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ABSTRACT

A key part of the recent FED/INTOR activity
was focused on examining the critical issues
and developing credible physics and engineer-
ing solutions for the impurity control sys-
tem. The work emphasized the edge-region
physics, plasma-wall interaction, materials,
engineering, and magnetic considerations of
the poloidal divertor and pump limiter. This
paper summarizes the key results.

I. INTRODUCTLON

During 1982, the Inteiggtional Tokamak
Reactor (INTOR) activities were ‘focused on
examining the critical issues for the next
major tokamak device in the world fusion pro-
gram. These issues are of generic nature and
are similar to those expected in the next
major Fusion Engineering Device (FED) in the
U.S. Therefore, the efforts for the critical
issues for both INTOR and FED were combined
and organized within the U.S. as a national
actlvity that involved a large number of
organizations.

An important part of the FED/INTOR acti-
vityéw?s focused on the impurity control sys-—
tem, °’ The primary emphasis of this work was
an integrated study of the edge-region phy-
sics, plasma-wall interaction, materials, en-
gineering and magnetic considerations associ-
ated with poloidal divertor and pump limit-
er. The most critical problem concerns the
lifetime of the limiter and divertor plate.
The lifetime tends to be short because of the
rapid erosion and the relatively small thick-
ness of the surface material that can be
allowed under high heat flux conditions. Ero-
sion mechanisms were examined in detail. The
dependence of physical-sputtering erosion on
the plasma-edge temperature was examined.
Plasma transport calculations were performed
to determine the probable values of the plas-
ma—-edge temperature. Detailed lifetime esti-
mates of the limiter and divertor collector
plates were carried out for a number of mater-
ials and a wide range of operating conditions.

The general design requirements for the
impurity control system were translated into
the following specific requirements for the
FED/INTOR conditions:

1. Under low radiation conditions the limiter
or divertor must absorb 80 MW of thermal
load during the burn phase. If a high
radiation condition proves credible, then
the power loading can be substantially
reduced with a minimum level, dictated by
the fraction of radiated power lupinging
on the limiter or divertor.

2. The limiter or divertor must withstand the
deposition of 80MJ of thermal energy dur—
ing plasma disruptions, with a frequency
of 5 disruptions per 1000 plasma burn
cycles during Stage I of FED/INTOR oper-
ation, and one disruption per 1000 burn
cycles during Stages 11 and III.

3. The impurity control system must limit the
helium bulldup within the discharge to
~ 5%. This translates to the removal of
2-47 of the recycled gas.

4, The impurity control system must minimize
the impurity contamination and associated
central radiation to a level where it does
not dominate the power balance. This
translates to the following levels of con-
tamination. Impurities with atomic num-—
bers 2 < Z < 10 (low-Z) must be kept below
1% of the electron concentration; impuri-
ties with atomic numbers 10 < Z < 30
(medium-Z) must be kept below 0.17% and
those with Z > 30 (high-Z) must be kept
below 0.01%. o

II. LIMITER/DIVERTOR CONFIGURATION AND TILE

ATTACHMENT

The configuration of a poloidal divertor
is shown in Fig. 1. A single null is located
at the bottom of the plasma chamber with a
continuous toroidal opening extending around
the reactor. The outer and inner divertor
plates are placed at angles of 15° and 30°,
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Figure 1.

respectively, to the separatrix. Both platei
are flat with a peak heat flux of ~ 2.4 MW/m“,
The limiter configuration is shown in
Fig. 2. The limiter 1s located at the bottom
of the plasma chamber and extends toroidally
around the entire chamber. The limiter 1is a
concave shape facing the plasma with two pump-
ing channels, and hence two leading edges.
The limiter 1Is shaped to reduce the peak heat
flux on the front surface to ~ 2.4 MW/m®.
Depending on the scrapeoff region physics
conditions, a flat limiter may result in a
much higher peak heat flux at the top sur-
face. A two pumping channel configuration 1is
preferred over the one~channel limiter
because, for the same pumplng requirements,
the heat load on the critical leading edge
reglon can be substantially reduced. The _peak
heat flux on the leading edge is ~ 1 MW/m“.
The overall width of the limiter blade is 145
cm.

The first wall is made of austenitic
stainless steel with corrugated-panel type
construction. Armor on the first wall is used
only in local areas such as the charge-
exchange (CX) regions. 1In the reference
limiter case, the heat flux to the first wall

NUCLEAR TECHNOLOGY/FUSION VOL. 4

mw’///-VACUUH SEAL DOOR

SEPTEMBER 1983

YACUUM DUCY

Poloidal divertor configuration,

1s ~ 10 W/ co? except in the CX regions where
it peaks at ~ 25 W/ cm“., For the divertor

case, the heat flux to the first wall is ~ 12
W/cm“.

