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and an application to the Joint European Torus

D. A. Alman and D. N. Ruzic
Department of Nuclear, Plasma, and Radiological Engineering, University of lllinois,
Urbana, lllinois 61801

J. N. Brooks
Argonne National Laboratory, Argonne, lllinois 60439

(Received 4 May 1999; accepted 22 December 1999

A model of collisional processes of hydrocarbons in hydrogen plasmas has been developed to aid in
computer modeling efforts relevant to plasma—surface interactions. It includes 16 mol&itlep

to CH,, C,H to GHg, and GH to C;Hg) and four reaction typegelectron impact ionization/
dissociative ionization, electron impact dissociation, proton impact charge exchange, and
dissociative recombinatignExperimental reaction rates or cross sections have been compiled, and
estimates have been made for cases where these are not available. The proton impact charge
exchange reaction rates are calculated from a theoretical model using molecular polarizabilities.
Dissociative recombination rates are described by the equatibh where parameteh is fit using
polarizabilities andB is estimated from known reaction rates. The electron impact ionization and
dissociation cross sections are fit to known graphs using four parameters: threshold energy,
maximum value of the cross section, energy at the maximum, and a constant for the exponential
decay as energy increases. The model has recently been used in an analysis of the Joint European
Torus[P. H. Rebut, R. J. Bickerton, and B. E. Keen, Nucl. Fusian 1011 (1985] MARK I

carbon inner divertor using th@sc Monte Carlo impurity transport code. The updated version of
wBcC, which includes the full set of hydrocarbon reactions, helps to explain an observed asymmetry
in carbon deposition near the divertor. @00 American Institute of Physics.
[S1070-664X%00)00505-X]

I. INTRODUCTION able approximations that will allow improved computer

modeling. Additional work is being done to predict hydro-
Graphite tiles are commonly used as plasma facing comcarbon reactions with the graphite surfaées.

ponents in fusion devices. The advantages of using carbon sjnce the plasma will be dominated by hydrogen spe-

are its capability of withstanding high heat fluxes without its gjeg only reactions between impurity atoms or ions with the

structure being degraded and its low atomic number thabackground plasma are considered. Reactions between two

keeps radiation losses from the core plasma to & minimuny grocarbons are too unlikely. Therefore, four categories of

However, carbon is problematic since it is susceptible 1% eactions were investigated: electron impact ionization

chemical sputterlng in the presence of a hydroge_n pla_sm%luding dissociative ionizatignelectron impact dissociation,
The result is the release of various hydrocarpon Impuritie roton impact ionization, and dissociative recombination.
into the plasma. These hydrocarbons are dominated by meth- Here we will show briefly how these cross sections or
ane, but have been shown to contain significant amounts of . . :
L . . rat fficients wer roxim nd present the results in
heavier hydrocarbons, i.e.,,B, and GH, species. These ate coefficients were approximated and present the results

heavier hydrocarbons can account for up to 50% of the total’ useful tabu.lar form. A more thorqugh treatment of th.|s
erosion of graphite under hydrogen imphtt the course of plasma chemistry model, together with the surface reaction
computer modeling efforts, the need for detailed informationn_qO
concerning gas phase reactions between these hydrocarbc}H%n . i : .
and the background hydrogen plasma has arisen. While theféaction ratel§ were given in previous work.

have been previous attempts to provide such informdtion,  After introducing the hydrocarbon reaction model, we
there is no source for the complete set of cross section§0k at an application of the model—an erosion/redeposition
and/or rate coefficients for methane and higher hydrocaranalysis of the Joint European Tor@ET)** MARK I car-
bons. Hence, there is an urgent need for this sort of systenon inner divertor. The improved hydrocarbon modeling ca-
atic data over a wide range of collision energies, with uncerpabilities in thewsc Monte Carlo impurity transport code
tainties on the order of a factor of 2 or more beingallow us to explain an experimentally observed phenomenon
acceptablé.Additionally, new experimental data have beenin JET where much of the tritium used is trapped in layers of
published since earlier efforfs® The goal here is to fill in  redeposited carbon in the plenum region near the inner di-
these troublesome gaps in the knowledge base with reasowertor.

