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6.5. Recommendations based upon physics issnes

1) The single-null divertor operating with the density in the scrape-off
25 X 10% ni? should be retained as the reference concept for INTOR.
Further studies of the physics are needed.

2) . The pumped limiter if operated in a similar density regime is an attractive
alternative, and continued attention should be devoted to this concept.

3) Despite the merits of limiter operation with a radiative plasma edge (either
due to injected or to sputtered impurities), the concept is one of high risk.
Until this issue is resolved it is premature to state a preference for the low-
or high-radiation edge condition or the applicability of low- or high-atomic-
number plate material. -
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1. INTRODUCTION

The eritical issues effort for the INTOR impurity control system involved an
integrated study of the key physics and engineering aspects of the divertor and
limiter. The results of the physics-related effort were summarized in the previous
chapter. This chapter is devoted to the engineering-related considerations. The
most critical engineering problem for the limiter and divertor plate is the lifetime,
which tends to be short because of the combination of high erosion rates and the
relatively small allowable thickness of the plasma-side materials. Serious effort
was devoted to an assessment of the limiter and divertor lifetime for a wide range
of potential plasma operating conditions and a large number of candidate materials
and design concepts.

The key erosion mechanisms investigated included physical and chemical
sputtering and vaporization and loss of the melt layer during plasma disruptions.
The rate of erosion by physical sputtering is strongly dependent on the plasma
scrape-off conditions. Therefore, the choice of materials and design concepts was
evaluated for three plasma edge temperature regimes: low (T;<<50eV), medium
(Ts 2 100—200 eV) and high (Ts> 700 eV), where Ty is the pre-sheath temperature
at the limiter or divertor plate. The physics evaluation of these edge temperature
regimes was presented in the previous chapter. The physics operating conditions
used for the engineering evaluation are summarized in Section 2. Models were
developed to evaluate the re-deposition of materials eroded from the limiter and
divertor plate. These models and estimates of the net erosion and re-deposition
rates are presented in Section 9.
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A data base assessment was conducted for the surface and bulk properties
of candidate materials for the limiter, divertor and first wall. A summary of this
assessment is given in Section 4.

The main design concept for the limiter and divertor plates utilizes a duplex-
type wall in which the plasma-side materials, in the form of tiles, are attached to
a heat sink that provides for heat removal and structural support. Significant
effort was devoted to determining the maximum allowable thickness of the tiles.
As discussed in Sections 2 and 3, shaping of the limiter and inclining of the
divertor plates relative to the magnetic field lines were found necessary in order
to reduce the peak heat flux and to increase the allowable tile thickness to
acceptable levels. Concepts for attaching the tiles to the heat sink are described
in Section 5. The results of the thermal hydraulics and stress analyses are dis-
cussed in Section 6. The design considerations related to electromagnetic forces
induced during plasma disruptions are analysed in Section 7. The thermal response

of candidate materials to plasma disruptions is summarized in Section 8.

Section 10 presents the results of the lifetime analysis for various candidate
materials under different plasma operating conditions. Section 11 presents the

major features of the design concepts recommended for the limiter and divertor.

The integration of the physics and engineering considerations in this study
made it possible to derive 2 number of important conclusions and recommendations
concerning the impurity control system in tokamaks. These conclusions and the
recommendations for future effort are summarized in Sections 12 and 13.

This chapter attempts to summarize only the key results. More detailed

analyses and documentation of the data base are available in the reports of the
four national contributions [1~4].

2.  QPERATING CONDITIONS

2.1. Common parameters

The plasma performance, reactor operating scenario, disruption conditions,
and some engineering parameters are common to both the limiter and divertor.
These parameters are presented in Table VII-1. The plasma parameters and
operating scenario are unchanged from the Phase-One INTOR report {5].

Several disruption scenarios were considered in Phase Two A. The reference
disruption parameters are shown in Tables VII-1 and VII-2. The total of the
thermal plasma energy and poloidal field energy is 290 MJ. The field energy,

60 M1, is assumed to be deposited uniformly on the plasma chamber wall in the
form of radiation for both the limiter and divertor options. For the limiter/divertor
reference conditions 80 MY is deposited on 30% of the first wall with an added
peaking factor of two, and another 80 MJ goes to the limiter or divertor collector
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TABLE VII-1. COMMON OPERATING PARAMETERS
Stage 1 i} 1M
Plasma 620
Thermonuclear power (MW) 620 iig 2
a-power (MW) 124 b ot
Neutron power (MW) " 496 o o
Neutron wall loading (MW-m™) 1.3 .
Operating scenario . .
Years of operation 3 s 5
Availability (%) 13.3 P Tas
e igg 200 200
time (s) .
2‘1:“1 :::n'(ﬁme (s) 8.7 X 10° 25.6 X 10° 103X 10 ,
Tot:.l cycles 87X i0* 12.8 X 10° 51.5 X 101‘-
28
thal neutron fluence , 1.5 X 10** i.s X 10 122.1 X 10
Integral wall loading (MW-a-m” ) 0.3
Disruptions
Major disruptions) } i} »
(Fr:;uency 3% 107 103 ;g
Distuptions/year 165 ?;4 e
Total distuptions 49 5. Yoy 4o
Total energy (MI} 290 . e
Thermal plasma energy (MI} 230 » 2
Field energy {MI) 60
Disruption time 2
Poloidal field (ms) 20 ig o
Plasma current {ms) 20
Thermal energy {ms) 2 "
Reference 20 : :
Alternate 5
%Mmi:;mpﬁom 10-? 5% 1073 5% 107
o 310
Bisruptions/year 330 ;;g 2 490
TFotal disruptions 990 ot p
Total energy to limiter /divertor (MI) 50
Disruption time
Thermal energy {(ms) " "
Reference 20 : :
Alternate 5
Engineering (all stages)
Plasma chamber surface area (m*) 380

Limiter/divertor location
Configuration

Pumping system
Desired lifetime
Coolant

Bottom of chamber
24 separately removable modules each
weighing %25 Mg d
Compound cryopumps located below nuclear islan

272 years, 50% availability

H,0, <100°C
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TABLE VII-2. LIMITER/DIVERTOR DISRUPTION CHARACTERISTICS

Peak energy density (J-cm*?)®

MAJOR DISRUPTIONS
Case 1: divertor case
First wall . 170
Divertor plate 230
Case 2: high load to limiter
First wall 35
Limiter 535
Case 3: reasonable load to limiter
First wall 170
Limiter 270
MINOR DISRUPTIONS
Case 1: divertor
Divertor plate 170
Case 2 limiter
Limiter 170

a .
The area of the limiter blade or divertor collector plates is about 50 m?.

p{ate. The energy to the limiter/divertor is assumed to have the same spatial
filstribution as the operating heat loads. The remaining 70 MJ of thermal energy
is uniformly deposited on the plasma chamber wall in the form of radiation. The
resultant peak energy loads are shown in Table VII-2. A high-load option has also
been.cc_msidered for the limiter where 160 MJ is deposited on the limiter, and the
remaining energy is uniformly deposited on the wali.