Protective coating/cladding, probably in
the form of tiles are required on the plasma
side of the limiter, divertor plates and
special areas of the first wall, The attach-
ment of these tiles to the actively cooled
substrate (normally referred to as heat sink
for limiter and divertor) is a critical issue
as 1t greatly impacts the performance and
reliability of the englneering design. Three
basic attachment schemes with a number of
variations were examined. The first method is
a positive attachment that results in a high
thermal conductance across the interface
between the tiles and heat sink, The advan-—
tage of the high-conductance attachment is
that it keeps the tile temperatures low and
therefore 1ts usefulness extends to a large
number of materials, particularly temperature-
limited materials such as beryllium. The main
drawback of this concept is the high stresses
induced in the heat sink and in the tile-
substrate interface. This problem can be
mitigated, to some extent, by design consider-
ations such as reducing the size of the tiles.
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Figure 2. Shaped limiter - bottom (double edge).

The second concept is a mechanical
attachment with practically no thermal conduc—
tion across the interface. The operating
temperatures of the tiles are typically high
(> 2000°C) with radiation cooling from both
sides. The maln advantage of this concept is
that it eliminates interface stresses. How-
ever, the resultant high temperatures of the
tiles limit the usefulness of this concept to
high-temperature materials such as tungsten
and tantalum.

A third concept is to use a fiber metal
compliant layer brazed between the tiles and
substrate. This offers the possibility of
using an attachment with predictable thermal
conductance with low interface stresses.

There are several types of compliant-type
fibers presently in use. The major concern is

the effect of radiation on the compliant
layer.

The high-conductance attachment concept
is recommended as the reference concept.
However, the compliant-layer approach is
worthy of future investigation.

I11. EROSION MECHANISMS AND REDEPOSITION

The lifetime of the limiter and divertor
plates is limited primarily by erosion. The
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four erosion mechanisms of concern are: 1)
physical sputtering, 2) chemical sputtering,
3) vaporization and loss of melt layer during
plasma disruptions, and 4) arcing. The
results of examining these four exrosion
mechanisms are discussed below followed by
estimates of net erosion and redeposition
rates.

A. Physical Sputtering and Dependence on
Plasma Edge Temperature

Physical sputtering by energetic plasma
particles (D, T, He) is generally the dominant
erosion mechanisms for most materials. The
sputtering yield typically peaks at a few hun-
dred electron volts for low-Z materials and a
few thousand electron volts for high-Z
materials.

Most atoms sputtered from the surface of
the limiter and divertor will be ionized and
returned back along the field lines to the
limiter/divertor surface. Thus, self sputter—
ing is of concern. Of critical importance is
the energy at which self-sputtering exceeds
unity. A self-sputtering yield greater than
unity will result in a sputtering cascade with
the effective sputtering yield reaching
infinity in theory (other effects will even-
tually limit the effective sputtering
yleld). For low-Z materials, self-sputtering
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is < 1 at all incident ion energies. Medium-
and high-Z materials have a self-sputtering
yield that exceeds unity at ion energies
greater than ~ 400-800 eV.

0f particular importance to this work is
to correlate the energy of the ions incident
on the limiter/divertor surface to the plasma
edge temperature (T_). Accounting for a
sheath potential of ~ 3 T,, the peak hydrogen
(D, T) ion energy at the limiter/divertor is ~
4.5 T, - Sputtered atoms can be ionized and
returned back along the field lines to the
surface of the limiter/divertor near the ori-
gin. The charge state of the ions returned to
the surface is critical in determining their
energy. The charge state of the redeposited
impurities was analyzed and found to be ~ 2-3
for low-Z materials and ~ &4 for high-Z materi-
als. Therefore, the peak ion energy of
impurities (mostly sputtered atoms returned
back) striking the limiter/divertor surface is
~b to 9 T, for low-Z and ~ 12 T, for high-Z
materials. The magnitude of erosion by physi-
cal sputtering is thus strongly dependent on
the plasma edge temperature.

B. Cheaical Sputtering

Chemical sputtering due to hydrogen
and/or oxygen chemical interaction with the
plasma-side material was assessed. It is
concluded that chemical sputtering is unac-
ceptably serious erosion mechanism for
graphite. On the other hand, oxygen effects
on reactive materials can be beneficial in
reducing sputtering under some conditions. No
serious chemical sputtering effects could be
identified for other materials such as the
carbides (B,C, 5iC and TiC).

