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J. M. Brooks
Fusion Power Program

Argonne Rational laboratory
Argonne, Illinois 60439

The sputtering performance of the proposed TFCX pumped

llalter was analyzed using the BEDEP computer code. Erosion,

redeposltion, surface shape and heat flux changes with tine, and

plasaa contamination issues were examined. A carbon coated llal-

ter was found to give acceptable sputtering performance over the

TFCX lifetime if, and only if, acceptable redeposition properties

of carbon are obtained.

1.0 nmtfloocnoi *•> ran.
The TFCX device, as a near ten ignition machine, has different impurity

control requirements than either present devices or future advanced devices

such as INTOR. Compared to IHTOK, the erosion rate due to sputtering is much

less of an issue simply because the availability of TFCX is so much lower (IX

compared to 50Z).

On the other hand, plasma contamination from sputtered material is

What more important for TFCX since there is less of an ignition margin than

for more advanced machines. Compared to present tokamaks, TFCX would have

longer pulse lengths (~100 s) and higher heat particle fluxes, all making the

issue of sputtering more important. To evaluate these issues, the sputtering

performance of the proposed bottom limlter for TFCX was examined, using the

REDEP computer code. This code has been described elsewhere.t^) Briefly, the

code models the transport, ionization, and redeposition of sputtered surface

material in the scrapeoff zone, plasma, first wall, and limiter/dlvertor

regions of a tokamak. The latest version of the code, KEDBF4, follows the

time evolution of the limiter surface, and has other improvements in the

models.



The input to the KEDET code consisted of plasms profiles (Te, T±t Ne,

heat and psrticle fluxes), and charge exchange neutral sputtering fluxes.

These were provided^) by the 1-1/2 dimensional transport code WIST run in

conjunction with the neutral transport code DEGAS. The version of the TFCX

design psraaeters used here are K - 3.25 H, a - 1.31 M, k - 1.6, Ip - 10 HA,

and an alpha power of 50 MW. The limiter configuration examined is s fist,

toroldally continuous, single-edge design, located at the bottom of the

torus. Carbon is the reference costing Material.

As will be discussed, it is important for the use of carbon in TFCX that

redeposited carbon ions stick to the Halter surface and form a redeposlted

surface having acceptable properties (adhesion, thermal conductivity, etc.).

It is assumed for the calculations that the redeposlted carbon layer has the

same sputtering coefficients as the original coating. As discussed in Kefs. 1

and 3 there is reason to question these assumptions, but relevant data for a

better model Is lacking. Also, except where otherwise indicated, only physi-

cal sputtering was assumed, i.e., chemical sputtering was ignored. This

requires adequate control of the carbon coating temperature. The effect of

variations in edge conditions and coating materials was also examined.

2.0 KSOUS

For the reference conditions, the limiter shape, net growth rate, and

heat flux are shown in Figs. 1 through 3. Except for the leading edge, the

limiter results are approximately symmetric about the limiter center, there-

fore results are shown for the left side only. In Fig. 1, the coordinates x

and y denote the major radius and elevation coordinates respectively, with x -

y - 0 denoting the center of the tokamak. In Figs. 2 and 3, limiter points 2-

21 denote points on the front face initially spaced 1.62 cm apart, and points

22-26 denote leading edge points which are initially spaced 1.00 cm apart.

The limiter shape at time t » 0 is prescribed as a flat top surface, with a

-1.5 cm radius leading edge. The bottom side of the limiter is subject to

less erosion and was not modeled. As shown, the net growth rate (redepositlon

minus sputtering) of the carbon surface, at t • 0, varies from -7 cm/yr at the

leading edge to -14 cm/yr on the top surface. The gross erosion rate (hydro-

gen + helium + self-sputtering) at these two points is 93 cm/yr and 179 cm/yr

respectively, thus redepositlon is seen to be an important effect in reducing
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erosion, (All erosion rates quoted are for continuous operation; for a device

like TFCX having a -1Z availability, one week of continuous operation is

equivalent to about two calendar years.) The positive net growth rate over

some of the leading edge is due to transfer of material from the front

face. Since the net erosion rate is determined by the difference between two

fairly large terms (erosion and redeposition) the net rate is model dependent

and can change with variations in such parameters as edge density, e-folding

distances and magnetic field liae structure.

Based on the predicted net growth rate, the code computes the change in

the surface of the limiter. This was done at two-week (continuous operation)

intervals. At each interval, the code computes the new particle flux, sput-

tering and redeposited distributions. At the end of four weeks the front

surface of the limiter had eroded by about 1 cm. As seen from the net growth

profiles the limiter erosion is somewhat self-compensating. This is, high



erosion rate areas at t - 0 tend to have lover net erosion at t - * weeks, and

vice versa.

The heat flux profile across the liaiter is sensitive to saall changes in

shape. Aa a result, the heat flux profile changes substantially with tiae, as

shown in Fig. 3. the peak heat flux is -2.5 MW/m2 initially and rises to

-3.5 MW/a2 after four weeks. The latter value is still probably acceptable.

Plasaa contamination froa sputtering depends on the fraction of sputtered

carbon ionized in the scrapeoff zone. For the reference case, the contamina-

tion fraction, S*ff, defined as the ratio of the carbon atoa current entering

the plasma to the deuterium/tritium ion current leaving the plasaa, is 0.018.