Specifications have been established for minor disruptions. The minor dis-
ruptions are characterized by a relatively high frequency of occurrence but a
re-duced thermal-energy deposition. The minor disruption is 50 MJ to either the
divertor or limiter, with the same spatial distribution as the operating heat loads.

The limiter and divertor are both placed at the bottom of the plasma chamber.

The limiter/divertor modules are designed to be removed separately from the rest
of the blanket because of the relatively short lifetime anticipated for these
components. The primary configurational differences are the changes in the

poloidak-field coil current distribution and in the power supplies required for the
divertor option.
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Of particular importance to the work in this chapter is to correlate the energy
of ions incident on the divertor/limiter surface to the plasma temperature (Ty) in
front of the neutralizer plate, which is discussed in the previous chapter.
Accounting for a sheath potential of about 3Ts, the average D/T ion energy at the
plate is about 4.5 Ts. The charge state of the ions, which are sputtered from the
plate, ionized and returned to it, is critical in determining their accelerated energy.
The charge state is discussed in the previous chapter and is found to be 2--3 for
low-Z materials and 3—4 for high-Z materials in the range of electron temperatures
at the plate of 20—100 eV. Therefore, the jon energy of impurities striking the
divertor/limiter surface is 7—10 T, for low-Z and 10—13 T; for high-Z materials.

2.2. Divertor/first wall
22 1 Low temperature at divertor plate

The overall diverter design is very similar to the Phase-One divertor design [5].
The divertor heat and particle fluxes are shown in Table VII-3. For the low-
temperature condition (T = 30 eV) the energy of DT ions striking the collector
plate is only 135 eV. The ions have a reduced energy due to increased radiation
losses along the divertor channel. The low ion temperature also results in a some-
what reduced heat load on the collector plates which is compensated by an
increased heat load on the divertor throat.

22.2 Medium temperature at divertor plate

The operating parameters for the medium-edge-temperature concept are also
shown in Table VII-3. The energy of the D or T ions striking the collector plate
is 400 eV. The charge state of impurity ions returning to the divertor plate is
about 3 to 4. Therefore, the energy of the impurity jons (= 1200—-1600 eV} is
probably above the point where high-Z materials may be used because of excessive
self-sputtering, and a low-Z material should be used on the surface.

2.3. Limiter/first wall
2.3.1. Low edge temperature

The limiter heat and particle fluxes are shown in Table VII-4. For the low-
temperatute condition, most of the e-heating power is radiated uniformly from
the plasma edge to the first wall, and the ion heat load to the limiter is low. The
energies of ions and neutrals striking the limiter are low enough that high-Z
materials, with low sputtering coefficients, may be used.
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(HIGH-EDGE-DENSITY CONDITION)

CHAPTER vII

TABLE VII-3. HEAT AND PARTICLE FLUXES FOR THE DIVERTOR OPTION }

Low T Medium T
at plate at plate
Divertor
Serape-off temperature (eV) 100 100
Plasma density in scrape-off layer (m™3) 5X 10" 5% 101
Temperature at plate (¢V) 30 100 °
Totat energy to divertor (MW} 80 80
Ions only on divertor plates (MW) 52 54
Electrons only on divertor plate {MW) 18 18
Average energy of fons on divertor plate (eV) 135 430
Ion flux on the two divertor plates (s™') 24 X 10% 7.3 X 107
Power load on divertor throat
area and other divertor walls
Charge-exchange load (total) (MW) 4
Energy of neutrals (eV) 120 200
Neutral flux {total) (s™) 2 X 10% 6 X 0%
Peaking factor of deposition load 2 2
Radiation (MW) 6 6
Area of divertor throat and other divertor
walls on which neutrals impinge: 5 strips
of 0.2 m each, 4 of them being adjacent
to the ends of the divertor plates and the
fifth on the wall facing the outside divertor
plate, adjacent to the pumping duct (total) (m?) 33 33
First wall (uniform distribution)
Radiation (MW)
Charge exchange (MW) :0 :0
Average energy of charge-exchange neutrals {eV) 100 100
Neutra]-p)a.;ﬁti])e flux (consisting of hydrogen
atoms) (s~ 23
Charged-particle power flux rzxeil:(gll:?c :::;5 hx 'll:n‘l:'23
Scrape-off width for power flow (midplane} (cm) 1.9 1 ; e

2.3.2. Medium edge temperature

_ The operating parameters for the medium-edge-temperature design are given
in Table VIF4. The edge temperature of 150 eV is, at present, believed to be the
most easily attainable operating regime. The D or T ion energy {edge energy plus
sheafh Potentia]) is 615 eV, Since the charge state of impurity ions returning to
the limiter is about 3 to 4, the energy of the impurity ions is high enough to
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TABLE Vil-4. HEAT AND PARTICLE FLUXES FOR THE LIMITER OPTION

Parameter Low T Medium T High T
(High radiation}
Alpha heating (MW} 124 124 124
Radiation {MW) P12 40 20
Tons to limiter (MW} 8 45 60
Electrons to limiter (MW) 4 15 20
Neutrals to limiter (MW) - 20 20
Neutrals to wall (MW) 0.5 4 4
Limiter jon flux (s™) 6 X 10% 1.25 X 10% 7.2 X 10% '
. Limiter neutral flux (s™'} - 42 % 10" 43X 10%

Wal! neutral flux (s7')* 1.6 X 10%* 8.3 X 10% 8.6 X 10%
DT ion energy (V) 45 675 4300
Neutral energy (V) 20 300 2900
Edge electron temperatare (eV)? 10 150 670
Edge density (m™)° sx 10" 25X 10" 5X 10"
e-folding distances (cm)

Temperature® 2 2 2

Power® 1.5 1.5 1.5

Density© long long long

3 The neutral wall flux falls on two 0.5 m, poloidal-width, strips at each end of the limiter.

b At the ‘point of tangency’.

c

At midplane.

require the use of low-Z materials on the limiter surface. The jon energy at the
leading edges is low enough that high-Z materials can be considered, however.

