-E
4.10x10 -’Gexp — E>25

77

15



+C3H+2H+e- 2.05 X10-’s
~-(;=y] lo<E<,,

[118-E
2.05 x 10-ls exp — E>lj3

11.4

e-+ C3H2 +C3H+H+e-
“~-(;;~;~] 10<EQ5

5.82 x10-’S

[125-E
5.82x 10-’S exp — E >25

~-[:;::)]

2
e-+C3H +3C+H+e- 5.48x10-1G - 10<EQ5

5.48x 10-1Sexp[125-E
E>25

77

t Please note: All cross sections are zero below the threshold energy.
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Fig. 1
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Fig . 2

e(-) + CH2
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Fig. 3

e(-) + CH3
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Fig. 4

e(-) + CH4
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Fig. 5

e(-) + C2H
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Fig. 6

e(-) + C21i2
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Fig. 7

e(-) + C2H3
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Fig. 8

e(-) + C2H4
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Fig. 9

e(-) + C2H5
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Fig. 10

e(-) + C2H6
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Fig. 11

e(-) + C3H
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Fig. 12

e(-) + ~al-lz
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Fig. 13

e(-) + C3H3
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Fig. 14

e(-) + C3H4 ‘
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Fig. 15

e(-) + C3H5
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Fig. 16

e(-) + C3H6

I
I I I I

I I I I I I I t 1 0

10-12

10-13

//’llJgI I I I 1/i

10-14 J_
I

y

<

‘E
A
>
b
v

I /1/ I I I
I

m-v
Mb’

1AW
//11

I l??

10-15

, , , 1 f t 1 I I I I

1 /1/1
I I

I 1111
\l I I I

I
! [ [ /!!!! ! ! l>.l ill1 8 , , I ,

10-16
I \

1 #

II I I ! I I II \

r II
!/ II t I I I I I I

i

10-17

10° 10’
Te

e(-)+ C3H6 ->

e(-) + C3H6 ->

e(-) + C3H6 -s

e(-) + C3H6 ->

e(-) + C3H6 ->

102 703
(eV)

C3H6(+) +

C3H5(+) +

C3H4(+) +

2e(-)

H + Ze(-)
2H + Ze(-)

C3H5 + H + e(-)

C31-K + 2H + e(-)

32

‘+



DISTRIBUTION LIST FOR ANL/FPPITM-297

Internal
S. Bhattacharyya D. Gruen D. L. Smith

J. Brooks (10) A. Hassanein D.-K. Sze

Y. Chang A. Krauss Z. Wang (3)

D. Ehst R. Mattas FPP Files (15)

Y. Gohar C. B. Reed TIS File

External
ANL-E Library
ANL-W Library
DOE/OSTI, for distribution (2)
M. Akiba, Japan Atomic Energy Research Institute, Japan
D. Alman, Universi~, of Illinois, Urbana/Champaign (3)
C. Baker, University of California, San Diego
S. Ber~ U.S. Department of Energy
R. Causey, Sandia National Laboratories, Livermore
R, Corm, University of California, San Diego
R. Doemer, University of California, San Diego
G. Emmert, University of Wisconsin
G. Federici, ITER-JCT, Garching, Germany
R. Goldston, Princeton Plasma Physics Laboratory
T. Haasz, University of Toronto, Canada
Y. Hirooka, NIFS, Japan
J. Hogan, Oak Ridge National Laboratory
V. Philipps, IPP, Garching, Germany
J. Roth, IPP, Garching, Germany
D. Ruzic, University of Illinois, Urbana/Champaign (3)
D. Schultz, Oak Ridge National Laboratory
M. Seki, Japan Atomic Energy Research Institute, Japan
W.M. Stacey, Georgia Institute of Technology
D. Steiner, Rensselaer Polytechnic Institute
I. Sviatoslavsky, Universi~ of Wisconsin
M. Ulrickson, Sandia National Laboratory, Albuquerque, NM
University of Illinois, Fusion Studies Lab
University of Illinois, Grainger Engineering Library Inllormation Center
J. Van der Laan, ECN, Netherlands
J. Vetter, Forschungszentrum Karlsruhe, Germany
G. Vieider, ITE& Germany
D. Whyte, University of California, San Diego
K. Wilson, Sandia National Laboratories, Livermore
Bibliothe~ Max-Planck-Ins&ute fhr Plasmaphysi~ Germany
C.E.A. Libra~, Fontenay-aux-Roses, France
Librarian, Culham Laboratory, England
Thermonuclear Library, Japan Atomic Energy Research Institute, Japan

33



.,