types were discusseé@nd plots of cross sections and
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TABLE I. Calculation of proton impact ionization rate coefficients from molar refraction.
Molar refraction Molecular polarizability Rate coefficient
(cm®mol) - (X 10" %cnr) - (cm?ls)
Calc. Lit. Rel. Calc. Lit. Rel. Calc.  Lit. Rel.
Formula value valué error value valué error value valu€ error
CH 4.48 1.78 2.37
CH, 5.03 1.99 2.50
CH; 5.57 2.21 2.62
CH, 6.12 6.45 —513% 243 259 —6.44% 273 415 —34.2%
C,H 8.42 3.34 3.14
CH, 897 858 4.52% 356 3.63 —2.07% 324 6.30 —48.6%
CH; 951 3.77 3.33
CH, 10.06 10.34 —2.73% 399 425 -6.23% 342 500 —31.6%
C,Hs  10.60 — 420 — 351
CHs 11.15 11.07 0.71% 442 445 —0.68% 359 390 -—7.94%
CsH  12.36 4.90 3.76
CyH, 12.91 5.12 3.84
CsH;  13.45 5.33 3.92
CsH, 14.00 14.37 —2.58% 555 6.18 —10.22% 3.99
CsHs  14.54 5.77 4.07
CsHg 15.09 1455  3.69% 598 5.96 0.35% 4.14
%From Ref. 13.
From Ref. 12.
‘From Refs. 14 and 15.
TABLE Il. Proton impact ionization rate coefficients. II. PROTON IMPACT IONIZATION
tDterl“’e? EXper:me”ta' Gioumousis and Stevenson compared experiments to the
Otal rate value . .
Reactants Products (cm¥ls)  (cnPls)  Reference Langevin moc_je_’“Il and found _that the rate constant for anion—
molecule collision process is related to the cross section,
H*+CH,— 0.5CH; +H 3.8x10°° 3.8x10°° 14 by
0.5 CH; +H, 4.5x10°°
H"+CH;— 0.5CH; +H 3.6x107° k=ov, D
0.5 CHj +H, . . . o
H*+CH,— 0.5 CH +H 3.4x10°° whereuv is the velocity of the ion. If a reaction is assumed to
0.5 CH" +H, take place at every collision the cross section is given by
H*+CH— 1.0CH +H 3.2x10°° 2 \ 12
H*+CyHg— 0.33 GHe +H, 5.0x107° 3.9x10°° 14 _ 2w [ e 5
0.33 GH; +Hy+H 16 T ™, )
0.33 GH; +H,+H,
H"+CHs— 0.33 GHZ +H 4.9x10°° wheree is the ion chargeg is the molecular polarizability of
0.33 QH§+H2 the reactant molecule, and, is the reduced mass of the
. 033GH;+H+H 79 " reacting system. By substituting this expression for the cross
H*+C, H,— 0.33 GH, +H 4.8x10°° 5.0x10 17 2 X
0.33 GH; +H, section into(1), we get a useful formula for calculating re-
0.33 GHJ +H,+H action rates for ion—molecule reactions,
H*+C,Hz— 0.33 GH; +H 4.6x10°° 02\ 112
0.33 GHj +H, k=2 (3)
0.33 GH* +H,+H M,
H*+C,H,— 0.5 GHj +H 45x10°° 6.3x10°° 17 o
0.5 GH'+H, Unfortunately, molecular polarizability data are not of-
H*+C,H— 1.00 GH+H 4.4x10°° ten available. To make matters worse, the relationship be-
+ + — . .. .
H"+CsHg— 0.33 QH3+H 5.8x107° tween polarizability and reaction rates means that most mol-
g'gg 2:3132+H ecules with unknown reaction rates also have unknown
) 4 +H, A .
H*+CoHs— 0.33 GHZ +H 57% 109 po!a_\r_lzabllltles. However, the unknown molecular polariz-
0.33 GHj +H, abilities can be calculated from the molecules’ molar refrac-
0.33 GH; +H,+H tions according to the Lorentz—Lorenz relation
H*+CsH,—~ 0.33 GH, +H 5.9x107°
0.33 GHZ +H, 3
0.33 GH; + Hy+H = 4N, R, 4
H*+C3Hs;— 0.33 GH3 +H 5.5x10°°
0.33 GH; +H, whereN, is Avogadro’s number, anR is the molar refrac-
+ . . . .
H o 8-23 %"j :HHPLH - tion. For many compounds, the molar refraction is additive
oM 05 %H1+H e for the bonds present in the molectfeFor our purposesR
H' +CsH— 10 C3H++H2 5.9%10-9 is approximately proportional to the number of each type of

atom present. A least-squares fit was done using the six
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121 TABLE IV. Known parameters for electron impact ionization.
Molecule Ep (eV) Enax (€V) O max (€1P) X (eV)
11 CH 10.64 70 2.0%10°16 470.6
CH, 10.40 80 2.3%10°16 958.7
CH, 9.84 79 2.7%10°%6 582.7
«‘E‘M i CH, 12,51 83 3.8%10°1° 757.9
C,H, 11.40 87 5.0%x 1016 633.6
[ -*—Known &
= C,H, 10.51 90 5.86 1016 667.8
50 . o UnknownA: C,Hs 11.52 86 6.2%10°16 742.2
<061 Interpolated Ex trapolated
50.4 .
known molar refraction values for GH C,Hg, C,Hy,
C,H,, C3Hg, and GH, listed in Table I, and the resulting
02+ relationship is
R=3.939No. of C atom$+ 0.5452ZNo. of H atoms.  (5)
0 , 1 2 3 ; ; p Comparing this method to the literature values shows up

Molecular Polarizability (x 10** an®)

FIG. 1. Parameter A vs polarizability.

to about 5% error in predicting the molar refractions. These
values can therefore be used () to calculate polarizabil-
ities, which can in turn be used {{3) to calculate the total
proton impact ionization rate coefficient for every hydrocar-
bon molecule of interegsee Table ). Equation(4) may not
include some low-frequency contributions to the static polar-

TABLE Ill. Dissociative recombination rate coefficients.

