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Toroidal belt-type pumped limiters are discussed as a poésible
method for the heat removal and helium ash exhaust in INTOR. The
comparisons are made between two typical donfigurationéuof the pumped
limiter from the various viewpoints: the heat and particle fluxes,
pumping speed, sputtering erosion and impurity accumulation in main
plasma. 1In the first configuration, the limiter plate is set up
tangential to the outer most plasma surface. In the second config-
uration, the limiter plate is inserted near the null point of the
poloidal magnetic field. It is found that the both types of the
pumped limiters suffer nearly the same various conditions from over-

all aspects.
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1.  Introduction

In IﬁTbR Phase One workébop, which completed.its conceptual design
in July 198i, fhe ﬁoloidal divertor céncept was adopted for impurity
control including ash exhaust, and its workable désign was developedl).
Successively, the INTOR workshop entered into the Phase A . In that
phase, the poloidal divertor is being studied in more depth, and at
the same time, the pumped limiter concept supplemented with some impu-
rity control schemes was adopted as a desirable impurity control measure
from the viewpoint of its structual simplicity and its possible reduc-
tion in the device sizez);

The pumped limiter has the following features compared with the
poloidal divertor:

(1) reduction in the reactor size as a result of the decrease or
removal of the divertor region

(2) structural simplicity of the pumped limiter,

(3) reduction in poloidal coil power supply stemmed from the above
compactness and simplicity of the device with the pumped limiter,
which in turn results in the decreased forces on the toroidal
coils, and it also reflects the further compactness of the device,

(4) need for supplementary impurity control for the pumped limiter
concept, which has no active impurity control mechanism like the
so-called divertor effect, except for the impurity screening
effect in the scrape-off layer.

In this report, two type of limiters are proposed and their com-
parison is made. Next, plasma parameters in the scrape-off layer are

evaluated, which lead to the specification of the profiles of heat and

particle loads to the limiter, and the required pumping speed. Allowable
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candidate limiter materials and their erosion rate are followed to be
evaluated. Lastly, the sensitivity analysis of the heat and particle
loads, and the pumping speed is presented for changes in the scrape-off

parameters and the plasma major radius.
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2. Two pumped limiter concepts

Two type of limiter configurations could be visualized from the
difference in the scrape-off layer magnetic structure, One has no
null-point in the plasma region including the scrape-off layer, and
the limiter is located so as to be tangential to one of magnetic sur-—
faces, which is the boundary between the main plasma and the scrape—off
plasma, and helium ions in the outer scrape-off layer are neutralized
on the back side of the limiter and are evacuated through the pumping
duct, as shown in Fig. 1(a).

Another has the nﬁll point, and the plasma surface is defined by
the sgparatrix, just like the poloidal divertor case.- The limiters
are placed in the vicinity of the null-point, as shown in Fig. 1(b).
The helium ash could be exhausted using the tilt of the limiter. The
former and the latter are called as T—typé (Tangential.type) and N-type
(Nuli typé), résbectivély.

The followings are preliminary qualitative comparisons between
the N-typz and the T-type pumped limiters from various viewﬁoints.

1) Heat and particle loads

Expansion of the heat and particle flux loads onto the limiters

would be feasible in.both cases, i.e. with small angle between

the limitér surface and poloidal field lines in the T-type lim-

iter, and with expansion of tﬁe scrape—off layer in the vieinity

of the null-point in the N-type.
2) Spacé requirement

The expanéiﬁn of the main plasma space due to the existence of

the null—poinf ieads to requirement of some larger space in the

N-type limiter than the T-type.
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Elongation

The T-type limiter configuration could not have large elongation,
and 1.5-1.6 in elongation would be marginal, since the null-point
approaches to fhe plasma surface in increasing elongation by the
exterior poloidal ceils to the toroidal coils.

Poloidal coil current

Larger poloidal coil current would be required in the N-type,
because the null-point existé near the plasma surface.

Ash exhaust

Larger pumping speed would be needed in the N-type limiter, judging
from the limiter configurations shown in Fig. 1.

Impurity control performance

Some divertor effect might be expected in the N-type limiter if
the limiter was located a little away from the null-point.

The T-type limiter would require some another impurity controls
in addition to the screening effect in the scrape-off plasma layer.
Accuracy in setting the limiters

High accuracy would be required in setting the T-type limiters
along toroidal direction. Small errors in setting might cause
the local concentration of the heat and particle fluxes. In the
N-type, such a problem could be avoided, when the limiter is al-
located a little away from the null-point.