2.3.3. High edge temperature

The operating parameters for the high edge temperature are also given in

Table VII-4. The power radiated and transported to the first wall and limiter are
the same as for the medium-edge-temperature concept. For low-Z materials, high
edge temperatures are more desirable than the medium edge temperature because
they are beyond the energy for peak sputtering. It is, however, concluded that
the realization of the high-edge-temperature condition is sufficiently uncertain
that it would be imprudent to base the design on this condition.
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FIG.VH-1. Divertor configuration (reference desigr ).

3. MECHANICAL CONFIGURATION

o D:mng Phase Two A the pumped limiter has been introduced as an option for
purity control. A double-edged shaped toroidal Emiter located at the bottom
of the plasma chamber has been selected as the limiter reference desien Th
configuration of the divertor has remained the same as in Phase One = :

3.1. Divertor

The d’I“he ovexjall configuration of the poloidal divertor concept is shown in Fig. VII-1.
: ivertor is located at the bottom of the plasma chamber with 2 continuous
toroidal opening extending around the reactor. The divertor is divided into
removable modules. There are 24 modules, two for each TF coil These modules
are rezflovable so the divertor collector plates can be replaced wit.hout renr:)virl:g i
an te;:u;? torus sector. This is req‘uired because it is anticipated that replacement
e fve.rtor collector plates will be more frequent than that of the first wall
Access limitations of 12 TF coils require the use of two modules per sector to '
allow removal. The divertor module does not incorporate breeding at this ti
but this can be included if required, ¢ e

R -
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{a)

FIG.VIf-2, Pumped-timiter positions.

The divertor collector plates are set at an angle with respect to the magnetic
field lines in order to limit the peak heat flux to about 2 MW-m™2. For the inner
channel, which has a peak heat flux of 4 MW-m~2 normal to the separatrix, the
plate is placed at an angle of 30° to the field lines. For the outer channel, which
has a peak heat flux of 8 MW -m™2 normal to the separatrix, the plate is placed
at an angle of about 15° to the field lines. Shaping of the collectar plates could
produce a constant leat flux over a portion of the surface, but a compound
curvature would be required. Since the peak heat flux is already manageable,
shaping does not appear to be necessary. The details can be obtained from Phase-

One report {5].
3.2. Pumped limiter

32,1, Location

Different locations for the pumped limiter have been compared, namely
(Fig. VI1-2):
_ at the bottom of the plasma chamber, as for the divertor case (2¢)

— at the midplane (2a)
. at an intermediate position (2b)m 45% lower quarter position.

The criteria identified to select the most convenient location have been the
following:

— effect on tritium breeding
— consequences on reactor layout, operation and maintenance

— possibility of uniform distribution of thermal loads.
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FIG. VIF3. Pumped-limiter shape options.

vaﬁoirom -t:'le point of view of tritium breeding, it has been shown that the
vanon T;;ozlo :;)Sn; ;:lcor'npar;b[e. A midplane limiter potentially reduces the size
owing the blanket/shield to be ical i i
direction. In addition, the i e Homeven i
: . , magnetic configuration is simplifi
e dditior plified. However, the
ar; E}I{a:;; 1c;c:;1;m 1st 11; ar;: area where heating systems, diagnostics and test modules
ocated, Furthermore, the midplane limi i i
C . y ter will require a |
vacuurn duct which could limit ace e b \d shist
( ess to the lower half of the bl i
Concerning the heat and i .
particle flow, the bottom 1 i
Doty The st oo s ocation appears to offer more
. energy e-folding distances
location. For a flat limite e 16 b lomen ot
. 1, the peak heat fluxes are &

et r | at xpected to be lowest at the
botte: tl_ocatlon: Finally, the Pottom limiter minimizes the reactor design changes

g from a single-null poloidal divertor design, and makes comparison with the

dl\'eltoi easier, Ihe!efole, the bOttOll ocation has !)eeu selected as the reference
! i
design Case fol tlle limiter.

3.2.2. Limiter shape

The limi . .
e expzi;r;::;rahj:r;oh?rgv;de f;:;r pumping of the gaseous ashes from the plasma
igh heat flux. The need to be effective i i -
the necessity for an acce ifeti o amping and
ptable lifetime are the prima i i i
determining the form of the limiter. ° r considerations in
vario:roﬁosed sol.utions for the limiter blade are one or two leading edges and
Conce; :S ?:)e: :;' t:)s)surf;;;:e. !In Fig.VII-3, some possible solutions are presented
are flat limiters while concepts (¢) and l
Concept (2) has a single leadin whi e e oot
g edge while all other concepts have i
. . two leadin
iesdtg]\::. ;{f;«:.pnnllary difference between the single-and the double-edged desigis
additional pumping capability of the doubl i
_ : e-edged design, For a given
::?)?zg sp:;d, the leading edges of the double-edged limiter can be placed further
m the plasma edge than for a single-edged design. This reduces the heat
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load to the leading edge. The reduced heat load will result in an increased lifetime

for the leading edge.

Different forms of limiters have been discussed, the simplest being a flat
plate inserted on the bottom of the plasma chamber. The heat distribution on
this limiter will be strongly peaked. The same is, of course, true for the sputtering.
Therefore, other shapes of the limiter plate have been proposed, which can assure

a more uniform distribution of the heat flux density.

Most solutions consider a limiter design with a heat sink covered by 2
protection plate. The fabrication of such a duplex structure presents problems
as already discussed during Phase One in the case of the divertor. Therefore, other

solutions may present advantages.

3.2.2.1. The plate limiter

The distribution of the heat flux on the limiter surface depends on the geo-
metrical form of the plate. Three possibilities have been examined: a flat plate,
a plate with a constant radius and a plate contoured in a way that the heat fiux

density is constant over the whole surface,

The heat flux, q, to the limiter surface facing the plasma is given approxi-

mately by

q= Rg exp (~Z/hq} sin ]

(1)

where QT is the total particle-transported heat load, R the major radius to the
limiter, Ag the heat flux e-folding distance, Z the radial distance from the limiter
surface to the plasma edge, and & the angle of incidence between the limiter and
poloidal flux lines. A circular plasma will be assumed for developing analytical

expressions relating the various parameters in Eq. (1).

The flat limiter

For a flat limiter, Eq. (1) can be approximated by

60 = Qr X\ o =X
0= ZrRng L3/ T \2ang

where a is the minor radius.