Chemical sputtering of graphite by hydro-
gen ion bombardment for temperatures below
800°C has been known for sometime. Methane is
formed in the temperature range of 400-800°C
with a peak at a temperature of ~ 5235 to
600°C. Regent experiments by Roth, Bohdansky
and Wilson” show that graphite erosion >
1000°C increases with temperature with no
apparent peak. Helium bombardment does not
produce an erosion peak but also exhibits a
rapid rise in sputtering above 700°C. These
results indicate a high erosion rate for
graphite above 1000°C by a mechanism other
than physical or chemical sputtering since no
hydrocarbon formation was detected at the high
temperatures. The erosion rates are large
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(many centimeters per year) at all temper-

atures in the range 350 to 1500°C at typical
INTOR conditions.

C. Plasma Disruptions

Erosion of limiter, divertor and first
wall surfaces due to the thermal energy dump
during plasma disruptions can be signifi-
cant, Disruptions result in vaproization and,
for some materials, a thin melt layer may
develop. The stability of the melt layer is a
major concern. During a major disruption, the
peak energy density at the lim%ter and diver-
tor plates is 270 and 230 J/cm”, respectively
in the reference FED/INTOR scenario. The peak
energy density on the first wall is ~ 1723
J/cm® and occurs on the inboard region. Dur-
ing minor disruptions, all the energy goes to
the limiter or divertor with a peak of 170
J/cm“. An extremely severe case for major
disruptions in which all the plasma energy
goes to the limiter was included in the calcu-
lations. This case_results in a peak energy
density of 535 J/cm”. The reference time con-
stants for plasma current decay and thermal
quench 1s 20 ms. An alrernate case of 5 ms
for the thermal quench was considered.

Table 1 shows the thicknesses of vapor-—
ized and melted regions per disruptions for
candidate materials with 20 and 5 ms thermal-
quench time constaunts. The very high-Z mater-
ials such as tungsten are more resistant to
plasma disruptions. However, these materials
experience serious melting _at very high peak
energy deunsity (> 535 J/cm”) and short time
constants (< 5 ms). SiC decomposes rather than
melts. Beryllium and stainless steel are the
least-resistant to plasma disruptions. They
melt at energy densities as low as those gor-
responding to minor disruptions (170 J/cm®).

Melt layer stability during disruptiouns
has been analyzed for a variety of condi-
tions. Magnetic forces caused by the inter-
action of induced currents during the plasma
current quench with the magnetic field are
considered to be the primary forces which
could create an instability. The stability of
a beryllium coated limiter was evaluated for
disruptign energy densities of 535, 270, and
175 J/em® and for thermal quench times of 20
and 5 ms. The results indicate that for the
reference disruption conditions (270 J/cm®, 20
ms) the melt layer is stable at both the cen—
ter and the leadigg edge of the limiter. How-
ever, at 535 J/cm® for both 20 ms and 5 ms
disruption times, the melt layer is predicted
to be unstable or marginally stable. There
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TABLE 1.
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VAPORIZED AND MELT REGION THICKNESSES, MICRONS PER MAJOR

DISRUPTION (INITIAL SURFACE TEMPERATURE IS 300°C)

20 ms 5 ms
Vapor Meltc Vapor | Melt
First Wall (175 J/cm?)
Stainless Steel 0 7 0.1 60
Beryllium 0 N 0.2 60
Sic, TiC 0 NM 0 NM
Divertor, Limiter (270 J/cmz)
Beryllium 0.1 70 1.1 84
Tungsten 0 NM 0 NM
Graphite <1 NM 1 NM
Sic Q NM* 0.1 W&
TiC 0 NM 0.1 19
BeO 0 3 5 35
Liniter (high 535 J/cm?)
Beryllium 2.1 155 121 14
Tungsten 0 NM 0.03 88
Graphite 1.0 NM 7 NM
SicC Q0.4 NM % 19 N F
TiC 0.4 24 15 90
BeO 11 65 33 32
M = No melring. *Decomposes rather than melts.

still remain considerable uncertainties in the
melt layer analysis and additional analytical
and experimental work is required.

D. Net Erosion/Redeposition Rates

Detailed calculations of the rates of
erosion and the concomitant redeposition were
made for the limiter and divertor _using both a
deterministic method (REDEP code,9 USA) and a
Monte Carlo method (USSR). A number of candi-
date plasma-side materials were analyzed for a
range of plasma edge temperatures from 20 to
1200 eV, Only physical sputtering was consi-
dered. This included sputtering by hydrogen
(DT) ions and neutrals, impurities (He) and
self-sputtering.