Accuracy in magneti: field

This is the same as the above setting accuracy. For instance, in
the T-type case, the toroidal field ripple might cause also the
local concentration of the heat and particle loads.

Displacement of piasma

Some distance between the limiter surface and the null-point
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could avoid .some effect to the main plasma in the N-type limiter if
plasma would shift vertically. On the other hand, the T-type limiter
might need the accurate control of vertical position; otherwise, the
main plasma parameters might change.
Judging from the above qualitative comparisons, some preference
could be found in the N—t&pe pumped limiter, although the N-type requires
larger épace, larger poloidal current, and larger pumping speed than the
T-type limiter. Thé INTOR wofkshop resolved to forcus the initial limiter
studies on the T-type limiter so as to clarify the important differences
Bgtﬁeen the pumped limiter and divertor concepts, since the N-type limiter

‘would have many features similar to the poloidal divertor.
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3. Heat and particle flux distributions on limiter surface

Designing the pumped limiter configuration needs the heat and
particle flux distributions on the limter surface, through which the
transfered heat must be removed, It has been recognized by the analysis
of heat removal from the divertor neutralizer plate that the maximum
tolerable heat flux is less tﬁan 2~-3 MW/m23). The above restriction
forces the heat and particle fluxes flowing within the narrow region of
the scrape-off plasma to expand.on the limiter surface of the width about

1 m. The following evaluations on the scrape-off parameters will indicate

that the permitted maximum heat load to the flat-type limiter is around

-
=

40 MW, when the maximum tolerable heat flux is limitted less than 2 MW/m=“.
To deal with the heat over 40 MW, the puwmped limiter has to be contoured
so that the heat is uniformly distributed on the limiter surface. It
will be discussed later.

Particles in scrape-off layer diffuse perpendicular to the magnetic
flux surface and alsc move along the magnetic field line. The scrape-
off layer width around the main plasma could be determined by the one
on the midplane, because the minimum width in the scrape-off layer
appears there.

4)

The mean scrape-off layer width on the midplane is assumed to be

6P=V5J_T,I s
Dy = CD DB ’
D = 1 Teb
B 16 B ’
T (1)
_ L
T,-; »
L = 21Rq ,
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Notations are conventional and no details are touched on. In Eq. (1},
D; is the perpendicular diffusion coefficient that is assumed to be
the Bohm's type. v, is the mean drift velocity parallel to magnetic
field line, that is assumed to be directly proprtional to the sound
velocity vg. The witknown multiplication facotrs (, and Cg in Eq. (1)
have been investigated in DIVA experiments5). Here, CD/CS==1 is assumed
in the following analysis.

The scrape—coff plasma temperature is restricted by the sheath
potential formed in front of the limiter surface. The following rela-
tion on the limiter surface between the particle flux [(£) and heat flux

q(£) must be satisfied:(ﬁ)

q(€) = v T_ () TE) : (2)

‘where Y is the heat transmission coefficient in the sheath region, and
Teb(E) is the scrape-off plasma temperature. The total heat flux Q and
total particle flux I therefore obey the following average equation
obtained by integrating Eq.(2):

Q=YTebI . (3)

The average scrape-off plasma temperature Teb is determined frem Eq. (3)
for the given total fluxes Q and I.

The heat transmission coefficient is calculated by the Hobbs'
formulaG) including secondary electron emission effect. The heat
transmission coefficient y is a function of the scrape-off plasma
temperature due to the secondary electron emission. The scrape-off

plasma temperature is determined consistently with this temperature

__7_;
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7)

dependence of Y. For carbon limiter, we obtained Teb = 130 eV using
both the INTOR plasma parameters shown in Table 1 and the secondary
electron emission coefficient for the electron impact cobserved in
experiments). Then 6p==4 cm is obtained from Eq. (1).

