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The sputtering performance of the proposed TFCX pumped
limiter was analyzed using the REDEP computer code. Erosion,
redeposition, surface shape and heat flux changes with time, and
plassa contsmination issues were exsmined. A carborn coated limi~
ter was found to give acceptable sputtering performance over the
TFCX liferime 1f, and only if, scceptadle redeposition properties

of carbon are obtained.

1.0 INTRODUCTION AND WMODKL

The TFCX device, as a near term ignition machine, has different impurity
control requiremsents than efither present devices or future advanced devices
such as INTOR. Compared to INTOR, the erosion rate due to sputtering is much
less of an issue simply because the availebility of TFCX is so much lower (1%
compared to 50%).

On the other hand, plasma contasinstion from sputtered materiasl is some-~
what more important for TFCX since there is less of an ignition margin than
for more advanced machines. Compared to present tokasaks, 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 limiter for TFCX was exsmined, using the
REDEP computer code. This code has been described elsevhere. (1) riefly, the
code models the transport, ionization, and redeposition of sputtered surface
material in the scrapeoff zone, plassa, first wall, and 1limiter/divertor
regions of a tokamak. The latest version of the code, REDEP4, follows the
time evolution of the limiter surface, and has other improvements in the

models.




The input to the REDEP code consisted of plesms profiles ('re, Ty, Ne»
heat and particle fluxes), and charge exchange neutral sputtering fluxes.
These were provided(z) by the 1-1/2 dimensionsl transport code WHIST rum in
conjunction with the neutral transport code DEGAS. The wversion of the TFCX
design parameters used here are R = 3.25 ¥, a = 1.31 M, k = 1.6, Ip = 10 MA,
and arn alpha power of 50 MW. The limiter configuration exsmined is a flat,
toroidally continusous, single-edge design, located at the bottom of the
torus. Carbon is the reference coating material.

As will be discussed, it is important for the use of carbon in TFCX that
redeposited carbon ions stick to the limiter surface and form a redeposited
surface having acceptable properties (adhesion, thermsl conductivity, etc.)}.
It is assuwed for the calculations that the redeposited carbon layer has the
same sputtering coefficients as the originasl coating. As discussed fn Refs. 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, 1.e., chemical sputtering was ignored. This
requires adequate control of the carbon coating tesperature. The effect of
variations in edge conditions and coating materials was also examined.

2.0 REESULYS

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 = O denoting the ceuter of the tokamak. In Figs. 2 and 3, limiter points 2-
21 denote points on the front face initislly 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 Iimiter is subject to
less erosion and was not modeled. As shown, the net growth rate (redepositcion
mimus spuitering) of the carbon surface, at t = 0, varies from ~7 ca/yr at the
leading edge to -14 cm/yr on the top surface. The gross erosion rate (hydro-
gen + helium + self-sputtering) st these two points is 93 cm/yr and 179 cm/fyr
regpectively, thus redeposition is seen to be an important effect in reducing
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Fig. 1. Limiter shape at initial startup and after
four weeks of contimuous operation.
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Pig. 2. Net growth rate of the limiter carbon coating
at initial startup and after four weeks of
continuous operatior.
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Fig. 3. Limiter heat flux at initial startup and after
two and four weeks of continuous operation.

erosion. (All erosion rates quoted are for continuous operation; for a device
like TFCX having a ~12 availability, onme 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 Erom 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 wmagnetic field line structure.

o

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

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



erosion rate areas at t = 0 tend to have lower net erosion at t = & weeks, and

vice versa.

The heat flux profile across the limiter is sensitive to small changes in
shape. As a result, the heat flux profile changes substantially with time, as
shown in Fig. 3. The peak heat flux is ~2.5 MW/mZ initially and rises to
~3.5 MW/m? after four weeks. The latter value is still probably acceptable.

Plasma contamination from sputtering depends on the fraction of sputtered
carbon fonized in the scrapeoff zone. For the reference case, the contamina-
tion fraction, Seff, defined as the ratio of the carbon atom currert entering
the plasma tc the deuterium/tritiva ifon current leaving the plasma, is 0.018.
(Seff can also be thought of as the effective sputtering coefficient.) Toni-
zation and subsequent redeposition in the scrapeoff zone reduce the carbon
flux entering the plassa by about a factor of 5. This remsins nearly constant
through four weeks of operation. The shielding efficiency (see Ref. 1) of the
.acrapeoff zone is, therefore, ~80%. If the carbon entering the plasma had the
same confinement time as the D-T ions, the carbon concentration, in steady
state, would be equzl to S®ff, f.e. 1.8% of the D-T density. However, trans-—
port code studies(#) have shown that the core plasma impurity density should
be substantially less than this value, due to high fmpurity 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 & predicted factor of &
difference in the impurity confinement time, the carbon concentration would be

~0.5%. This value is acceptably small.