Derived total rate

Experimental value

Reactants Products (cmP/s) (cmP/s) Reference
e +CHj 0.25 CH+H 54x107°8T 08<1 eV  3.8x10°° at 0.0257 eV 2
0.75 CH+H, 54x10 8T°105>1 ev  4.5x10 ° at 0.0259 eV
e +CH; 1.00 CH+H 6.8X10° 877077« 1 eV 2
6.8X10°8T709%>1 ev
e +CH, 1.00 CH+H 1.0x10 7T 9%%<1 eV 2
1.0X10 T 12>1 ev
e +CH" 1.00 G+H 7.0x10°8T70%5% 1 ev 2
7.0x107°8T7118>1 ev
e +CH{ 050 G+Hs+H 9.9x10 877050 17
0.50 GH,+H,
e +CH: 050 G+H,;+H  9.65x10 8T 0% 6.0x10°7 at 0.0259 eV 4
0.50 GH;+H,
e +CH) 050 G+H;+H  1.00x107 7T 0%
0.50 GH,+H,
e +CH; 050G+H,+H  1.10x10 T %% 1.6x10°% at 0.008 63 eV 18
0.50 GH+H, 4.5x10°7 at 0.0259 eV 4
e +CH, 033G+H+H 6.81x 107 87050 1x10°% at 0.008 63 eV 18
0.33 CH+CH 2.7X1077 at 0.0259 eV 4
0.33 2C+2H
e +C,H*  0.50 2G+H 9.28< 10787050 1x10°% at 0.008 63 eV 18
0.50 CH+C
e +CgHy  0.50 GHs+H 5.50x 10 8T 050
0.50 GH,+H,
e +CgHZ  0.50 GH,+H 5.63< 10787050 3.5x10°7 at 0.0259 eV 4
0.50 GH5+H,
e +CgHS  0.50 GHs+H 1.10x 107 7T~ 050
0.50 GH,+H,
e +CH  0.50 GH,+H 1.10x10 7050 7.0x1077 at 0.0259 eV 3
0.50 GH+H, 7.0x1077 at 0.0259 eV 4
e +CsH, 050 GH+CH 1.10x 107 T~ 050
0.50 GH+H
e +CH"  0.33 CH+2C 1.10<10 777050
0.33 GH+C
0.33 3C+H
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TABLE V. Electron impact ionization cross sections.
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Reaction Cross section (&) Energy rangdeV) Reference
e+ CH,CH; + 26" Lexi091 [ 20°E |’ 12.6<E<90 2
90—-12.6
19
90—-E
— 16 E>90
1.8X10 exp{ 728 }
_ 100-E \?2
—CHf +H+2e ~160 1 | _— -~ — 14.3<E<100
3 Lax1001 (100— 14.3) }
100-E
—16 E>100
1.4x10 ex;{ 799 ]
e +CHy—CH; +2e" Lexi091 [ 2E | 12.6<E<95 2
' 95—-12.6
95—-E
- 16 E>95
1.8x10 ex;{ 767
85—E\?
L CHf +H+2e" —160 14 _ [~ — 15<E<85
5 1.0x10781 (85_ 15) }
85—-E
— 16 E>85
1.0x10 exp{ 830
e~ +CHy— CH; + 2¢~ Lexi091 [ 2BE | 12.6<E<95 2
95-12.6
95—-E
16 o E>95
1.8X10 ;{ 767
_ 95-E |2
—CH'+H+2e 17 1 17.9<E<95
6.5x10 (95 17 9)
—17 E>95
6.5x10 r{ 800
e +CH—CH +2e" 1.8X10° 161 95-E \® 12.6<E<95 2
' 95-12.6
95—-E
— 16 E>95
1.8xX10 F{ 746
_ 95-E\2
Ct+H+2e 17 1 — 17<E<95
3.1x10°1 (957 17) }
95—-E
17 E>95
3.1X10 exp{ 816
_ o 86—E |2
e +C2H6HC2H6 +2e 1.32¥ 10*16 1— m 10<E<86 19
5
86— E
— 16 E>86
1.32x10 exp{ 742
LMY +H+ 26 s66c10-11- | B E|° 12<E<86
86— 12
86—E
17 E>86
8.66X10 exp{ 712
_’CZHI+H2+267 4.37)(10716 1— E ’ 12<E<86
86— 12
86—E
- 16 E>86
4.37x 10 exr{ 742
_ o 89-E\2
e +C,Hg—CH +2e 1.24x107 91— | —— 10<E<89
89-10
89—-E
- 16 e E>89
1.24x 10 exp{ 17
—CyH) +H+2e” 8.11X10° 11— BQ;E ’ 12<E<89
’ 89—-12
89—-E
17 E>89
8.11X10 exp{ 717
CHY +H4 26 atox10-91- [ EE|° 12<E<89
: 89-12
89—-E
—16 E>89
4.10x 10 ex;{ 717
_ N _ 5 90-E\?
e +CyH,—C,H, +2e 1.15¢10 19 1~| oo 10<E<90 >
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TABLE V. (Continued)

A hydrocarbon reaction model for low temperature . ..