The particle flux distribution on the midplane of plasma is assumed

to be

X
I‘M(X) DMEXP(-G—) s

P
. (4)
DM T o2m RM (Sp ?
where x is the distaace from the plasma surface on the midplane and
Gp is given by Eq. (1).
The particle flux parallel to the magnetic flux surface at a given

point £ is obtained from the following relation, taking into account

the expansion of scrape-off layer,

R'b‘[dx

I'¢&) =R i TM(X) ’

(5)
ax . R p
dg RM BpM ’

Here, BpM is the poloidal magnetic field at the point x on the midplane

of plasma and Bp is the poloidal magnetic field at the given point. RM

is the radial coordinate of the plasma outer surface on the midpane.
Considering that equal amounts of the particile flux go to the

inboard and outboard of the limiter, we obtain

B
1“(R)=%Dl~,l"]_,;"-}1 exp[-ié—gl] s (6)

pM
where x(R) is the midplarie distance from the plasma surface to the
given magnetic surface that intersect the limiter surface at a radial

coordinate R. The function x(R) is determined by two points x and R

_8_
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that are on the same magnetic surface calculated by the magnetic surface
analysis program

The heat flux distribution is also evaluated in a similar way:

. B
1 P x(R)
qL(R)'ZCMBpM exp [ - 5E ] .
(7)
C, = =2 .
M 2m RM SE

The e-folding distance 6E for Lhe heat flux distribution is not so
obvious as that for the particle flux distribution. In this analysis,
the temperature distribution is assumed to have the same e-folding
distance as the particle flux distribution. Consequently the heat
flux e-folding distance & becomes a half width of 6p since the heat
flux may be proportional to product of the temperature and particle
fluxlo). The scrape-off layer parameters are shown in Table 2.

The particle flux FL(R) and heat flux qL(R) represent the fluxes
parallel to the magnetic flux surface, while the particle and heat
fluxes normal to the limiter surface are given by TL sinf and qr, sink,
where 6 is the angle between the magnetic flux surface and limiter
surface.

The heat flux distributions qr sinf calculated by Eq.(7) are shown
in Fig.2(a) and (b) both for the T-type and N-type pumped limiters,
respectively. The maximum heat flux less than the tolerable value
IMW/m? can be attained with the total heat flux, about Q = 40 MW for
the both types of pumped limiters. Therefore, the large fraction,
about 60% of the a-heating power (120 MW) must be radiated on the entire
first-wall before reaching the limiter surface by the charged particle

transport. The transported particle flux distributions calculated by

Eq.(6) are shown in Figs.3(a) and (b).for the both types of pumped
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limiters. It should be noted that the maxima of heat and particle

fluxes are slightly higher for the T-type pumped limiter than the

N-type one.
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4. o-~particle exhaust

The charged particles eﬁtering the limiter slot are neutralized
and pumped out through the exhausting duct or return back to the main
plasma. The transmission probability n is defined as probability for
the charged particle entering the limiter slot to be neutralized and
pumped out through the exhausting duct. In this chapter, the trans-
mission probability and pumping speed necessary for a-particle exhaust
are calculated by the divertor conductance calculation program (DICON),
which traces particle trajectories using the Monte Carlo simulation
methed for neutral particle transportll).

The o-particle transmission probability Ny required to maintain
the a-particle concentration in its allowable value, na/ni, is given

by the following equation derived from the particle balance equation

for a-particles:

=]

mn S 1 ig'_(
fslot I

7! (8)

W e

where Ja is the a-particle production rate due to D-T reaction, I is
the total ion flux flowing out of the main plasma and fslot is the
rate for the particle flux entering the limiter slot, The program
DICON directly yields the relation between the o-particle transmission
probability and the pumping fraction fpump which is the rate for the
neutral particles entering the exhausting duct entrance to be pumped
out. Furthermore, the effective pumping speed Cd is related to the

pumping fraction by the following conductance formula:

f
Cd = C, T Eump , (9)
pump

where C, is the conductance for the exhausting duct eantrance.

The application results of the formalism described here are shown
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in Table 3 for the T-type and N-type pumped limiters, where the allowable
a-particle concentration 5% is assumed. The na_fpump curves are shown
in Fig. 4. It should be noted that the effective pumping speed Cd for

the N-type pumped limiter is four times larger than that for the T-type

pumped limiter,
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5. Limiter material

The plasma directly contact with the pumped limiter would be
seriously contaminated by the large amount of impurities emitted by
the charged particlé sputtering of the limiter plate. On the other
hand, it is well-known that the scrape-off layer plasma could prevent

the impurities released from the limiter or first-wall from flowing

into the main plasma.lz)’IS). Hereafter, the rate for the released

impurity to be shielded from going into the main plasma is called as the
impurity shielding efficiency. In this section, the impurity shielding
efficiency required for the scrape~off layer to keep the impurity con-
centration less than its permissible level is calculated by the point
model of plasma. It helpes to judge which candidate materials are
suitable for the limiter surface.