(2)

Equation (2) represents a symmetric heat flux distribution with a low heat

flux density in the centre of the plate, two peaks and
density towards the edges. However, the angle at the

an exponentially falling
leading edges between the
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FIG, VIF-4, Heat flux density on a flat limiter.
incoming particles and the surfaces increase
s and, the
peaks at the leading edges (Fig. VII4). Fefore, there are fusther

The concave limiter

The form of the heat flux distribution on a concave limiter with a constant

curvature is essentially the same as for a fla
t one. But, de i i
the values of the heat flux are reduced (Fig. VIL-5). pending on the radlus

Mw-m2 F1

L8 | 52 56 Rn

TG VIS, Hear flux: distribution over the limiter surface: 1 — flat limiter, 2 — concave limiter.

The contoured limiter

To obtain a constant heat flux along the limiter, the quantity ¢ in Eq. (1) kas

to be made a constan 1 = -
. [ gure v iI-6 1ves the Q ofal
tant b4 f It imiter sur faCE con

R ET I
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FIG.VIE-6. Distribution of particle flows and their energy on the surface of the limiter with
uniform thermai logd (P=2 MW-m™2): 1 — high-temperature mode, 2 — low-temperature mode.

Changes of the horizontal position of the plasma with respect to the limiter
change the heat deposition. For a displacement of 3 ¢m, the maximum change
of heat deposition is about +0.9 MW+m™? in the centre of the limiter subjected
to 80 MW total power. The influence of the e-folding length on the changes
is not very strong.

The particle flux distribution on the limiter is given by an expression similar
to Eg. (1) but with different constants. The patticle flux density on the limiter
contoured for constant heat flux is not constant but increases towards the ends
of the limiter plates (Fig.VII-6). The increase in particle flux density at the limiter
surface can result in a sputtering erosion at the edges that is much higher than in
the centre of the limiter. However, together with the particle flux, there is also
a decrease in the particle energy across the scrape-off layer. At particle energies
below 400 eV, the sputtering coefficient for all particles decreases with the
particle energy. In this case, the increase in particte flux density is partly counter
balanced by the decrease of the sputtering coefficient. In the case of low edge
temperature, the particle energy at the tip falls below the threshold energy for
sputtering, and the tips have no sputtering erosion. If the particle energies are
higher than the peak energy, then the decrease in particle energy means an increase
in the sputtering coefficient and, finally, an enhancement of the sputtering rates
at the edges of the limiter plates.
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3.2.2.2. The tube limiter

Heat

of the geo;::}rlym:)gfe:;: (tm;pose‘j of tubes are quite common, due to the advantages
Hiniter o oy or o u :s {1]. Therefore, it has been attempted to design a
limiter seems to be e:ay o tl{bﬂs for the low-edge-temperature case, The tube
the plasma position 2, rto bu;ld and to have 2 low sensitivity to variations of
ment could be on a str ‘Ohwc-, tubes may replace the limiter plate. The arrange-
Jimiter cannot take ad j!gtt iine orin a m.ore triangular form. Since the tube

on cach tubs separatel ar;;ge of the possibility of a constant heat flux density,
such as, e.g. the most e);’fec;:e";?dgf}:mm can be n}ade to satisfy other conditions,
with .x;ﬁnimum impact on the blanketf)fthe pumping channel or to be withdrawn

h - .
edge te;:e:;tcu:oﬁl??“ heat fluxes arriving at the limiters in the case of low
perpendicularly. 'Its totallrfr:ﬂc:lr;ealr;toie :‘adtation eat flux crossing the separatrix
* Olgjl'rw'mﬂ on any surface facingntl:et;;slri:dw' This gives an average value
to the s:pier:fﬁi Fiuzxni;fmmg 2t the limiter is the ion and electron flux parallel
decreases exponential] ). The power of this flux parallel to the separatrix
of the expo € y f*’tth the distance from the separatrix. The scale length
ponential function depends on the magnetic configuration and variegs

along the separatrix, Fi .
. Figure VII-7 gives t et ribng
the row and at the leading edge. ¢ e heat flux distribution on a tube in
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3.3. First wall

The load on the first wall has been considerably changed with respect to
Phase One in the new scenarios described in Section 2. In all limiter cases, the
sputtering on the first wall has become negligible except for the strips in the
region of the edges. The first wall has, therefore, to cope only with disruption

and heat flux. For the cases with high and medium edge temperatures

erpsion
-edge-temperature case includes a very

fo large problems arise. However, the low

high heat load and therefore considerable fatigue problems.
The first wall near the leading edges will be exposed to considerable erosion

by charge-exchanged neutrals. Special measures for its protection or frequent

exchange are necessary.
The divertor cases have been discussed extensively during Phase One.

4. MATERIALS CONSIDERATIONS

2 base assessment has been conducted as part of the Impurity

A materials dat
Control and First-Wall Engineering task. The purpose of this assessment is to
ials for the first wall, limiter

evaluate and develop a data base for candidate materi
and divertor. Recommended values for critical materials properties are provided
for use in the design activity. Uncertainties in the materials data base have been
determined so that the impact on critical design parameters can be evaluated.
The limiting features and favourable characteristics of the primary candidate
materials are summarized.
“Ihis assessment has focused primarily on (1} materials that will be exposed

directly to the plasma, and (2) candidate heat-sink materials for use in the pumped-
limiter and djvertor applications. Candidate plasma-side materials include low-Z
(atomic number), medium-Z and high-Z materials listed in Table VII-5. A greater
emphasts was placed on the bold-face typed materials in the table. Properties
considered include physical sputtering by energetic plasma particles and wall-
eroded materials {self-sputtering}, chemical sputtering, H/He retention/release,

and critical bulk materials properties including radiation effects.

4.1. Plasma-side materials

4.1.1. Physical sputtering

The present assessment has focused on defining the energy-dependent
sputtering yields for the light plasma particles (D, T, He) and the gelf-sputtering
vields for the primary candidate wall materials, including selected compeounds.
Considerable experimental data on light-ion (D, He) sputtering for normal incidence
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TABLE VIL-5. CANDIDATE LIMITER/DIVERTOR MATERIALS

Plasma-side materiale
Low-Z: C, Be, B, TiC, §iC, B4C, BeO
Medium-Z: Stainless steel, V
High-Z: W, Ta, Nb, Mo