Reaction Cross section (&) Energy rangdeV) Reference
90—-E
~16 E>90
1.15x10 exr{ 568
LCHE+H2e 7 575 10-17 1_(9(’i ’ 12<E<90
: 90—12
90-E
- 17 D E>90
7.57x10 exp{ 668
—CpH; +Hp+2e” soc1091- |2 E ) 12<E<90
: 90—-12
90—-E
16 E>90
3.82X10 exp{ 668
_ e 86—-E\?
e +C,H;—C,H; +2e 1.07x10° 41— —— 10<E<86
86— 10
86—E
—16 E>86
1.07x10 ex;{ 646
—CH; +H+2e” 7.02¢10° " 1—(86_E)2 12<E<86
’ 86— 12,
86— E
17 E>86
7.02x10 ex;{ 616
LG H'+Hy 26 a55¢10-1 1 [B6-E ) 12<E<86
! 86—12
86—E
— 16 E>86
3.55x10 exp{ 646
- o 87-E\2
e +C,H,—C,H, +2e 296x10°181—| —— 12<E<87 5
87-10
87-E
- 16 E>87
2.96x 10 ex;{ 634
—CoH" +H+2e” 1.94x 1016 1— 87;E ’ 12<E<87
’ 87—-12
87-E
16 E>87
1.94x 10 ex;{ 634
_ N _ B 84—E\?
e +C,H-C,H" +2e 27110 ¥ 11— —— 12<E<84
84—10
84—E
— 16 E>84
2.71X10 exp{ 575
—C"+C+H+2e” 1.94x 1016 1— 84k ’ 12<E<84
’ 84—12
84—E
- 16 i E>84
1.94x10 ex;{ 575
_ o 98-E\?
e +CsHg— CoHg +2e 17910791~ | o 12<E<098
98-10
98—-E
~16 E>98
1.79<10 ex;{ 638
CHI+HA 26 11ax1016 1 BE)? 10<E<98
: 98—-12
98—-E
— 16 E>98
1.18x10 exp{ 688
—C3H; +2H+2e” 5.95¢10 16 1— EE:E.Z 12<E<98
’ 98—-12
98—-E
16 E>98
5.95x 10 ex;{ 688
_ . _ 97-E\?
e +CsHs— CoHZ +2e 1.71x107 91— | o— 12<B<97
97-10
97-E
16 E>97
1.71x10 ex;{ 652
—CaH; +H+2e porcio 1| 10<E<97
3 : 97-12
97-E
16 E>97
1.21X10 exp{ 650
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TABLE V. (Continued)

Alman, Ruzic, and Brooks

Reaction Cross section (&) Energy rangdeV) Reference
—C3Hy +2H+2e” 5.67x 10718 1—(—977E ’ 12<E<97
' \97-12
97—-E
16 ex ——— E>97
5.67x10 ex;{ 652
_ . _ 95— E |2
e +C3H;—CsH, +2e 1.63x10° 41— —— 12<E<95
95-10
95—-E
— 16 E>95
1.63x10 exp{ 617
—CgHg +H+2e” 1.07x10° %6 1~ —95_E)2 12<E<95
‘ 95-12,
95—-E
16 E>95
1.07X10 ex;{ 617
—C3Hy +2H+2e” 5.40¢10 19 1| = E ’ 12<E<95
' 95—-12
95—-E
16 ex —— E>95
5.40< 10 ex;{ 617
_ . _ 94—E\?
e +C3H;—C3H; +2e 1.54x10° 41— —— 10<E<94
94-10
94—-E
- 16 E>94
1.54x10 exp{ o1
CH +H4 26 Loio 91 [24E)? 12<E<94
‘ 94-12
94—E
—16 E>94
1.01X10 ex;{ 581
—CgH* +2H+2e” 512¢10 11— 2 E ’ 12<E<94
' 94-12
94—E
16 oy ——— E>94
5.12x10 exr{ a1
_ N _ 93—-E\?
e +C3H,—C3H;, +2e 439x10°91—| ——— 10<E<93
93-10
93—-E
16 ex ——— E>93
4.39x10 exp{ 5716
—CgH +H+2e” 2.88x10° 61— %;E ’ 12<E<93
’ 93-12
93-E
16 E>93
2.88x10 ex;{ 516
_ N _ 5 91-E\?
e +C3H—-CH" +2e 6.85x10 161 —| —— 10<E<91
91-10
91-E
16 E>91
6.85< 10 exr{ 511