The impurity concentration is evaluated by the following point

model equation of plasma:

dn _ ni
T - R- C)(S D+STLfT+SaLfa)?§
Ny
+ A-2) Gy £y + war)le’r';
T ni
+ (R (1-7) S, - (L-RY!} fz;g T (10)

where {, or r . is the impurity shielding efficiency for impurities
released from the limiter plate or first wall, respectively.

The first term in right-hand side of Eq.(10) represents the accumula-

tion rate of impurities released from the limiter plate, where SDL’ §TL

and §aL are the average sputtering coefficients of the limiter plate

for D, T and o ion impact, and fD’ fT and fa are the fractions of D, T

and o ions in the main plasma. Rn is a fraction for the ions flowing
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out of the main plasma to collide with the limiter front surface. The
second term in right-hand side of Eq.(l0) represents the accumulation
rate of impurities released from the first-wall, where ng and §TW are
the average sputtering coefficients of the first-wall for D and T ion
impact, and € is the escaping ratio of the charge exchange neutral.
The last term in.Eq.(iO) describes the accumulation rate of the self-
sputtered impurities and evacuating rate of impurities, where gZL is
the average self-sputtering coéfficient, fz is the impurity fraction

in plasma, R, is the recycling rate for impurities and Ty is the

Z
impurity confinement time in plasma.

All the physical sputtering ccefficients including the self-
sputtering coefficients are calculated from the Smith's formula.la)

As for the chemical sputtering coefficients for carbon, the experi-

mental data for hydrogen impact measured at 500°C by Yamada, et al. is

used.ls) The ion impact energy is calculated by
E. =T, (3+0<z2>) . (11)
I eb * 2 I ’

where o is the sheath potential in Teb—unit aﬁd <ZI> is the mean charge
of the impinging ion which is estimated by assuming coronal equilibriumle)
in the scrape-off layer.

The impurity recycling coefficient is calculated based on the
assumptions that all the impurity ions entering the limiter slot are
evacuated and the impurity ions hitting the limiter fromt surface are
‘reflected or absorbed according to the reflection coefficient obtained
by Lindhard.17)

Thé impurity shielding efficiency EL required to keep the impurity
concentration in its permissible level is calculated by taking the

left-hand side of eq.(10) equal to zero and solving the resulting equa-

tion with respect to CL' The calculated results are shown in Fig. 5
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for the candidate materials such as Mo, C, SiC and TiC. The impurity
permissible levels are assumed in this analysis, 0.01% for W, 0.05%
for Mo, 2% for C and 0.5% for SiC and TiC. 1In addition, the charge
exchange neutral energy is taken equal to the boundary temperature and
Cw=0.9, £=0,5 and TZ/TP=1 are tentatively used. The calculated
result for carbon in Fig. 5(a) is obtained by using only the physical
sputtering coefficients. Inclusion of the chemical sputtering coef-
ficient in addifion to the phyéical one yields the results shown in
Fig. 5(b).

It can be seen from Fig. 5(a) that the application of tungsten and
molybdenum to INTOR limiter require the very high shielding efficiency
for the scrape-off layer. As for SiC and TiC, the relatively high
shielding efficiency 0.8V 0.9 is necessary at the referenge scrape-off
plasma temperature 130 eV. However this value of the shielding efficiency
is still in the realizable range. At the lower scrape—off plasma tem-
perature, about 40 eV, the required shielding efficiency is moderate
value, about 0.5. The boundary plasma cooling due to the radiation
loss by the released impurity itself is possible to reduce the scrape-—
off plasma temperature, probably less than 40 eV. The further studies
in the boundary plasma cooling will be needed to ensure the applica-
bility of $iC and TiC. Onmn the other hand, it is proved from Fig. 5(b)
that the boundary cooling is less effective for carbon limiter because
the chemical sputtering is the most dominant process of the impurity
production and more weakly dependent on the scrape-~off plasma temper-
ature than the physical one. The control of the limiter surface temper-
ature could probably reduce the impurity production because the chemical
sputtering is very small in temperature range except for 300°C~ 700°C.