Table 2 shows typlcal peak net erosion
rates for a number of materials at different
plasma edge temperatures, The results
obtained suggest that erosion and redeposition
characteristics at the surfaces of the limiter
and divertor plates are qualitatively similar.
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The major difference is the limiter leading

edge, to be discussed in the following
subsection.

The results in Table 2 indicate that net
eroslon rates for low-Z materials are on the
order of (for 50% availability factor) 0.8
cm/y at plasma edge temperature (Te) of 20 eV
and decreases to ~ 0.3 cm/y at Te = 1200 eV.
Thus, the net erosion rates for low—Z mater—
ials are reasonable (£ 1 cm/y) at all plasma
edge temperatures with a significant advantage
for T, > 700 ev.

High-Z materials (e.g.; Ta, W) result in
a very small net erosion rate at plasma edge
temperatures below ~ 30-50 &V. The erosion
rate for medium-Z materials for T < 30-50 eV
is significant but it is lower than that for
low-Z materials. At higher edge temperatures,
medium— and high-7 materials are not viable
because self-sputtering exceeds unlty at fon
energies corresponding to T, > 50 eV, as
discussed earlier in this section.

VOL. 4 SEPTEMBER 1983
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TABLE 2. NET EROSION RATES (REPRESENTATIVE VALUES)
(cm/y) (50% AVAILABILITY, 80% DUTY CYCLE)

Limiter and Limiter
Plasma Edge Temperature Divertor Surface Leading Edge
Low-Z (Be, B, C)
(no chemical sputtering)
20 eV 0.8 4
100 eV 0.7 15
300 eV 0.6 8
700 eV 0.4 3
1200 eV 0.3 1
SiC
50 eV 0.5
> 50 eV ? ?
Medium— and High-Z
< 50 eV (medium-Z) <1 -
< 50 eV (high-Z) ~ 0 ~ 0
> 50 eV (medium/high-2) not viable not viable

It should be noted that the net erosion
rate given in Table 2 is the difference be-
tween the erosion and redeposition rates, both
of which are large as shown in Fig. 3 for
beryllium at T, = 100 eV, Therefore, the
relative error in estimating the lifetime can
be several times larger than the relative
error in estimates of the erosion or redepo-
sition rates. Notice also that the bulk
properties of a large portion of the tile as
well as 1its surface properties (e.g., physical
sputtering) will be controlled by redeposi-
tion. There are no data on the properties of
redeposited materials under reactor conditions
(simultaneous erosion, redeposition, hydrogen
and impurities bombardment, etc.).

E. Limiter leading Edge Solutions

The results shown in Table 2 and Fig. 3
indicate a serious erosion problem at the
limiter leading edge. Two conceptual solu-
tions to the limiter leading edge problem were
developed. The first is in-situ regeneration
of the limiter low~Z coating. This can be
accomplished most effectively during reactor
operation by injecting a small amount of the
low—-Z material into the scrapeoff region near
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the leading edges. Alternatively, techniques
for in-situ recoating of the leading edge dur-
ing reactor shutdown are potentially viable.

A second solution to the leading edge
problem has been shown to be viable for plasma
edge temperatures < 200 eV. This involves the
use of dual materials on the limiter. A low-Z
coating/cladding 1s used on the top surface
while a high-Z material is used at the leading
edge. For T, < 200 eV, the plasma temperature
in the vicinity of the leading edge is < 50 eV
where high-Z wmaterials are very attractive.
The charged-DT sputtering is ~ O. Sputtering
by energetlc charge exchange neutrals can be
significant. However, self-sputtering is < 1
at these conditions and the erosion rate of
the high-Z material remains small. Further—
more, high-Z atoms have a very short loniza-
tion mean—free-path (~ 0.1 mm) and therefore,
the redeposition rate is nearly egual to the
erosion rate.