2All cross sections are zero below the threshold energy.

izability and may therefore be low by up to 30%In fact,
by comparing the estimates to the six known polarizabilities

TABLE VI. Known parameters for electron impact dissociation.

and rate coefficients, we see up to 10% and 50% error, re-\iolecule (E{;) 'é”{;; (‘;"T‘;X) \ (eV)
spectively, as shown in Table I. While the rate coefficients-
quoted are for thermal energi¢300 K), at low energies- € *GH,—CHy;+H+e -
(from thermal up to the few electron volt region we are ig gg 76?&18_17 ;;
interested i there is little energy dependence in the rate CH; 10 o5 12%10°16 77
coefficients. So these numbers are good enough for our pur- cH, 10 25 1.4<10°16 77
poses. e+ CH,— CHy_p+Hyt+ e~

The branching ratios, however, do not remain constant CH 10 18 . 114
up to a few electron volts. At thermal energies where the g:z ig ig g'gz 18,17 ﬁ'i
experimental measurements were taken, one channel tends to CHj 10 18 7310V 114

dominate over the others. However, some temperature
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A hydrocarbon

TABLE VII. Electron impact dissociation cross sections.

reaction model for low temperature . ..

Energy
Reaction Cross section (&)t range(eV) Reference
- _ 25-E\2
e +CH, —CHg+H+e 1.4x10° 81— —— 10<E<25 2
25—-10
6
25-E
4x 10 B exg—— E>25
1.4X10 **exp 77
—CH,+2H+e" 73x10 11| 2E ’ 10<E<18
' 18-10
18—-E
—17 E>18
7.3x10 Vexp— 7
- _ 25-E\?
e +CH, —CHy+H+e 1.27x10°%9 1 10<E<25 2
25—-10
25-E
1.27x 10 P exp——— E>25
77
—CH+2H+e™ 633)(10717 1— E ’ 10<E<18
' 18—10
18-E
- 17 E>18
6.33x10 “"exp 114
- B 25-E\2
e +CH, —CH+H+e 7.33x 107 1| ——— 10<E<25 2
25—-10
25—-E
7.33x107 7 ex E>25
77
—C+2H+e" 3.67X10717 1— 18_E)2 10<E<18
18—10
18—-E
17 E>18
3.67x10 ex;{ 11.4}
_ _ 25-E\2
e +CH —C+H+e 6.0x10° Y 1—| S —— 10<E<25 2
25-10
25-E
o0x10°Y7 E>25
6.0<10 exr{ 77 }
- _ 25-E\2
e +CyHs —CytHgt+H+e 3.34<107 91— 10<E<25
25—-10
25—-E
3.34x10 Pexg—— E>25
77
_ 18-E\?
—Cy+Hy+2H+e 1.67x10°391—| —— 10<E<18
18—10
18- E
16 E>18
1.67x10 *°exp 114
_ _ 25-E\2
e +C,Hs —CytHy+H+e 3.28<10 91| ——— 10<E<25
25—-10
25-E
3.28x10 Bexg—— E>25
77
_ 18-E\2
—Co+Hg+2H+e 1.64}10° 91| —— 10<E<18
18-10
18—-E
—16 E>18
1.64<10 *°exp 14
- _ 25-E\?
e +C,H, —CytHgtH+e 3.13x107 11— 10<E<25
25-10
25-E
3.13x 10 Pexg—— E>25
77
_ 18-E\2
—C,+H,+2H+e 1.56x10° 18 1| —— 10<E<18
18-10
18—-E
—16 E>18
1.56x 10" **exp 114
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TABLE VII. (Continued)

Alman, Ruzic, and Brooks

Energy
Reaction Cross section (&) range(eV) Reference
- _ 25-E\?
e +CyHs —CytHytHte 2.84x107 19 1| o0—— 10<E<25
25— 10
25-E
2.84x 10 B exg——— E>25
77
_ 18-E\2
—C,+H+2H+e 1.42¢10° 81— —— 10<E<18
18-10
18-E
— 16 E>18
1.42¢10"* exg
- N 25-E\2
e +C,H, —Cy+H+H+e 4.06x10 91— —— 10<E<25
25— 10
25-E
4.06x 10" P exg——— E>25
77
_ _ 25-E\2
e +CH —C+Cs+H+e 3.60x10 18 1| ——— 10<E<25
25-10
25-E
3.60x 10" P exg——— E>25
77
- _ 25-E\2
e +C3Hq —CgHg+H+e 46710718 1—| —— 10<E<25
25— 10
25-E
4.76x10 ¥ exg——— E>25
77
_ 18-E\2
—Cy+Hy+2H+e 2.38x10°191— 10<E<18
18-10
18-E
- 16 E>18
2.38<10 *°exp 114
- _ 25-E\2
e +CsHs —CgH,+H+e 4.53x10718 1—| —— 10<E<25
25— 10
25-E
4.53x10 P exg——— E>T7
77
_ 18-E\2
—Cy+Hy+2H+e 2.27x10°19 1| —— 10<E<18
18-10
18-E
-~ 16 E>18
2.27<10 *exp 114
- _ 25-E\2
e +CsH, —CgHy+H+e 4.31x10718 1—| —— 10<E<25
25— 10
25-E
4.31x10 ¥ exg—— E>25
77
_ 18-E\?
—Cy+Hy+2H+e 2.16x10°181—| —— 10<E<18
18-10
18-E
—16 E>18
2.16xX10 “*exp 114
- _ 25-E\2
e +CsHs —CgHy+H+e 4.10x1078 1—| —— 10<E<25
25-10
25-E
4.10x 10" ¥ exg——— E>25
77
—CH+2H+e" 2.05x 10719 1—( 16-E)° 10<E<18
18-10
18-E
~16 E>18
2.05x10 “*exp 114
- _ 25-E\2
e +CsH, —CiH+H+e 5.82<107 19 1—| —— 10<E<25
25-10
25-E
5.82x10 P exg—— E>25
77
- _ 25-E\?
e +CH —3C+H+e 5.48<107 19 1—| ——— 10<E<25
25— 10
25—-E
5.48x 1016 exp—=— E>25