Heat sink materiais
Copper alloy
Zirconium alloy
Vanadium alloy
Niobium alloy

The assessment of the heat sink materials has focused pnmanly on copper alloys with
- -
t nductiv Y B i Vi Y Vi
a hlgh hermal co ctivity, zirconivm aﬂoys, and vanadium afloys. PfOpBI.'tIES evaluated

incl physical mechanical properties, corrosion COMmp: 1b1hty adiation effects and
ude cal and T
4 , COLT: -" at » Fady

ha i
covmepl;:ix;oizn&ra;ed in re_cein ye.ars. Many of these data are available in two
e reean b, ]. Va-nanons in reported sputtering yields for similar systems
pave e y ee.n attributed to differences in experimental methods (measure-
ment es ::1 aetz;o;;?n yle;d), possible contamination effects (particularly for oxygen
s such as beryllium and aluminium, and di i
SO - , and differences in surface
one !i :10:;1 ::1 ntucir)ostructure of: the wall material. Although significant differences
e \:.tah_ ase for certa':n materials, trends in the data base can generally
e bvained ll in an uncert.amty of 2 factor of two. Several analytical models
e e & {;c:e ?ped }:o Erovxde estimates of the sputtering yield.s for materials
ions for which data do not exist. The d i
for oot . : . se models are particularly useful
m sputtering yields and self-sputtering yi
: ‘ g yields, both of which
;rz :?mnga;t cont.nbutors to the wall erosion. For light ions, two empiriu:allc
Spm: sl[ . jlgélrovxde the best correlations with existing data for energy-dependent
ering yields and, therefore, are recommended i )
: , basis for th
study. Details of the s i i e e sonted
puttering mo
RS I8 o) g models, designated IPP and DSPUT, are presented
Fi . .
Seids :i:zz:é{bgyt:’h:;;gz sl;o{\)vs ; comparison of the energy-dependent sputtering
an UT codes with some of th i
for the primary candidate m i S it st
. aterfals. The models generally gi
. : . y give good agreement
with the experimental light-ion sputtering data for the primary candidate materials.
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FIG. VII-8. Energy-dependent physical sputtering yields for beryllium.

The reported light-ion sputtering data for beryltium are very similar to those for
BeO. It is generally believed that the beryliium was contaminated with oxygen
and that the reported beryllium data are indicative of an oxide film on beryllium.
Therefore, the sputtering yield predicted by the DSPUT code for beryllium is
believed to be a better estimate of the yield for beryllium than the experimental
data. Very few data exist for self-sputtering. Therefore, the models are based
primarily on sputtering data for inert-gas ions of similar mass. The results indicate
that the self-sputtering vields (normal incidenice) do not exceed unity for low-Z
materials such as beryllium and graphite. The predicted self-sputtering yields for
most high-Z materials such as vanadijum, iron (stainiess steel), molybdenum and
tungsten exceed unity at incident particle energies of 400 — 800 eV. Therefore,
incident particle energies must be maintained below these levels to avoid a propa-
gating erosion effect if the sputtered wall material is ionized and accelerated back
to the wall by a sheath potential as predicted (see Section 9). For incident
particles with intermediate mass numbers (20-40), the uncertainty in the
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E I = -] % £ 4.1.2. Chemical sputtering
c ERN S
- —— | o
11 ] o & Possible chemical interactions that lead to wall erosion by chemical
oo e b o by o s L 8 . .
o - - e i Jeoo £ 5 sputtering have been evaluated. The primary effort is on hydrogen (D or T)
= - 1 H . . . . .
2 e e o <] § effects on graphite, Hydrogen (D or T) effects on candidate carbides (B4C, SiC,
A and TiC) have also been assessed. Oxygen impurities may also cause chemical

uoy/ suwogp ‘a'r;u. ONINZLINGS
sputtering of reactive materials. This aspect has been evaluated primarily in terms

of tungsten; however, extrapolation to other metals can be made.
1
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Most investigations of chemical sputtering of graphite by light-ion bembard-
ment have focused on the formation of methane. Methane is formed in the
temperature range between 200° and 800°C and increases the graphite sputtering
yield well above that observed for physical sputtering only. The maximum methane
formation rate has been shown to occur at 2 temperature of about 550° — 600°C
and about 1 keV incident hydrogen ion energy- Until recently, not much atten-
tion was paid to studies of graphite erosion by hydrogen bombardment at
temperatures above 700°C. Figure VII-13 (see Ref. [10]) shows the sputtering

vield of carbon for 1-keV H* and D* incident ions and for 3%keV He* ions at
temperatures to 1600°C. While an erosion peak is observed at 525°C for carbon
bombardment by H* and D*, no peak is detected during helium bombardment
at that temperature. However, a rapid rise in sputtering is seen at temperatures
above 700°C for all three incident ions H*, D* and He*. These high erosion rates
indicate that a mechanism other than classical physical or chemical sputtering
present as no hydrocarbon formation was observed at these high tempera-
mechanisms are being considered at present.
and hydrogen bombardment has been shown to
increase the sputtering rate of graphite. Figure VII-14 shows the temperature
dependence of sputtering for the carbon base alioy USB-15 which has been
simultaneously bombarded with 20-keV H; ions and 400-eV electrons 1L
chemical sputtering effects are observed to 200°C, but large effects are observed
for temperatures 2 400°C. At 450°C, the sputtering coefficient observed for
simultaneous H; jon and electron bombardment is approximately five times
higher than the coefficient observed with Hj ion bombardment alone. Evidently,
electron irmadiation contributes to the carbon atom chemical bonds, and thus

enhances CH, formation.

must be
tures [10], Several possible
$Simultaneous electron

S
atoms/ion
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The effects of the chemical sputtering of carbides, e.g. B4C, SiC and TiC,

are much smaller than those observed in the case of graphite. Based upon limited
data, a chemical erosion yield a factor of two higher than the physical sputtering

yield for energetic hydrogen has been observed at temperatures of 500—650°C
for SiC. The peak chemical sputtering yield for B,C, which is similar to that of

SiC, occurs at a temperature of about 200°C. The TiC appears to be Jess sensitive

to chemical sputtering by hydrogen than are SiC or B,C.

Chemical sputtering on surfaces of tungsten centres on the effects of oxygen
on tungsten erosion rates. It has been shown that there are several stages of oxygen
adsorption on the tungsten surface. Below monolayer coverage, oxygen is adsorbed

on the tungsten surface in the absence of tungsten oxide formation. As the
amount of oxygen is increased above monolayer coverage, tungsten oxides begin

to form. These oxides have a much higher volatility and can therefore be expected

to drastically enhance the erosion of tungsten surfaces during light-ion bombard-
ment. When tungsten surfaces are covered with just a monolayer of oxygen,
erosion of tungsten is suppressed. Computer calculations have shown that the
sputtering yield for tungsten decreases two to four times, depending on the

incident ions and their energy, when the surface is covered with a monolayer
of oxygen.