IV. MAXIMUM ALLOWABLE THICKNESS
The maximum allowable thickness of the

plasma-side tile is one of the two key factors
in determining the lifetime of the limiter and
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Figure 3. Erosion (physical sputtering only) and redeposition rates

for beryllium as a

function of spatial points at the limiter

surface for a plasma-edge temperature of 100 eV.

divertor plates (the other factor being the
net erosion rate by all erosion mechanisms).
The maximum allowable thickness was determine
by three principal criteria: 1) maximum temp
erature, 2) maximum allowable stresses, and 3
fatigue. Under the selected FED/INTOR condi-
tions the temperature limit is generally dic-
tated by the maximum in the tile rather than
in the heat sink. With the high thermal-
conductance attachment, the thickness of the
tile can be limited by the stresses and
fatigue of the heat sink. Since the surface
material is not expected to carry a primary
stress load, no stress limits were applied to
the tiles. Cracking of a tile is not
considered a failure as long as it remains
attached to the heat sink. Radiation effects
are Included indirectly by a) selecting
temperature limits that avold excessive bulk
radiation damage (e.g., swelling), and by b)
accounting for radiation effects on the ther-

mophysical properties, e.g., reduction in the
thermal conductivity.

Table 3 shows the maximum allowable
thickness of the tile for a number of candi-
date materials. For the divertor plate and
limiter top surface, the constraint of the
tile on the heat sink 1s ignored and the
thickness is limited by the maximum tempera-
tures indicated in the table. The allowable
thgc
10

a vanadium heat sink.

660

kness of the leading edge 1s limited by a
cycles fatigue life (~ 2 yr) criterion .din
No advantage was taken

of the fact that continued erosion of the
tiles will increase the fatigue life. Details

of the calculations are documented in Ref. 6.
d

)

Beryllium offers the largest allowable
thickness (2.5 cm). The allowable graphite
thickness is severely limited by a low maximum
temperature of 500°C to avoid excessive chemi-
cal sputtering and by the reduction in thermal
conductivity under irradiation. The advantage
of the high thermal conductivity SiC suggested
by the Japanese delegation could be lost due
to irradiation effects. The allowable thick-
ness at the leading edge 1s generally lower
than at the top surface with the largest
reduction for W and Ta.

V. LIFETIME ANALYSIS

Detailed analysis of lifetime was carried
out using estimates of net erosion rates and
maximum allowable thicknesses as summarized in
the preceding sections. Table 4 is a summary
of the lifetime analysis for several tile
materials at the divertor plate and limiter
top surfaces. The results given in the table
are for a V-15Cr-5Ti heat sink and for Stage
111, i.e., 50% availability. Lifetime esti-
mates are shown for the case with no disrup-—
tions and for two disruption conditions with
the assumption that all the melt layer
erodes. The two disruption conditions are
for: 1) the reference case with 20 ms time
constant and peak energy density of 278 J/cm
for the major disruptions and 170 J/em® for

NUCLEAR TECHNOLOGY/FUSION VOL. 4 SEPTEMBER 1983
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TABLE 3. MAXIMUM ALLOWABLE THICKNESS OF PLASMA-SIDE MATERIALS

Divertor, Limiter Top? Limiter Edgeb
Temperature Allowable Allowable
Limit Thickness Thickness
Surface Material (°c) (cm) (cm)
Be 700 2.5 2,1
¢ 500 0.4 —
BeO > 600 2.4 2.2
< 1800
SiC (low=K) 1200 2.4 2.2
SiC (high-K) 1200 (1.0) (1.7)
W, Ta 600 3.0 0.9

Peak heat flux = 2.4 MW m2 (temperature limited).
Peak heat flux = 1 MW/m“ (fatigue limited, V heat sink).
8:PEffect of irradiation on thermal conductivity is accounted for.

TABLE 4. LIFETIME (YEARS) DURING STAGE III (50% AVAILABILITY)
FOR DIVERTOR/LIMITER TOP SURFACE (V~15Cr-5Ti HEAT SINK)

No Disruptions With Disruptions (All Melt Layer Erodes)
Major Disrupt. Conditions?® (270 J/cmz, 20 ms) (535 J/cmz, 5 ms)
Plasma Edge Temperature 100 ev 700 ev 100 eV 700 ev 100 eV 700 eV
Be 3.8 6.3 1.8 2.2 0.6 0.6
BeO (irradiated) 2.2 5.4 1.3 1.8 0.9 1.2
BeO (unirradiated) 4.1 10.1 2.1 3.4 1.7 2.2
C (&rradiatcd) 0.7 0.8 0.7 0.8 0.5 0.6
SiC* (irradiated) 2.5 0 2.5 0 1.9 0
5iC (unirradiated) 3.4 0 3.4 0 2.7 0
W L 0 L 0 4.8 0
Ta L 0 L 0 ~ 4 0

R }
At plasma edge temperature (Te) of 50 eV, 1lifetime 1is extremely short (because of_self—
sputtering > 1) for these materials at To > 50 ev.

