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Abstract

Erosion of the surface coating of a pumped 1 Irai-
ter by sputtering .-aay bo a critical Hfe-JiraItin/»
issue for futur: tokamak reactors. Redcposition of
the sputtered .-.ater tal, however, may extend the coat-
Ing life significantly. This subject has now been
studied through the use of a code which ir.odeis the
red^posI ton of sputtered material whlch pets Ionized
In the scrdpe-off layer- The code also treats the
transfer of wall-sputtered tn.U'rial to the Mmiter.
The code uses nodeIs of the plasma density and tera-
perature In the scrape-off zonp, Pheath potentlal,
sputtering coefficients, spatial distribution of the
sputtered atoms, and electron Impact lonizatIon coef-
ficient for the sputtered atoms. Hie studies were
made for "high flux" and "low flux" edge conditlons
corresponding to FED and STARFIRE Halters and assumed
plasma-edge parameters. The results Indicate that
eubstantial redeposltlon froia the scrape-off layer
ionized neutrals occurs In the cases considered•

Int roductIon

A computer code has been developed which models
sputtering and redeposltlon of li miter coating mate-
rials. Hi dp lane pulped 1Jml ter designs, such as that
proposed for STARFIRE, , ano bottorn 1 Imiter confIgura-
tions, such as that proposed for FED, have been In-
vestigated.

The code calculates the sputtering yield nt each
point along the Ifmlter surface. Neutral sputtered
&toms ejected from the surface flow in the scrape-off
zone and undergo electron impact lonlzation. The
Ionized a tons then tend to return to the 1fmi ter, fol-
lowing a t rajectory with guiding center mot ion along
the field line passing through the point where the
lonizatlon occurred.

Near the llmlter surface the returning, singly
ionized, sputtered atoms gain energy when accelerated
across the sheath potential. Upon Impact ing the lirai-
ter surface, additional sputtering is initiated. In
this calculation several Iterat Ions on this sputtering
redeposltlon process are carried out until a conver-
gent sputtered particle source term Is calculated at
each spatial mesh point on the lirciter surface. The
two-dimensional calculation follows the trajectories
of all sputtered atoms through the scrape-off region
eo that the redistribution of the llmlter surface
coating can be determined.

The results obtained should be useful in provid-
ing an Initial understanding of the sputtering-redopo-
sition processes for li^Iter syslrias. The model is by
no means complete but the trends predicted should be
useful In subsequent designs of pumped 11mlter systems•

We find that the redoposit!on process Is an im-
portant consideration In determining the expected life
of punped limlter systems. For boryl 1 luia-coated limi-
ters as proposed for the STARF1RE design, and for car-
bon-coated 11liters, as proposed for FED, the net ero-
sion rate calculated Is significantly be lour that pre-
dicted when the red^posItIon process Is not con-
sidered. In fact, when these tokamak systems are
operated with pi asiia Impurity species concentrations
near 1Z, we find that net llmiter coating buildup Is
predicted over most of the llmiter surface. This
results because self-sputtering yields for both carboa
and beryllium are less than unity.

Model Description

In this section the sputtering-redeposltlon model
Is described using the STARFIRE lltnlter system as a
reference case. Modifications required to perform the
analysis of the FEH limlter are presented below.

Figure 1 defines the general litniter geometry.
The le.idlng odge of the li*niter defines the beginning
of the scrape-off zone. The Umiter is divided into a
number of intervaIs corresponding to equal spacing in
the x-dfred ion. A set of equally spaced Intervals
are also constructed in the y-dlrection so that the
region above the llmlter Is covered with a spatial
grid. The piasma particle energy and density are
assumed to d»screase exponent ially with distance from
the plasma edge, i.e. as c"*/^. The particle density
and temperature e-foldlng dtstances and the plasma-
edge conditions used here for the reference calcula-
tions are listed in Table 1 for STARFIRE and FED.
(the actual STARFi:*E design used a higher edge temper-
ature and this case will be treated later.

Polotdot Field Line

7cm

STARF1RF. limlter schematic
and coordinate system.