Finally the erossion thickness of the limiter surface is estimated
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by the following equation for the both types of the pumped limiters:

d(R) = {s; (R) £ + S (R) £, + 5, £ + 5, R £,}
A (12)
FL(R) sin@«( No ) £ «D - AV s

where A is the atomic weight of limiter material, p the density of
wall material, N the Avogadrois number, t the time of dirradiation,
D the duty cycle and AV the avgilability. The ion impact energy EI
as well as the scfape-off plasma temperature Teb are changed with the
total heat flux Q. The calculated results of the carbon erosion thick-
ness at the maximum particle flux are shown in Fig. 6 as a function
of the total heat flux, where D = 0.5 and AV = (.25 are assumed. It is
shown in Fig. 6 that the maximum erosion is about 2 cm/year. The
exchange cycle of the limiter plate should be discussed in future
study taking the thermal-hydraulic and stress analyses and the rede-

position of sputtered materials into consideration.
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6. Preliminary studies on curved limiter configuration accepting

larger heat

It was presented in the previous chapters that the maximum total
pefmissible heat flﬁx to the flat-type limiter is restricted under
around 40 MW, when the maximum acceptable heat flux density is limited
less than 2 MW/m?. The INTOR standard design specification, howevef,
says that 80 MW thermal power of the a-heating power (124 Mﬁ) is trans-
fered to the limiter. Therefére, the workable pumped limiter éonsistent
wifh the INTOR standard'specifications could be designed by contouring
the limiter receiving uniform heat flux distribution. Here, as a first
step, the limiters with different curvatures are investigated.

The heat and particle fluxes are calculated by the same method
described in the previous chapter. Circularly curved limiter surfaces
of two curvatures, p=1.5 m and p=3 m, are analyzed for the toal heat
flux Q = 80 MW and the energy scrape-off width 6E = 1.5 cm. The results
shown in Fig. 7 tell, needless to say, that the maximum heat flux amounts
to 4 MW/m? for the flat-type limiter, which imposes very severe conditions
on the limiter design. It also indicates that the maximum heat flux less
than 2 MW/m? could be attained only with the curvature smaller than 1.5
m. It is feared, however, that the heat flux distribution would be very
sensitive to the horizontal displacement of the plasma, because of the
adjacency of the limiter surface to the plasma surface in the circularly
curved limiter.

The contoured limiter, suffering the arbitrary heat distribution on
its surface, might be necessary for the more developed limiter design.
The desirable heat distribution depends on the erosion and redeposition
of the limiter material and the thermal hydraulics and thermal stress
analysis. The limiter design including such considerations is now
underway and will be reported in near future.
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7. Sensitivity of the limiter leading edge

The most severe problem in the T-type pumped limiter would be the
sensitivity of the heat and particle loads at the limiter leading edge.
Figure 8 shows the changes of heat and particle fluxes at the limiter
leading edge, and that of the pumping speed, corresponding toc the

horizontal shift of plasma center, ARP, as well as to the scrape-off

layer parameters, ¢_ and Gp. In the figure, the dots stand for the

E

baseline values, 9edge = 3 MW/m2, Fedge =7.5%10%! 1/m?s and Cq=2.5x 10°

. - 2 - 21 2
2/s. The required margins are Aqedge 1 MW/m?, Aredge 1.5%x10°" 1/m*s
= 5 = =
and ACd-lO £/s as to the horizontal shift, ARP +*5 cm, and Aqedge
1 MW/m?2, AI‘edg = 0.5%10%! 1/m3?s and Acd=3x10-" 2/s as to the changes

in the scrape-off widths, A6E==10.5 cm and A5p==:1 cm.
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8. Conclusions

The two typical iimiter configurations were proposed and discussed
for the toroidal belt-type pumped limiter located at the bottom of
plasma in INTOR. Iﬁ the first configuratioﬁ (T-type pumped limiter),
the limiter plate is set up téngéntial to the outermost magnetic flux
surface of plasma. In the second configuration (N¥type pumped limicer),
the limiter plate is inserted near the null point of the poloidal magnetic
field.

The conditions imposed.by the heat flux and particle flux oﬁ the
limiter plates are almost similar both for the T-type and N-type pumped
limiters. It becomes clear that the significant fraction of the a-
heating power, larger than 60%, must be removed by something like the
radiation in order to suppress the maximum heat flux onto the limiter
surface less than 2 MW/m®, The effective pumping speed required for
the main exhausting system is four times larger for the N-type pumped
limiter than for the T-type one. The N-type pumped limiter seems to
suffer from tﬁe rather severe reéuirement, 6.6 x10° %/s, in designing
the actuél exhausting system. Some effects to ease the pumpiﬁg speed
requirement could, however, be expected, such as the density enhancement
of the scrape-off plasma in the limiter slot, that should be discussed
in the future study.