AMinor disruptions with 170 J/cm2 are included with 20 ms for the reference and 5 ms for
the worst case.

LLong life predicted (1ife is not erosion limited).

NUCLEAR TECHNOLOGY/FUSION VOL. 4 SEPTEMBER 1933 661
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minor disruptions, and 2) the worst case with
S ms and 535 J/cm“ for major and 170 J/cm” for
minor disruptions. For low-Z materials (Be,
BeO and C) the lifetime is given at two plasma
edge temperatures (T,) of 100 and 700 ev. The
lifetime for unirradiated BeO and C are shown
for comparison purposes only since the reduc—
tion in thermal conductivity occurs after ~ 1
dpa irradiation (~ 1 month of operation). The
calculated lifetimes for Be and BeO include
the effect of initial surface temperature on
the disruption losses.

For the two cases of no disruptions and
all melt layer erosion under the reference
disruption conditions (20 ms time constant),
the lifetime of beryllium is generally longer
than that of irradiated C and BeO. Beryllium
suffers the largest reduction in life by melt
layer erosion because it is the least disrup-
tion-resistant., For the worst disruption
cases (535 J/cm“ and 5 ms major disruptions),
the lifetime of beryllium is reduced to ~ 0.6
years compared to ~ 2 years under the refer-
ence disruption conditions.

The lifetimes for SiC, W and Ta are shown
in Table 4 only for a plasma edge temperature
of 50 eV. At T, = 50 eV the lifetime of SiC
is ~ 2.5 years for the reference disruption
conditions and is reduced to ~ 1.9 year under
the worst disruption case. For T_ > 50 eV,
the viability of SiC is not clear due to
uncertainties in self-sputtering discussed
earlier. For T, < 50 eV, the lifetime of
high-Z materials such as W and Ta is not
limited by sputtering erosion and can be very
long. Ta and W are also very resistant to
plasma disruptions and they offer the longest
life of all materials examined even under the
worst disruption conditions. However, at Te >
50 eV, these high-Z materials are not viable
because of the self-sputtering problems
discussed earlier.

The lifetime of the limiter leading edge
is substantially shorter than that at the top
surface if no special design measures are
taken. For example, the lifetime of a
beryllium leading edge is ~ 0.1 y at 100 eV
and 0.9 y at 700 eV ignoring disruption
effects. However, the two leading edge solu-
tions described (use of high-Z leading edge
with T, < 200 eV and in-situ recoating at all
Te's) permit the lifetime of the leading edge

to be considerably longer than that at the top
surface.
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VI. PHYSICS ASPECTS OF PLASMA EDGE
TEMPERATURE

Results from the previous section indi-
cate that the choice of materials for and the
lifetime of the limiter and divertor plate
surface are strongly dependent on the pre-
sheath temperature (T.) of the plasma in front
of the surface. For the limiter, T_ is the
same as the plasma edge temperature, whereas
for the divertor plate TS is less than T_ if
Te is low (<100 eV) because of cooling in the
divertor channel.

Plasma transport calculations7 have been
performed to evaluate the probable values of
T, and T . With edge refueling and without
high edge radiation, it is estimated that the
most probable edge temperature is in the range
~ 100 < T, < ~ 300 eV. Special methods for
achieving the more desirable high and low edge
temperatures regions were investigated.

Transport codes were used to study the
production of high edge temperatures by using
pellet injection. For these studies the frac-—
tion of the recycled plasma pumped by the
limiter system was reinjected into the dis-
charge in the form of 1 mm diameter pellets.
This reduced the recycling and increased the
edge temperature. For a realistic upper limit
to the pumping fraction of about 5%, tempera-
tures in the 700-800 eV range were obtained
when impurity radiation was neglected.
Increased pumping (i.g., 20%) produced temper-
atures in the 1 KeV range, but this puaping
level is not realistic. The conclusion is
that although temperatures above 700 eV can be
obtained in modelling studies, it would be
imprudent to base the FED/INTOR design on
obtaining these temperatures. This conclusion
is, in part, based on the high probability
that impurity radiation will reduce the
temperature by an unacceptable amount.

The potential realization of edge temper-—
atures below 50 eV in the presence of high
edge radiation was studied. These conditions
were obtained in transport code studies where
the impurity transport was assumed to be
governed by neoclassical diffusion super—
imposed on an empirical transport at the
hydrogen rate. Under these conditions the
impurities (e.g., iron) peaked at the edge,
and a low temperature edge was obtained with
acceptable central radiation. However, this
same model, applied to ISX discharges, pro-
duced the same edge peaking in impurity con~
centration, a condition not observed experi-
mentally. The conclusion is that there is

NUCLEAR TECHNOLOGY/FUSION VOL. 4 SEPTEMBER 1983
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significant risk involved in basing the INTOR
collector plate or limiter design on obtaining 3.
edge temperatures below 50 eV because of

uncertainties in the impurity behavior near
the edge.