(Sef£ can also be thought of as the effective sputtering coefficient.) Ionl-

zatlon and subsequent redeposition in the scrapeoff zone reduce the carbon

flux entering the plasaa by about a factor of S. This remain* nearly constant

through four weeks of operation. The shielding efficiency (see Kef. 1) of the

.scrapeoff zone Is, therefore, -4KKC. If the carbon entering the plasaa had the

saae confinement tiae ** the D-T ions, the carbon concentration, in steady

state, would be equal to S*ff, I.e. 1.8Z of the D-T density. However, trans-

port code studies"' have shown that the core plasaa impurity density should

be substantially less than this value, due to high impurity recycling in the

edge region. Although the transport studies were done for a larger device, a

similar result would be expected for TFCX. Based on a predicted factor of 4

difference in the impurity confinement tiae, the carbon concentration would be

•-0.5Z. This value is acceptably small.

In the event, however, that redeposited carbon ions do not adequately

stick to the liaiter surface, the resulting carbon concentration in the plasaa

would appear to be intolerable. For this case, and in the absence of any

other removal mechanism, the buildup of carbon in the plasma can be written

as:.

d N2 Seff

dt "DT

where Nz and MQ>J> are the average carbon and deuterium densities in the plasma,

and T is the D-T particle confinement time. A lower bound on Seff is obtained

by ignoring self-sputtering; in this case S*ff - 0.043. Based on a value of x

- 60 ms (froa Kef. 2 results) the average carbon concentration would reach 72X



In 1 sec. Possible removal mechanism* arc carbide formation with a metallic

first wall and transport of carbon into the pumping duct. However in TFCX,

H M 901 of the plaaaa outflux Impinges on the limlter, thua limiting the

effect of these removal aechamisas. Information on carbon behavior In present

day machines la hard to assess because these Machines have colder edges,

shorter pulses, and leas extensive liaiter sarfaces than TFCX. An encouraging

result however la the observation of redeposited carbon in ASDEX.(^)

Considering the Issnea of erosion and plaaaa cont«ainat£on, the liaiter

is acceptable under the reference conditions, k 1-ca thick carbon coating

(cladding) would last about four weeks of full operation. This translates

Into about 10 yr of real tlae operation at IX availability or about the pro-

posed life of TFCI. The llnltcr would likely be changed several tiaea for

other reasons such as experimentation and daaage fro* disruptions.

3.0

Computer runs were aade for two different edge teaperatures, T- - 50 eV,

and 300 eV. Other plaaaa paraaetera were scaled accordingly. In particular,

plasaa edge density was scaled as ft- ~Te0" » bated on the assumption of a

constant heat flux. The plasma contamination fraction, and the average net

erosion rate for these cases, and the reference case, are compared in Table 1.

As shown, contamination and erosion both scale with teaperature (In the tem-

perature range shown). The lower teaperature regime, Te - 50 eV, Is signifi-

cantly better than the reference case, for two reaaons:. (1) sputtering eoef-

ficenta are lower; and (2) the higher density results In more ecrapeoff zone

ionization.

For a beryllium-coated liaiter, the contamination results are similar to

carbon. The peak erosion, however, which occurs at the leading edge for

berylliua is about twice as bad. This la due to higher D-T aputtering coef-

ficients. Beryllium may have the advantage of better redepoaition properties

than carbon.

For the reference case, average Impingement angles for Ions on the liai-

ter are taken aa 60 deg from the normal. A caae (not shown) waa run with the

average angles aet to 0 deg (normal incidence). This reduced the net eroaion

rate and contamination fraction by about a factor of two.



Table 1. Performance Comparison of Different Materials and Edge Conditions

Lialter Coating
Material

Edge Electron
Temperature*

Peak Net
Erosion Rate,

c»/yr

Plasma
Contamination

Fraction1* Conuents

Carbon

Carbon

Carbon

Beryllium

Carbon - with chemical
sputtering

Tungsten

117

50

300

117

117

50

16

4

62

29

42

4

0.018

0.0043

0.039

0.021

0.024

0.77 x 10

Reference case.

Peak erosion occurs at
leading edge*

Gross sputter rates are
very high.

,-3

*At start of scrapeoff.
bAt t - 0.



The effect of chaaical sputtering of carbon was also exaalned. Th«

•ethod described In lef. 1 M M used to aodel chaaical sputtering. Although

th« coataalnation fraction shown Is reasonable, the results for chealcal sput-

tering arc very speculative doe to vary high gross spotter rates and concerns

about sticking properties.

The use of aadluB and blgh-Z Materials would require lower edge teapera-

tures, T,Q < SO eV. Kesults for a tucfatcn coating at T«o - 50 «V are shown.

The contaainatlon fraction Is significant at this tsapersture but decreases

rapidly for lower teaperaturee.

4.0 conclusions

Erosion and plaeaa contaalnatlon calculations were aade for the TFCX-

puaped Halter. The reference case Is a carbon coating with a Moderate plasaa

edge teaperature. Based on these results, a puapad lladter will have accept-

able sputtering performance for a near tens Ignition device such as TFCX.

Both plasaa contaainatlon and erosion appear to be acceptable. An important

issue for the use of carbon, however, Is to assess the sticking properties of

redeposlted aster1*1. Berylliua provides an Important alternative to carbon

In the event that chealcal sputtering and/or poor redepositlon properties are

obtained for carbon. lower edge teaperatures than the ->100 eV predicted are

not necessary for low-Z coatings but would certainly be beneficial. Hediua

and high-Z coatings offer another alternative, If edge teaperatures of <50 eV

are obtainable.
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