In this model one pololdnl field line Is associ-
ated with each x-fnturval ..nd extends above the limi-
ter surface passing through cleofncs of the spatial



Table 1. Vefcrcnre Case Values of Model
Parameters for the Scrnpe-off
Region FlaRna and Limiter

Parameter STARFIRE FKD

Umlter location

Particle e-foldlng distance,
«p (cm)

Temperature e-foldlng
distance, 6,-

Edge temperature (eV)

Edge density (10'Vm3)

Active Umiter area (m2)

Particle current to the
llralter (1022/s)

Llmlter coating material

midplane

5.0

10.0

100

1.0

85

4 . 3

beryl Hum

bot torn
12.0

24.0

100

1.0

22.0

50.0
c

carbon

grid. Charged particles flow In towards the 11mlter
surface. The plasma flux to the limlter consists of
deuterium, tritium, and beryllium ions, and elec-
trons. (Helium Is not treated for simplicity.) The
greater mobility of the electron component of the
plasma results In the formation of a negative sheath
over the entire llmlter surface. A she.ith potential
of e£ - 3kT(x) Is assumed where Te = Ti =• T(x) Is the
local plasma temperature at a distance it from the
plasma edge. Due to the presence of this sheath, in-
coming Ions are accelerated toward the limlter and
strike the surface at near-normal incidence.

With the particle and energy fluxes to the llml-
ter as specified above, the source flux of sputtered
atoms, SZ(x), from the limiter surface of location x
Is calculated using the sputtering model of Smith for
D-T self-sputtering of beryllium. All atoms sputtered
from the lmlter are assumed to have a velocity Vg,
corresponding to an energy of 1 eV and are assumed to
be ejected In a neutral charge state. A symmetric
sinusoidal distribution is used to describe the direc-
tional dependence of the sputtered particle motion so
that

So - SZ(x0)
sin[a + g(xn)]do

2 cos [B(x0)]
(1)

represents the soruce current of sputtered neutral
beryllium atoms moving In a direction defined by a
that are produced on a portion of the limlter surface
associated with the increr.unt Ax about location xo.
In this expression B(x0) is the angle of inclination
of the llmlter surface at xo and a is the ejection
angle of the sputtered atom with respect to the llmi-
ter surface as shown In Fig. 1. This sputtered atom
source, represents the predicted surface e/oslon If no
redeposition takes place.

The angular distribution of sputtered atoms Is
divided into 30 Intervals, Ati - it/30. The source term
of sputtered neutrals for each direction o provides
the Initial condition for the following balance equa-
tion:

dz

d[N (z)v0)

dz
(2)

where T_(z) is the current of sputtered neutial atoms
At a distance x away fron xo, moving in n direction
defined by a, Ne and Nz are the electron nnd neutral
beryllium atoms densities respectively and <ov(z)>j Is

the rate coefficient for electron impact tonlzation.
Tn these calculations, r.ite coefficients reported by
Bell, at al. have been used.

The solution to Eq. (?) is easily obtained and
one finds that the attenuation of this neutral par-
ticle current enn be written as:

-Sn

dz Hz)
exp - i

dz'

Hz")
(3)

where X(z), the neutral atom mean-free path, is given
by N (z)<ov(z)>j/Vo• For every element of the two-
dlraenslon.il spatial grid the number of beryllium atoms
Ionized In that region of space, AxAy, Is calculated
by numerical integration of Eq. (1). The Integration
Is carried out for -ill directions a, and the procedure
repeated to include source contributions from each
spatial Interval, Ax, on the liralter surface.

Once Ionized, sputtered beryllium atoms become
tied to field lines in the vicinity of the ionizing
collision. Subsequent couloub collisions with the In-
coming plasma should quickly force the Ionized beryl-
lium atoms back to the llmiter, for plasma tempera-
tures of <200 eV. For higher temperatures, the
plasaa-to-berylllum momentum transfer depends on the
assumed colllsonallty In the scrape-off zone and there
Is some chance that beryllium ions could flow around
the torus with some diffusion. For the symmetric
llmiter cases discussed here, particles undergoing no
diffusion would merely hit the other side of the llml-
ter from their birth side resulting In the saae
redeposition profile as if they were forced baci
immediately. The effect of diffusion would be to
spread out the redistribution profile but Initial
analysis Indicates that this effect Is small. Conse-
quently, to first order, alZ Ionized beryllium atoms
can be treated as moving with the scrape—off region
plasma and following the field lines In that zone back
toward the llmlter surface. The steady-state return
current of beryllium atoms to a particular Interval,
4x, located at x' on the llmiter surface Is calculated
by summing the ionizatlon rate of beryllium atoms in
the appropriate grid regions, In the 6crape-off zone,
i.e. those grid regions intercepted by the magnetic
field line associated with the ltmiter location x*.
For STARFIRE, this summation is simply in the y-direc-
tion, since field lines are nearly vertlcle In the
region of the roldplane limlter. For the bottom llmi-
ter in FEU this summation, as well as the numerical
integrations required, is more difficult due to the
complicated magnetic field structure In the scrape—off
region of that system.