The possibility of achieving T < T, in
the poloidal divertor was investigated. The
INTOR poloidal field divertor was modelled
taking into account the finite parallel elec-
tron thermal conduction. The high recycling 4.
of neutrals at the divertor plate was found to
produce substantial increases in plasma den-~
sity near the plate and significant cooling in
this region. An additional reduction in over-
all edge temperature results from an increase
in total edge density with divertor opera-—
tion. Conditions were obtained with electron
temperatures as low as 25 eV at the plasma
sheath. Taking into account uncertainties in
the edge conditions, this is probably a lower
limit on the temperature at the sheath. How-
ever, the sheath temperature at the divertor
plate should certainly be significantly less
than the sheath temperature at the limiter,
for comparable plasma edge conditions. If the
plasma edge temperature is sufficiently low
that T, < 50 eV at the divertor collector
plate, then a high-Z surface can be used and
the erosion would be quite small.

VII. CONCLUSIONS AND RECOMMENDATIONS

1. Iwmpurity control remains a major issue in
the design of tokamak reactors. The two
leading candidates, a poloidal divertor
and a pump limiter, each have considerable
uncertainties. The divertor appears to
have advantages in impurity control and
helium pumping but adds considerable
mechanical and magnetic complexity to the
reactor. Uncertainties in the scrapeoff
conditions, erosion by physical sputter-—
ing, disruption and arcing, and in redep-
osition of eroded materials make predic-
tion of the lifetime of the limiter and 5.
divertor plate very difficult.

2. A poloidal divertor design has been
developed for FED/INTOR. Analysis shows
that it will provide adequate control of
impurities and acceptable helium-removal
capability. The overall magnetics design
is acceptable but additional analysis is
required to establish the specific char-
acteristics of the separatrix control
coils. Angling of the divertor plates
relative to the field lines is necessary
to rgduce the peak heat flux to ~ 2-3
MW/ m“.
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A pumped limiter design has been developed
for FED/INTOR. Two-channel pumping and
shaping of the limiter are necessary to
achieve pumping while m%intaining the peak
heat flux to ~_2-3 MW/m” on the surface
and ~ 1-2 MW/m“ at the leading edges.

Peaak heat fluxes are sensitive to plasma
edge conditions and plasma position.

The evaluation of three plasma edge
temperature regimes resulted in the
following conclusions:

a. Edge temperatures above 700 eV reduce
erosion of low-Z materials. Temperatures
above 700 eV could be realized by reducing
the edge density with pellet injection and
high pumping efficienty. However, the
INTOR participants judge that the realiza-
tion of the high—edge temperature condi-
tion is sufficiently uncertain that it
would be imprudent to base the design on
this condition.

b. The medium edge temperatuare (100 eV <
T, < 400 eV) can be easily obtained. How-
ever, erosion is very severe. Achieving a
reasonable lifetime for the limiter and
divertor plate requires experimental veri-
fication of the prediction that most of
the eroded materials will be redeposited
and that the properties of the redeposited
material are acceptable.

c. Low-edge temperatures (< 50 eV) could
be obtained with high-edge radiation.
However, the physics feasibility of
attaining the low-edge temperature con-
ditions remains to be established experi-
mentally. ILimiter and divertor plate
lifetimes can be relatively long if dis-
ruption-resistant high-Z materials are
used.

The selection of reference materials for
the high heat flux components depends on a
number of criteria which are aimed at max-—
imizing the component lifetime. 1In parti-—
cular, the selection of the plasma-side
materials depends strongly on the plasma
edge conditions and the charge state of
impurity ions striking the limiter. The
charge state is estimated to be ~ 2-3 for
low-Z materials and ~ 3-4 for high-2
materials. The plasma side materials con-
sidered are W,Ta, Be, BeO, C, SiC, and
TiC. For a plasma-edge temperature < 50
eV (ion energies < 400-700 eV), high-Z
materials such as tungsten or tantalum are
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viable and preferrable because of low 8.
erosion and good resistance to disrup-—
tions. Tantalum is the preferred high-Z
material because its fabrication proper-
ties are superior to those of tungsten.