4.1.3. Arcing

Unipolar arcing is a concern at high plasma edge temperatures for the limiter
and divertor collector plates. Arcing occurs with almost all materials although, in
general, a marked reduction is observed for metals with higher melting points and
for good insulators. The use of insulators would probably require coated plates,

and this is discussed later after first considering metals. Arcing with metals also
very strongly depends on surface conditions.

Samples of various materials and specific surface preparatioris have been
exposed to the plasma, and arcing has been observed with bias voltages between
6 and 500 V. For a typical stainless-stee] sample, several thousand arc craters with
diameters of about 30 um were observed on the surface. From the crater
dimensions and the current signal, an average erosion rate of Am/AQ =5 X 107°
£'C™? has been estimated, corresponding fairly well to the erosion rate data of
vacuum arcs,

Under given plasma parameters and fixed bias voltage, the arcing probability
has been found to be a strong function of the surface state of the sample. Experi-
ence gained with various sampie materials and surface conditions is summarized
in Fig. VII-15, which shows the number of arcs per unit area as a function of
sample material and surface preparation, The arcing rate has been measured as a
function of time, and in all cases an exponential decay has been observed, indi-
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. elsent problem are reproduced in Fig.VII~16'. These me'asv.rzactor L.
w t of the testing of low-Z refractory coatings for fusion 1 e s
aSS pa4;110 oints are obvious from Fig. VII-16: accorchng'to th{eseomoem reme th;t
" I')on rates for Mo and W are the lowest: app1:o>(1mate y, 0. s Be
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- i i f the same order
i imes that for TiC, both being 0 o
r aboi:'csir: m;f coating material depends strongly on the mtathod oft: :S;t)i D
les;Slplasmagsprzu.' (P.S.) coatings of TiC eroded abm.\]t3 fi{\:'e tm;e: ;ts Tt are
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ings. Other materials of interest, e. g e ot
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ex - ‘
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i ired to initiate arcing. .
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4.1.4. H/He retention/release

The hydroge ; .
side materials arge innf;:rg;liu: retention anfl release characteristics of the plasma-
materials. Hydrogen (DT) onsiderations in the selection of limiter/divertor
inventory in the wall and t;ztte I-lt,ion"' release characteristics affect the tritium
the mechanical integrity of thenwu;;nr::t:?i:?sﬁo}g im(lJ the coolant and may affect
retention/rel i » Detailed analyse it
The focy S/ ofe:}f: ;it;:znctandxdatf: wall materials are presentedyins&fa;t: r\lft;;m
helium injected into the :':U;‘Y is on the impact of energetic hydrogen (DT) a;1d
Hydrogen retention a T dace of the first-wall, limiter and divertor materials
governed by diffusion defn treleasf: for 2 material is generally assumed to be -
;:e surface. Metal wj’th . :cent;:fﬁ:;i,izrf ‘tjhe molecular recombination rate at
igh s ay ] ydrogen heat of i
engdotgil:-::!cti(eifl-si:fai:;l‘f;i,s::g exhibit relatively weak t;;):;ti:logn :‘L‘il:easonabiy
binding snergios. > hydrogen solubility (s.g. Cu) ty call
PI'ECipitatio;gof h’;—‘;me\;’ cztl,usmg high hydrogen retention as apresul)t{ l;?:;emp
endothermic metal is og&:n gbblf:s. The ratz? of release of hydrogen from an
tures, However, mofecular reozmna‘ted .hy diffusion and detrapping at low tempera-
hydrogen release at higher te combination can become the rate-limiting step fop; "
diffusion and detrapping-lim-m %er%m“_"s' The temperature for the transition fr
materials-dependent. Metal lte‘ kinstics to recombination-timited kinetics i "
(e.g. V, Ta) often she s with an exothermic hydrogen heat of soluti
ow hydride precipitation at low temperatures and hilg;ll
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hydrogen retention in solid solution at higher temperatures, controiled by recombi-
nation-limited Kinetics. Finally, trapping and release of hydrogen in non-metals
such as carbon and carbides is characterized by high concentrations of strong traps.
In general, diffusivities and colubilities are not well known for non-metals.
Temperatures above ~600°C are required for release of hydrogen from graphite

and the carbides.
Helinm release in metals is uniformly characterized by low migration energies
jes (2 eV), and high saturation concentrations

(£.0.4¢eV), high trapping energ
(uptoa He/metal ratio of about 0.4). Once the available traps are saturated,
apping in non-metals

additional implanted helium is rapidly released. Helium tr:
such as TiC appears at least qualitatively similar to the trapping observed in metals.
Little is known about hydrogen-helium synergistic effects, although for metals
with low hydrogen solubilities (e.g. peryliium) the hydrogen and helium appear
to compete for the limited number of available trapping sites.

Temperature fimits for acceptable release must be established for the candi-
date materials, The analyses indicate that the temperature gradient established
in the wall by the surface heat fiux tends to reduce tritium permeation compared
to the case with a uniform wall temperature, because of the lowered temperature
at the coolant side, and in the case of stainless steel, because of thermal diffusion
to the hot side of the wall (Soret effect). Tritium barriers on the coolant side of
duce the tritium permeation through the walk. Oxide

the wall will theoretically re
films characteristic of those on many metals, e.g. stainless steel, exposed to

elevated temperature water will tend to reduce the tritivm permeation. The data
base for tritium permeation barriers should be extended to other materials and

to INTOR-like conditions.
4.1.5. Bulk properties and radiation effects

4.1.5.1. Low-Z materials

The focus of the data-base assessment for the low-Z matetials is on beryllium,
graphite, silicon carbide and bery llium oxide. The eritical materials properties for
these materials are summarized in Table V1I-6. Beryllium has a very low atomic
number, good thermal conductivity and heat capacity and relatively high heats of

vaporization and fusion. Graphite has many attractive properties including a high

sublimation temperature. The vaporization rate becomes excessive at tempera-

tures above =~2000 K. Although graphite has a relatively high thermal conductivity
at low temperatures, the conductivity is rapidly reduced at relatively low radiation
levels (<1 dpa). Silicon carbide also tends to decompose and vaporize before
melting and, therefore, avoids the melt layer problem during disruptions. However,
thie maximum operation temperature (1700 K) and the thermal shock resistance

of SiC are generally lower than those for graphite. As shown in Table VIl-6,a
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TABLE VIi-6. PROPERTY VALUES AT 800 K FOR LOW-Z MATERIALS

Property {units) Property value
Be BeO C SicC SiC
high K
Melting temperature (K} 1557 2823 - - -
Sublimation temperature at 1072 Pa(K) - - 2300 1800 1800
Density® (Mg'm™3) 1.85 301 1.8 320 320