2All cross sections are zero below the threshold energy.
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TABLE VIIl. Summary ofwec code analysis of carbon chemical sputtering 10000 i
of the JET Mark Il inner divertor. 10,000 particles launched

N =2x10"m”

Fraction of Fraction of T, =1eV
Plasma Overall carbon redeposited particles chem. sputtered 1000 T =200°C
temperature redeposition that are carbon going to inner i
(eV) fraction neutral/ionized louver region
1 0.86 0.79/0.21 0.095
3 0.93 0.57/0.43 0.051 100
10 0.95 0.17/0.83 0.006

Number of Particles Redeposited

dependent results indicate that the product distribution be-
comes more evenly distributed as temperature increases
reaching a 50—50 distribution at0.2 eV® At the tempera-
tures that we are interested ir (L —3eV), we have assumed

OO +N+ AT TN+ N+ M+ T+ N+ 0+ TN FMI TN+ 0+
. o . O PSS ARt I SRS TIRAREDEISRITIRERS
that all reactions produce an even distribution of possible @ °°°OU%050538838%858585%8%8%858@85
products. Species

10000 -
lll. DISSOCIATIVE RECOMBINATION 10.000 particles launched

N=2x10"m"
The reaction rate for dissociative recombination is T,=3eV
known to be inversely proportional to temperature. The

mathematical approximation used for these reactions is

1000

A

(ov)= %! (6) 100
whereA andB are parameters to be determined. The reaction
rates as functions of temperature have only been publishes
for the methane family.In these lighter hydrocarbons, there
is a noticeable bend in tRerv) vs T plot, so the reaction rate
has been split up into two sections, each with their odn
and B, covering the temperature rangés<1l andT>1eV. !
For the heavier ions, the rate can be approximated by jus
one function for all energies. Of the twelve heavier hydro- (b)
carbons of importance, there are experimentally determinec
values of the reaction rate at one enefggually 300 K in 10000
the literature for six of them. The energy dependence was
known'’ for several of these ions to Kerv)=T"2 ie., B
=1/2. Using this energy dependence, together with the oneg
data point, allows us to solve for the remaining parametger, ‘g
for six of the ions. kiy

The remaining six hydrocarbons present more of a chal-=
lenge. Bates had proposed that the dissociative recombina}Z 100
tion rate is proportional to the number of bonds that can be g
broken. There is some disagreement about whether or nog
this is true, especially for more complex iohand sincethe 8
reaction rates that we know so far do not seem to follow this §
type of a trend, another method of estimation must be em-
ployed. If we assume that the rate of dissociative recombina-
tion again depends on the polarizability of the ion and we use !
the same value @=1/2, then it becomes rather easy to find
these remaining reaction rates. A graph was constructed o () Species
the known values of the parametArversus the molecular
polarizability of the corresponding molecule. This is shown
in Fig. 1. The value oA is found for five of the six remain- FiG. 2. (9 Carbon/hydrocarbon redeposited species frege analysis of
ing hydrocarbons by interpolating from this graph and bythe JET Mark Il inner divertor with 1 eV plasma temperatut®. Carbon/
extrapolation for the other. hydrocarbon redeposited species frast analysis of the JET Mark Il inner

. . . . divertor with 3 eV plasma temperatuie) Carbon/hydrocarbon redeposited
The branching ratios for the methane family have prev"species fromwsc analysis of the JET Mark Il inner divertor with 10 eV

ously been publishetiThe data available on branching ratios plasma temperature.