The limiter candidate materials are discussed on the basis of
the impurity accumulation analysis by using the point model of plasma.
It is found that for.the SiC and TiC limiters, the boundary cocoling of
plasma, e.g., less than 40 eV, could suppress the impurity concentra-
tion less than its permissible level, while for the carbon limiter,
the control of the limiter temperature instead of the plasma boundary

cooling is effective in reducing the impurity production. In order
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to ensure the applicability of the SiC and TiC limiters, the further
studies are necessary for the plasma boundary cooling due to radia-
tion loss by the released impurity itself.

The preliminary study for accepting the total heat of 80 MW
indicates that the circularly curved limiter with its curvature of
less than 1.5 m could make the peak heat.flux less than 2 MW/m?. The
sensitivity of the heat and particle load on the limiter edge and the
pumping speed is analyzed chanéing the scrape-off layer width and the
plasma major radius, and it is found that the limiter design should be
performed to‘be consistent with the accuracy of the plasma positioning.
The allowable variations of the plasma parameters will be discussed in

detail in the future.
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studies are necessary for the plasma boundary cooling due to radia-
ticon loss by the released impurity itself.

The preliminary study for accepting the total heat of 80 MW
indicates that the circularly curved limiter with its curvature of
less than 1.5 m could make the peak heaf flux less than 2 MW/m?. The
sensitivity of the heat and particle load on the limiter edge and the
pumping speed is analyzed chanéing the scrape-off layer width and the
plasma major radius, and it is found that the limiter design should be
performed to be consistent with the accuracy of the plasma positioning.
The allowable variations of the plasma parameters will be discussed in

detail in the future.
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Table 1 Major plasma paramecters for INTOR

major radius, R(m)
minor radius, a(m)
elongation , x

average temperature, Tp(keV)

average density R np(m")
toroidal field  , B (T)
safety factor s qw
fusion power , PT(HW)
foroidal beta , BT(Z)
poloidal beta , Bp
plasma current . IP(MA)

energy confinement time, TE(S)

particle confinement time, T,(s)

5.3
1.2
1.6

10

1.4 x 10%°

5.5
2.1
620
5.6
2.6

6.4

Table 2 Scrape-off layer plasma

parameters for INTOR

transport heat load, Q(MW)

scrape—-off plasma temperature,

particle flux e-folding distance, 6

heat flux e-folding distance,

Teb (cV)

(cm)

GE {cm}

40
130
4

2
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Table 3 Comparison of the exhausting characteristics

for the proposed pumped limiters

T-type N~type
pumped limiter pumped limiter

flux fraction entering
the limiter slot , slot 0.21 0.5
transmission probability, Ny 0.13 0.053

. pumping fraction . fpump 0.012 0.062
conductance for the ¢ (r/s) 1.2 x 107 1.0 x 107
duct entrance , O
effective pumping speed , Cd (2/s) 1.5 x 10° 6.6 x 10°

NN

), =

{a) T-TYPE PUMPED LIMITER {b) N-TYPE PUMPED LIMITER

Fig. 1 Poloidal cross section of the proposed pumped limiter configurations.
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Fig. 2 Calculated transport heat fluxes to the proposed pumped limiters.

for the total heat flux Q=120 MW and Q=40 MW.
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Fig. 3 Cacluated transport particle fluxes to the proposed pumped

limiters.
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Fig. 4 o-particle transimission probabilities for the proposed pumped
limiters calculated by the Monte Carlo simulation for the neutral
particle transport. The transimission probability is the proba-
bility for the charged particle entering the limiter slot to

be neutralized and pumped out.
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IMPURITY SHIELDING.
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(b}

Required impurity shielding efficiency in the scrape-off layer
of plasma: (a) for the several candidate materials such as
tungsten (W), molybdenum (Mo), carbon (C}, and $iC and TiC,

(The result for carbon is obtained by using only the physical
sputtering coefficients from Smith's formula.} (b) for carbon
which is obtained including the chemical sputtering effect based

on the JAFRI experimental data.
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Fig. 6 Calculated erosion thickness of the carbon limiter at the
maximum particle flux for the proposed pumped limiter: (a)

T-type pumped limiter, and (b) N-type pumped limiter.
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Fig. 7 Heat flux distributions on the circularly curved limiter:
(a) limiter configurations with different curvatures, p,
(b) heat flux distributions corresponding to the different

curvatures, 0.
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Fig. 8 The sensitivity of the heat and particle loads at the limiter
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where the particle flux e-folding distance Gp is ‘changed, (c)

the required pumping speed as a function of AR? where Gp is
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