Thermal expansion, 300—800 K (1075 K™)  15.50 820 420 490 470
Thermal conductivity (WemkK ")

unirradiated 103 66 103 37 90 (est.)
irradiated® 103 36 25 g -
Specific heat (J:kg™'-K™") 2250 1840 1620 1150 —
Young modulus (GPa)
unirradiated 190 36 8 400 380
irradiated - - 18 400 -
Yield strength (MPa)
unirradiated 90 76 149 360 220
irradiated® 110 - 214 360 -
Elongation, irradiated® (%) s <1 <1 <1 -

Density at 30 K.
Density of graphite ranges up to 2,25 Mg-m™ depending on product form.
High-fluence frradiation properties,

Tensile strength for graph-N3M is about 470 MPa (unirradiated), estimated 230 MPa after
high-fluence irradiation,

a0 o ow

high-thermat-conductivity SiC (BeO-doped) has recently been produced [2] with
increased thermal shock resistance. BeO has a high thermal conductivity at low

temperatures, @ high melting temperature and is not believed to be susceptible to
chemical sputtering.

The non-metals C, SiC and BeQ all have relatively high thermal conductivities
at low temperature. However, relatively low radiation doses tend to severely reduce
the conductivity of these types of materials. Although considerable effort has
been expended to develop high-conductivity SiC, it is not clear that the high
conductivity can be maintained in the radiation environment. Figure V1I-17
shows the effect of radiation doses on the conductivity of SiC as a function of
temperature, The thenmal conductivities of these types of materials generally
decrease significantly as the temperature is increased above room temperature.
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ductivity of the CVD SiC is about a factor of t\_.v?
than at 525°C. Under irradiation, the cond.uctmty
¢ values slightly below the high

For example, the thermal ion
higher (67 w-mK™1)at 25°C
tends to'become insensitive to temperature &
temperature values.

4.1.5.2. High-Z materials

. sid
\ ten, tantalum and molybdenum are of interest fo.r the p'las;'na h?;he
m te;:il;gl:eca{lse of their low light-ion sputtering yields, the:jr :;::1::1 :ﬁvely
; i jum and tritium an
ergy for sputtering by deutenur_n 2 ety
;la}r;Sho:geyn(Ei)E)O eV at which self-sputtenng exceeds unity. Values fo
gh en =2
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TABLE VII-7. PROPERTIES OF HIGH-Z MATERIALS AT 500 K

Property v Ta Ma
Atomic weight 184 18

Density (gem™) 19.25 1616 .
Melting point (K} 3683 32;59 ;072
Thermal expansion (X 105K ") 4.2 6.6 5
Thermal conductivity (Wem™ - K1) 145 6-1 8 o
Heat capacity (I-kg™'+ K) 138 14;3 "
Modulus of elasticity (GPa) 398 176 ;;;

physical properties of tantalum, tungsten, and mol

phySieal ! am, 1 , ybdenum at temperatures i

efffct:f; ;nr;;r:sttl ;u'e surr}llmanzed ll’.l Table VIE7. Only limited datapexist oflsthmethe

The g of fdliati nton t‘ e? properties of tungsten, tantalum, and molybdenum

65 o 30o0 an: f1":1nslt:on tel?'lperfiture (DBTT) of tungsten is increased fror;l

Tt O h.rhastf;eactor irradiation at 385°C to fluences of (4—9) X

. unifom; A 1gt.er uences (1.5 ~4.4) X 10% n*m™?) and similar temperatures

it ¢ gation of t.anta!um was reduced to =0.1% with a total elongation ,
5. No relevant fatigue data for tungsten were found in the literaturi

LIIIIItEd data lndlcate excel w-cycle ati lum at te“ipe[a'
lent 10 C
le £ gue resistance DI tanta;

4.1.6. Re-deposited material

Sputteri i i
e limpiter orr;gi ::rlf::itlons gsee Section 9} predict that sputtered particles From
. re re-deposited on the surface. I
e °po: _ . In some areas, a net erosi
r&depoﬁ:zer;e:n g:tc:v.r.t}; of material is predicted. The structure and properties ;‘;’510“’
rials may be different from the underlyi
s : : : underlying substrate, and
! the opferatmn of the impurity control system could be affec;ed Thi
n' summarizes the evaluation of re-deposited materdal . ’
mateg:;:et;he':re Zre no experimental data on the properties of re-deposited
, their characteristics have been assumed t i
e ¢ ] o be equivalent to thin fil
cponve;::l b[y conventwr.ra] vapour deposition. The growth mode of thin ﬁlml:zan
descﬁb; sntth y be. determined from the Movchan-Demchishin {M—D} model which
tempm-amme ml:[:rost.ructural morphology of thin films as a function of the substrate
tempe Acc;?; which has been verified for the deposition of a number of pure
etal t.han o 'll_ng to hthe M—P model, at deposition (substrate} temperatures
.3 Tm, where Tr, is the melting point of the depositing species, the
£
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deposit grows as tapered crystallites that form from a limited number of nuclei.
The structure is not fully dense and contains longitudinal porosity. At deposition
temperatures between about 0.3 and 0.5 T, increasing surface mobility with
increasing temperature results in fully dense columnar grains. At temperatures
above 0.5 T, increasing bulk diffusion resitlts in an equi-axed, recrystallized
grain structure,

The surface temperatures of beryllium and tungsten are estimated to vary
from 200 to 700°C, depending on the materal thickness. Tp, 0.5 T, and 0.3 Tm
for beryllium and tungsten are, respectively, 1280, 500 and 200°C, and 3380, 1550,
and 820°C. Based on theM--D model, Be deposits are expected to be recrystallized
and equi-axed for a flat limiter and to be composed of dense columnar grains for
a curved limiter. In the case of tungsten, the deposits on both types of limiters are
expected to be porous and composed of tapered crystallites. Furthermore, re-
deposition occurs under energetic ion bombardment which tends to eliminate the
columnar growth morphology and promotes greater density and an equi-axed
structure. Thus, under typical reactor conditions, re-deposited beryllium can be
expected to be fully dense and equi-axed. W deposits are expected (0 be less
than fully dense (=30% porosity).

Deposit durability depends on the deposit/substrate adhesion which in tum
is determined by the nature of the deposit/substrate interface. For self-substrate
deposition of pure metals such as peryllium and tungsten, no interface reactions
occur and the microstructure and properties can be expected to be continuous
across the interface. The porosity in W deposits might slightly decrease deposit
durability.