Number of Particles Redeposited

10,000 particles launched
N,=2x10"m”
T =10eV

1000 T,=200°C
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1x10"7 E— I E —E)2
\ 5 (E)= el 1- ™| (g BB b
] i - YUma - - 5 th max’/
1x10'6 K\\ 1 j . (Emax— Eth)2
) ] £
e :\ \\ b —(E~Emg
> 1x1018 ‘%ﬁ 0'(E):0'ma><exl{Tma (E>Emav- (70
] E b
2 ] ]
%N1X10145 \ Energy-dependent cross sections for CH, ,CHCH;z,
g8 ] \ —— Te=1eV CH,, CH,, GH,, and GHg were found in the litera-
%1013 —— Te=3eV | ture2>19The plots ofo vs E were fit to the above-mentioned
] \\ e Te=10eV functional form, yielding the parameters shown in Table IV.
1x1012-— B e ea— Fortunately, ionization potentials are known for most of
0 0.5 1 1.5 2 the remaining moleculé$ and are consistently around 10
Distance from plate, cm eV. The remaining three parameters must be fit to the known

) . . _graphs. If we again assume that the ionization cross section
FIG. 3. Average CB molecular density as a function of perpendicular dis- h d d th larizability of th | |
tance from divertor plate. Fromsc Monte Carlo code simulation of carbon as Som_e e_zpen ence on . € po grlga '_' y 0 e molecuie,
chemical sputtering of JET MK-2 inner divertor, tile 4. For constant near-as we did with the proton impact ionization reactions, then
surface plasma density dl,=2x10°> m ?s* assumed for comparison we can obtain estimates for the remaining three parameters
purposes. based on the number of carbon and hydrogen atoms in each
molecule. With those known, we have a good guess at the
. o electron impact ionization cross section at any energy.
for some of the heavier hydrocarbons indicate that the prod- P . . y energy
. ; . The energy at which the maximum cross section occurs,
uct distributions are split evenly among the possible
7 . . Emax, does not seem to vary much for the seven known
channels.” In our model, we use an even branching ratio for
. - - : values such that any value between 70 and 90 would be
the dissociative recombination of these heavier molecules. .
. - . reasonable. However there are some assumptions we can
The reaction rates are summarized in Table Ill. Note that the

- . : . make from the data. It seems that from the methane family
rate coefficients are in cubic centimeters per second and tem- .

. dataE . tends to increase as the number of hydrogen atoms,
peratures are in electron volts.

H, increasesE, . also seems to increase as we move from
the CH, to the GH, family, i.e., with increasingC. The
approximate relationship used is

The cross sections for electron impact ionization are ap-
proximated by a quadratic function in the region between the
threshold energyE,, and the energy at which the maximum ~ The maximum cross sectiom ., shows a more defi-
Cross section 0CCUrg, .. At energies above,,,,, the cross hite dependence on C and H. There is an obvious increase
sections decay exponentially. They are therefore fit to fouwith both the number of carbon and hydrogen atoms. The

IV. ELECTRON IMPACT IONIZATION

Ema—= (7.71eVJC+(1.31eVJH+67.0eV. (8)

parametersEy,, Emax» 0max, and\, according to relationship used for the fit is
o(E)=0 (E<Ey), (78 O max=(2.36C+0.413H-0.631) X 10 6cn?. 9
10 10
Dissociation lonization
CH:+H, (em?) (em?)
Dissociative . . 8
~ Recombination CH,+H+e CH," +2e Q FIG. 4. Complete energy-dependent
-} .| (cm’/s) 1 HE cross sections and rate coefficients for
o — - methane. Each plot is labeled by the
= — products given off in the named reac-
— . . . .
= CH, +H+ 26 hod _tlon with a methane mol_eculléor ion
= g in the case of recombinatipn One
£ ‘2 value for the rate coefficient for charge
é Both % exchange is assumed constafthe
? Charge Exchange CH+H CH, +2H +¢' 6 horizontal ling since this value is
e ol (cm®/s) and 1ol g valid in the temperature range of inter-
Q — CH," +H, K est. Cross sections are given for disso-
ciation and ionization, while rate coef-
ficients are plotted for recombination
and charge exchange.
0.01 4 —t ) —+ 0.0t
0.1 ! 10 100 1000
Energy/Temperature (eV)
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The decay constanfy, appears to generally increase VI. HYDROCARBON TRANSPORT CALCULATIONS
with H and decrease C. We can approximate unknown val-
ues with To illustrate the use of these hydrocarbon reaction esti-

mates, a series of calculations for the transport of chemically
A=(—64.3739eVYC+(35.3963eYH+668.358eV. (100  gpttered material from a tokamak carbon divertor surface