Eefore returning to the llmiter surface, singly
ionized beryllium atoms are accelerated across the
sheath region. Upon Impact, these cause additional
self-sputtering of the coating. Due to the short
times involved newly Ionized beryllium atoms will
probably raroaln In the single charged state before
returning to the llralter but this point needs further
analysis. At this point in our calculation, the
source flux of sputtered neutral berylliun atoms Is
revised to reflect this source term enhancement.

For materials such as iron, which have self-sput-
tering yields greater than unity, this return process
could lead to a runaway situation. The physical sput-
tering yields for the coating materials considered
here, beryllium or carbon, are less than unity. For
these m.TterJ.ils then, an Iteration is performed on the
calculation just described until the source term con-
verges to a Btcady-state font. This converged source
defines the total number of atoms sputtered.



Once convergence is established, the difference
between the final sputtered ,i!on source flux anil the
rodcposlted flux at each npitial Interval is used to
determine tvie net ltmlter co.itlr.:; erosion or buildup
rate as a function of position along the llnlter sur-
face.

Erosion «>,< the STARFIRE Llnlter

A mechanical pumpec. liraiter system located on the
outboard portion of the torus at the plasnu midplane
is used to provide lirpurity control In STARFIRE. A
coating of beryllium Is provided to prevent sputtering
of the underlying structual material and to keep the
hlgh-Z irrpurlty content of the plasrsa to a minimum.

Plar.ma parairvterp characterizing ti.e STARFIRE
scrape-off zone (Table 1) are provided as Input to our
eputtering-redeposlLIon code. The net berylliu:^--ro-
sion rate calculated is shown in Fi<». 2 for three dif-
ferent beryllium impurity ion concentrations in the
plasma. For an impurity-free pl.isxa, Curve a, sub-
stantial trosioi of the limlter tip is predicted. On
the other hand, the rest of the Hotter suffers no
erosion and in fact has a slight buildup. Actually
the plasma will contain some beryllium froa various
sources. These sources are: (1) beryllium sputtered
from the llmlter that is not imcdlately redepostted;
(2) charge-exchange sputtered beryllium fron the first
wall; and (3) beryllium Intentionally added to the
plasma from an external source, e.g. with the D-T fuel
stream.

-5.0 -

Fig.

2.0 4 0 6 0
Limilef Position -cm

2. Beryllium coating erosion rate
on the STAHF1RE Umiter .
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A beryllium impurity fraction in the plasma pro-
vides for additional deposition of berytliuo at all
points on the limiter. Calculations were node for
this case assuming that the K-ry H i lira ti"posicion flux
on the lialter is proportional to the D-T ^article
flux. The deposition rnte is strmipfst then at the
limlter tip where the maximum flux occurs. Curve b of
Fig. 2 shows the net beryllium coating redistribution
that results If a beryl Hum Ii-.purity fraction of \t is
maintained in the plas-na. The Impurity deposition at
the tip nrnrly compensates for the erosion observed in
the impurity-free case. Fcr n beryllium lnpurity con-
pentration of •i.t, a net beryliluT coating buildup is
predicted over the entire llmltcr surface. This Is
shown in Curve c.

SoTijii t i vity Annlysis

One uncertainty in the above analysis lies in the.
specification of the energy spectrum used to represent
neutral atoms sputtered from the surface. For the
reference calculations, a representative value of u*o a

1 eV wan used for the energy of all sputtered neu-
trals. (This corresponds to a value of about one-half
of the beryllium surface binding energy.) In order to
determine how the redepositlon calculation is effected
if the average sputtered neutral ejection energy is
significantly different from this value, the calcula-
tions were repeated using values of Vo <• 0.1 and 10.0
eV. The net erosion rates calculated are shown as
Curves a and b of Fig. 3, respectively. The variation
in the neutral atom mean-free path for the three
values of Uo considered is shown in Table 2. When Uo
» 0.1 eV neutral particle migration is severely limi-
ted. Sputtered atoms are redeposited on surface ele-
ments not far from their point of origin. Conse-
quently, very few of these atoms are lost due to raigra-

, tlon into other portions of the system. A plasma
Impurity concentration of It produces a net coating
buildup over the entire limlter surface. When Uo is
taken as 10 eV, the neutral atom mobility Is increased
(see Table 2). The total amount of beryllium available
to aaintain the limiter coating decreases as atoms
migrate to other surfaces inside the torus or into the
pumping plenum. A substantial erosion rate Is pre-
dicted near the tip of the limiter where the sputtered
atom source term is largest. However, this erosion can
probably be eliminated by maintaining a higher beryl-
lium concentration in the plasma.