In the event, however, that xedeposited carbon ions do not adequately
stick to the limiter surface, the resulting carbon concentration in the plasma
would appear to be intolerable. For this case, and in the absence of any
other removal mechanism, the bufildup of carbon in the plasme can be written

d Nz seff

&E WL T T

where Ny and Npp are the average carbon and deuteriuvm densities in the plasuma,
and 1 is the D-T particle confinement time. A lower bound on S®ff i5 obtained
by ignoring self-sputtering; in this case seff = 0.043. Based on a value of T

» 60 ms (from Ref. 2 results) the average carbon concentration would reach 72%



in 1 sec. Possible removal mechanisms are carbide formation with a metallic
first wall and transport of csrbon imto the pumping duct. However in TFCX,
some 902 of the plasms outflux impinges on the limiter, thus limiting the
effact of these removal mechanisms. Information on carbon behavior inm preseant
day machines 1is hard to assess becsuse these machines have colder edges,
shorter pulses, and less extenmsive limiter surfaces than TFCX. An encouraging
result however is the observation of redeposited carbon in aspex.(5)

Considering the 1issues of erosion and plasma contsminstion, the limiter
is acceptable under the reference conditions. A 1-cm thick carbon coating
{cladding) would last about four weeks of full operation. This translates
into about 10 yr of resl time operation at 1X availsbility or about the pro-—
posed life of TFCX. The limiter would likely be changed several times for
other reasons such as experisentation and demege from disruptions.

3.0 OTEER CASKS

Computer runs were made for two different edge tesperatures, ‘1‘,o = 50 eV,
and 300 eV. Other plasma paraseters were scaled accordingly. In particular,
plasma edge density was scaled as "e -T;;'s. based on the assumption of a
constant heat flux. The plassa contsmination fraction, and the average net
erosion rate for these cases, and the reference case, are compared in Table 1.
As shown, contaminstion and erosion both scale with temsperature (in the tem-
perature range shown). The lower temperature regime, ‘1‘,0 = 50 eV, 1s signifi~-
cantly better than the reference case, for two reasons:. (1) sputtering coef-
ficents are lower; and (2) the higher density results in more scrapeoff zone
ionization.

For a beryllium-coated limiter, the contamination results are similasr to
carbon. The peak erosion, however, which occurs at the leading edge for
beryllivm is about twice as bsd. This is due to higher D-T aputtering coef-
ficients. Beryllium may have the advantage of better redeposition properties
than carbon.

Por the reference case, average impingement sngles for lons on the limi-
ter are taken as 60 deg from the normal. A case (not shown) was run with the
average angler set to 0 deg (normal incidence). This reduced the net ervsion
rate and contamination fraction by about a factor of two.



Table 1. Performance Comparison of Different Materials and Edge Conditions

Edge Electron Peak Net Plasaa
Limiter Coating Tenperature' Erosion Rate, Contaminatipn
Material Te,» &V cn/yr Fraciion Comments
Carbon 117 16 0.018 Reference case.
Carbon 50 4 0.0043
Carbon 300 62 0,039
Beryllium 117 29 0,021 Peak erosion occurs at
leading edge.
Carbon = with chemical 117 42 0,024 Gross sputter ratss are
sputtering very high.
Tungsten 50 4 0,77 x 1073

SAt start of scrapeoff.
bae ¢ = 0.

P R
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The effect of chemicsl sputtering of carbon was alsc exmmined. The
method described in Ref. 1 wes used to model chemical sputtering. Although
the contsmination fractiom shown is reasonable, the results for chemical sput-
tering are very speculative due to very high gross sputter rates and concerns

about sticking properties.

The use of sadium and high-Z materials would require lower edge tempera-
tures, Tq, £ 50 eV. Results for a tucgsten costing st 'r,o = S0 eV are showm.
The contamination fraction is significant at this tempersture but decrsases

rapidly for lower temperatures.

4.0 CONCLUSIONS

Erosion and plassa contaminstion calculstions were made for the TFCX-
pumped limiier. The reference case is a carbon coating with a moderate plasma
edge temperature. Based on these results, a pumped limiter will have accept-
able sputtering performance for a nesr ters ignition device such as TFCX.
Both plasma contamination snd erosion appear to be acceptable. An important
issue for the use of carbon, however, 1s to assess the stickiﬁg properties of
redeposited materfal. Beryllium provides an important slternative to carbon
in the event that chemical sputtering and/or poor redeposition properties are
obtained for carbon. lower edge temperatures than the ~100 eV predicted are
not oecessary for low-Z coatings but would certainly be beneficial. Mediue
and high-~Z coatfngs offer another alternative, 1f edge temperstures of (_50 eV

are obtainable.
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