The branching ratios were known for the CFamily? have peen !oerformed. This was plone usingvﬂm: Monte
and for three heavier hydrocarbolsC,Hg, C,H,, and Carlo impurity transport codapplied to the Joint European
C,H,. This later data can be applied to other heavier hydroorus (JET) MARK Il carbon inner divertor. For the JET
carbons where branching ratios are not known. In generafnalysis, the complete set of hydrocarbon reactions and
the ionization and dissociation to the Ehannel was favored temperature-dependent rate coefficients discussed previously
(~70%), followed by the straight ionization~20%). lon- ~ Wwere implemented imvsc. This contrasts with earlier work,
ization and dissociation to H was the least favoredl0%). for a very low temperature plasma in DIII-D, which did not
Table V summarizes the results when these approximahcorporate the electron impact ionization processes.
tions are used. Note that all energies are in electron volts and A critical question which this modeling hopes to address
cross sections are in square centimeters. Also, for all enefs Why much of the tritum(and deuteriumused in many

gies below the threshold energy, the cross section is zero. JET shots is not pumped out at the end of the shot but instead
appears to be trapped in deposited carbon layers in the ple-

num region near the inner divertor plate, apparently by the
V. ELECTRON IMPACT DI IATION H/C codeposition proce$3.0ur initial aim for this analysis
’ CTRO ¢ SSOCIATIO is to compute general erosion/redeposition characteristics for

Plots of o(E) vs E for electron impact dissociation have the chemically sputtered carbon, including the percentage of

the same general shape as those for electron impact ionizgPuttéred carbon that reaches the plenum region.
tion. Therefore, the same functional form was used to de-  The code was run for a deuterium plasma with three

scribe the cross-section curve in terms of four parameterglifferent spatially invariant near surface-0—10 cm from
Eis Emaxs Tmac @NAA the plate plasma temperature§,=T;=1,3, 10 eV. These

correspond roughly to the range estimated for various types
o(E)=0 for E<Ey, (118  of JET discharges. For comparison purposes in evaluating
the effect of plasma temperature we used a fixed plasma
density of 2<10?°° m~3. Other conditions include plasma
sound-speed flow and debye/magnetic-type sheath condition.
For each temperature case the code launches 10000 hydro-
carbons from the innermost divertor ti{€Tile 4" of Fig. 2,
for E>Emax- (110 Ref. 21. The hydrocarbons are launched as ,CH,H,,
C,H,, GHg, and GHg, as discussed further in Ref. 9, and

Ew is the threshold energy for dissociation and is alwaysn proportions according to data from the UTIASniveristy
~10 eV.Enais the energy at which the maximum value of of Toronto Institute for Aerospace Studiedevice?? The
the cross sectionypax, occurs. Finally\ is a constant that  particles are launched with a thermal distribution corre-
determines the rate of decay of the cross section beyonghonding to a 200 °C surface temperature. Particles then un-
Emax- dergo elastic and inelastic collisions with the background

In the case of electron impact dissociation, the only datg)|asma ions and electrons, and are subject to Lorentz force

. . 2'6 . . )
available are for the CfHfamily.®” These known cross sec- motion due to the tokamak magnetic field, and sheath elec-
tions can be parameterized as shown in Table VI. This inforyic field.

mation is then used to make an extension to the heavier The hydrocarbon reactions are implementeavisc us-
hydrocarbons. This is done by using the same graph shapgyg standard Monte Carlo methods. For a given particle in a
i.e., values ofEy,, Emax, and\, as for the methane family gjven time interval the code determines whether a reaction
but scaling the graph up and down with different values ofgccurs, and if so, what reaction, based on the probability
omax- A scaling law like the one used if®) for electron  getermined by the applicable rate coefficients and the proton
impact ionization is again developed to accomplish thisang electron density. The code follows each particle and re-
Therefore, the scaling with the number of carbon and hydrosu|ting fragments until:(@ the particle leaves the near-
gen atoms is the same as with ionization. However, here thgrface region(including entering the plenumor (b) the
maximum of the dissociation cross sections is generally 0”|¥)article is redeposited on the divertor surface.
80% of the maximum cross section for ionization, Table VIII summarizes code results in terms of several
1= (1.89C+0.330H- 0.505 X 10~ 6 crr?. (12) glpbal redepos.ition par_ameter_s. Figure 2 shows the _species
mix of redeposited particles. Figure 3 shows the density pro-
From the CH family, the reactions are known to favor the file of CD, molecules in the plasma. As shown in these re-
dissociation of only one hydrogen rather than two by a 2:1sults there is a substantial difference in hydrocarbon trans-
ratio. This branching ratio is used throughout the higher hyport over the temperature range studied. Simpler models do
drocarbons. The resulting cross sections are shown in Tableot predict such dramatic differences. In general, proton im-
VII. pact ionization and electron recombination dominate at low

_ (Emax_ E)2
(Emax_ Eth)2

og(E)= ommexp{w

for En<E<Emax, (11b

o(E)= O'ma{ 1
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temperatures, and electron impact ionization dominates atSF Contract No. DE-FG02-97ER54440, DOE/ALPS Con-
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plasma—as shown in Fig.(@nd where trends are similar for 980332401.

the other hydrocarbons-is greater at low temperatures. Al- | _ _ _ _
thouah overall redeposition is alwavs hiah. there is three H. Tawara, inAtomic and Molecular Processes in Fusion Edge Plasmas
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