At ion energies > 400-700 eV, the self-
sputtering coefficient of all medium— and
high-Z materials exceeds unity, and there-
fore a runaway sputtering cascade is
predicted. Thus, at a plasma-edge
teaperature > 50 eV only low-Z materials
(C, B, Be, B,C, BeO) are viable since
their sputtering yield never exceeds
unity. Beryllium is the preferred low-Z
material primarily because the other low-Z
materials have serious flaws in at least
one area, $SiC and TiC have self sputter-
ing coefficients which may exceed unity.
Graphite exhibits high chemical sputtering
rates, and BeO (along with other refrac-
tory compounds like SiC) is predicted to
have its thermal conductivity reduced
substantially by neutron radiation. The
major concern with beryllium is the sta-
bility of the melt layer formed under dis-
ruptions. Two classes of alloys, copper
alloys and vanadium alloys, have been 9.
considered as heat sink materials,

Erosion by physical sputtering is pre-
dicted to be mitigated by redeposition of
sputtered particles. In the case of lim
iters, where there is a concern about the
buildup of sputtered impurities in the
plasma, redeposition is predicted to occur
at a level such that the impurity buildup
is acceptably low. Sputtering of most of
the first wall is expected to be low be-
cause the charge exchange particle flux is
predicted to be concentrated only in the
vicinity of the limiter or divertor
plates. The first wall in the vicinity of
the impurity control components needs to
be protected from the charge exchange
flux, however.

The basic design configuration of the
limiter and divertor collector plate con-
sists of a water cooled heat sink composed
of a high thermal conductivity structural
material upon which 1s attached a surface
material that is directly exposed to the
plasma. Such a duplex structure is re-
quired because in almost all cases, mater—
ials that meet the sputtering requirements
do not have the mechanical properties
required for structural support. The
preferred attachment concept is a high
strength, high thermal conductance bond.
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The detailed design of the impurity con-
trol components is dependent on the plasma
edge conditions. There are three differ-
ent designs corresponding to the three
edge temperature regimes considered, At
low plasma edge temperatures, tantalum or
tungsten are preferred for the limiter and
divertor, for the reasons stated above.
Austenitic stainless steel can be employed
as the heat sink material in spite of its
poor thermophysical properties because the
heat flux to the limiter is low. At
medium edge temperatures, for both the
limiter and divertor, beryllium is used as
the plasma side material, and either a
vanadium or copper alloy is used for the
heat sink material. At the limiter lead-
ing edge, where particle energies are

¢ 700 eV, tantalum is used to reduce the
gputtering erosion. At high edge tempera-
tures, the limiter design is similar to
the mediun edge temperature design except
beryllium is used at the leading edges as
well because of concern for self sputter-—
ing at the high particle energies.

Stress and fatigue analyses indicate that
the maximum allowable thickness of the
plasma side material is sensitive to the
constraint imposed by the material on the
heat sink. The stresses can be alleviated
by reducing the width of the plasma side
tiles, which reduces the effective thick-
ness, or by introducing a compliant layer,
consisting of a sintered wetal fiber
structure of low density, between the heat
sink and plasma side material. Initial
analysis of a structure with a high
strength bond indicates that a tile width
of only ~ 2 cm is required to reduce the
thermal fatigue stress range to an accept-
able level. A compliant layer allows the
heat sink and surface material to expand
almost independently of each other during
heating, but the low thermal conductance
of the compliant layer results in higher
temperatures in the surface material. The
higher temperatures could eliminate the
use of low melting point materials such as
Be. Additional theoretical and experimen-
tal work is required to determine the most
appropriate way of controlling stresses in
duplex structures.

The lifetime of high heat flux components
is dependent on the maximum allowable
thickness for the plasma side material and
the material loss rate due to physical
sputtering and disruption vaporization and
melting. The predicted lifetimes vary
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with the plasma edge conditions and the 6.

selected plasma side material. 1In the

case of the low edge temperature, the

estimated lifetime for a tantalum coated

component is the lifetime of the reactor

because of negligible material loss. In

the case of the medium and high edge

temperatures, the predicted lifetime of 7.
beryllium coated components is ~ 2 y at

50% reactor availability and at the refer-

ence disruption conditions. The lifetimes

can be quite sensitive to the assumed dis-

ruption conditions. Because of the uncer—

tainties in the frequency, decay time con-

stants, and energy deposition of disrup- 8.
tions, the predicted lifetime for beryl-

lium can vary by a factor of 5, In addi-

tion, it is not known at this time what

fraction of a melt layer formed during a

disruption is lost from the surface.

Additional theoretical and experimental 9.
effort is needed.
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