Variations in plasma edge conditions were also in-
vestigated. The sputtered atom source term Is effected
by variations in both plasma edge density and tem-
perature. We find that the converged source term
maintains roughly the same spatial form as the edge
temperature and density are varied. The maximum value
of the converged source flux, which always occurs at
the liraiter tip, is listed in Table 2 for several com-
binations of plasma edge temperatures and density.
This value provides a relative measure of the amount of
material redistributed per unit time. With the source
term determined, the redeposition profiles shown in
Fig. 3 are easily understood if one again examines the
mobility of the sputtered neutrals. Mean-free paths
for sputtered neutral atoms at the leading edge and
near the limiter tip are listed in Table 2 for the
combinations of plasma edge temperature and density
considered.

FED Lirafter Analysis

The sputtering-iedeposition calculation described
above was modified to allow analysis of the FED lil»l —
ter. This mechanical litniter is located at the bottom
of the D-shaped plasma as shown in Fig. 4. A two-
dimensional map of thp more complicated scrape-off
region magnetic field structure for this system vsa
constructed using magnetic flux profiles reported by
Strickler.-* Carbon is the liraiter coating material
considered here and consequently is also the major
plasma impurity species.

Once again, sputtering yields are calculated using
the raojel of Smith, and electron impact lonlzation rate
coefficients reported by Bell, ct al., are used to
calculate the neutral sputtered carbon atom mean—free
path Jn the two-dimensional region above the limiter.
Parameters describing the FED scrape-off region plasma
and limiter system are listed in Table 1.

The results of the analysis are shown in Fig. 5.
The erosion for the case where no redepositlon takes
place, for nit impurlcy-free plasma and for a plasma
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Fig. 3. Coating erosion on t?ie STARFIRE l imi ter .
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(o) D-T Spulterinq - No Redeposition
lb) D-T plus 1% Impurities-No Redeposition
(c) Nel Erosion- Impurity Free PlOSmO
(d) Net Erosion- 1% Impurity Plasmo

Table 2. Model Parameters for Fig. 3 Curve

Desigi

Uo. e\

Tedgei

SZ(x •

H* "

X(* -

ia t ion

J

, eV

, 10'Vt
1 ^ cm),

0), cm

7 cm),

D3

cm

0

a

.1

100

1

8

0

0

.0

• 5

.14

.47

b

10.0

100

1.0

7 .8

1.4

4 .7

1

c
.0

100

1

7

4

1

.0

.5

.6

.5

1

d

.0

1000

0

4

5

9

.1

.9

.9

.5

e

1.0

1000

0 . 1

7.2

0.59

0.95

containing a \7. carbon atom impurity concentra: Ion are
shown as Curves a and b, respectively. As )n STAf.FIRE,
curvature effects produce maximum erosion on the limi-
ter tip. The results of the redeposition calculation
for these two cases are shown as Curves c and d, res-
pectively. Significant erosion still occurs at the
llmiter tip in each case. For a II plasma Inpurity
'content, Mraiter coating growth rates as high as
1 pm/h of operation are predicted on the central por-
tions of the liraiter. This value translates to a
coating growth rate of 1 cm over the four-phase, ten-
year operating scenario proposed for FED. On the
limiter tip, erosion rates in excess of 1 pm/h are
predicted. It appears though that tip erosion might
be eliminated by adding carbon to the plasna and/or by
transfer from the wall to the limiter. Note though
that chemical sputtering, an important erosion mecha-
nism for carbon coated limiter systems, has not been
considered in the present model-

Conclusions

Redeposition of sputtered material will prolong
lircHer life expectancy beyond that originally antici-
pated. Limiter designs, however, have not been opti-
mi?.ed with respect to these calculations. Redeposi-
tion may be a mixed blessing since the coating may
grow to be too thick. Limiter coating erosion/
deposition rates near zero over much of the limiter
surface might be achievable by controlling the plasma
impurity content and by modifying limiter geometry.
(See also Ref. 7 for a discussion of this option.)
Other mechanisms for controlling limiter coating
thickness may become apparent as more detailed studies
are carried out.
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