The physical and mechanical properties are expected to vary with the micro-
structure and thickness of the deposits. It is anticipated that the physical
properties, such as thermal conductivity, will approach bulk values for thicknesses
above =0.1 pm. The mechanical propetties of the re-deposited materials are more
difficult to predict. In the case of thick Be films (75100 pm), the strength and
ductility vary with the deposition temperature. For deposition temperatures of
350—425°C, the room-temperature tensile strength has been measured to be

135 MPa, and the elongation has been measured to be only 0.1%. For deposition
temperatures of 4160—790°C, the room-temperature tensile strength increases to
=290 MPa, and the elongation increases to 1%.

W deposits are more complex, since the ductile-brittle transition temperature
(DBTT) and the mechanical properties are sensitive functions of the microstructure,
particularly grain size and morphology, and interstitial impurities. The properties
of W deposits will be similar to those of plasma-arc-sprayed tungsten. Arc-sprayed
W deposits are porous, possess a lamellar microstructure and low values of tensile

strength (=22 ksi). In contrast, sintering of the arc-sprayed material raises the
density, produces equi-axed grains, and increases strength to ~70 ksi. The DBIT
for arc-sprayed tungsten is also high (=420°C). A further consideration is the
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nature of the W substrate itself such as whether it is recrystallized or not.

Differences in the morphology of the substrate and the deposit may also result jn
stress gradients.

4.2, Heat sink materials

Copper, zirconjum, and vanadium alloys have been examined as potential
heat sink materials. The requirements of these materials are the ability to with-
stand high heat fluxes, to withstantd a modest level of radiation damage (10—20 dpa)
and to be environmentally compatible with the surface materials and the coolant.
The desirable properties of heat sink materials are a high thermal conductivity,
a2 low coefficient of thermal expansion, resistance to fatigue failure, resistance to
radiation damage and coolant corrosion, and 2ood availability and fabricability.

4.2.1. Bulk properties

Several groups of copper alloys have been examined. They are pure copper,
oxide-dispersion-strengthened copper alloys, low-concentration age-hardened
alloys, and Cu-Be alloys. All these alloys have adequate thermal conductivity and
low-temperature strength. Pure copper, however, loses its strength at relatively
low temperatures. The oxide dispersion and age-hardened alloys present fabri-
cation difficulties due te the importance of cold-work in achieving their mechanical
strength. The bonding processes proposed (i.e. welding and brazing) require
temperatures where the cold-work will be annealed out of the structure, and the
strength will be significantly reduced. Only the Cu-Be alloys can achieve high
strength without cold-working. The Cu alloys are available in a wide variety of
forms, and they are easily fabricated. The evaluation of zirconium alloys has
concentrated on the Zr-2.5Nb alloy which is used in the nuclear industry. The
analysis of Valloys has concentrated on the V-15Cr-5Ti alloy which was developed
for the fast breeder reactor programme. A comparison of the room-temperature
properties of annealed oxygen-free copper; a Cu-Be alloy,(M25-1.8%Be, 0.2%Ni +
Cr + Fe);Zr-2.5Nb; and V-15Cr-5Ti is shown in Table VII-8. The principle
advantage of the Cu alloys is their high thermal conductivity. The V and Zr alloys
exhibit a considerably lower thermal expansion coefficient than the Cu alloys, and
the fatigue properties of the V alloys are considerably better than those of Cu
alloys. For the conditions in INTOR, the limiter and divertor will be required to

withstand a large number of cycles and, therefore, the fatigue properties will be
an important factor in lfetime considerations.
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TABLE VII-8. PROPERTY VALUES AT ROOM TEMPERATURE FOR
CANDIDATE HEAT SINK MATERIALS

' cor::l:Sr Zr2.5Nb Cualloy V-15Cr-5Ti
propy (850°C M25
annealed)

Thermal expansion (X 107%+K™*) 16.5 6.3 16.5 9.3
Thermal conductivity (W-m™+K™") 336 26 105 i ; l3
Specific heat (J-kg™ K™) 390 300 420 =
Elastic modulus (GPa) 106 80 125 :
Flectrical resistivity {(2£2+cm) 1.7 - 5.7 2490
0.2% yield strength (MPa) 60 462 1085 o
Ultimate tensile strength (MPz) 200 23 ;125 :s
B e Zoi 0.5 (est.) 0.3 0.7

Fatigue limit (%) (at 10® cycles)

4.2.2. Radiation effects

4.2.2.1. Copper

The swelling of pure copper, shown in Fig.VII—lS,'peaks ata ten:p::;tl;;e
of &335°C. Upon extrapolation of these data,'the swelling at i‘lt.!er(l)c:;%e;f -
107 neutrons-m~2 (30 dpa) (E >0.1 MeV) is Sxpected to be :0. e s
material ternperature is maintained below 235°C. Howrtve‘r, the S\;et 3g35°C
material will increase to 9% if the ma;ell;ial tempfe;z:;;rz :’; ;n;zis:d I:a s l.mt
The swelling of copper can be reduced by use ¢ id- o ,

i i e cold-worked material can result in increased sv\{e ing
pamia\:ea:oni;?;'ilcl); ::n:aled material. The level of expected gaseous, 1.€. oxygen

inati i vironment of a fusion energy
amination of copper in the en ‘
o simultaneous

relat
and nitrogen, :
device is not expected to increase the swelling. Mc_)reo;'er, the-n e from the
i i i duction of irradiation damage 1
implaniation of helium and pro S D g that

i it jon i t expected to exacerbale
deuterium-tritium fuel reaction is no : g : ‘s
is obtained on neutren irradiation. The alloying of copper with 'ext!?er-t.c:ﬁ
aluminium, germanium, silicon, nickel, or beryllium can result in signifi

3

reduction of the void swelling.
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As shown in Fig.VII-19, the yield stress of copper is increased substantially
with increasing neutron fluence up to =10% neutrons-m~2, The yield stress
attains a nearly constant vaiue {350 MPa} for fluence levels above 10%* neutrons-m™,
The total elongation of copper is reduced from =28% to =7%, following exposure
to a fluence of 102% neutrons-m™2, The reduction in area at fracture also tends to
decrease with neutron irradiation but only by a small amount, i.e. 5% at 10

neutrons=m”2

4,2.2.2. Vanadium

The swelling of the V-15Cr-5Ti alloy on neutron irradiation is expected to
be very low (<0,01%) for material temperatures less than =800°C and for fluence
levels less than =107 neutrons-m™? (=60 dpa). The simultaneous implantation of
helium and production of irradiation damage from the deuterium-tritium fuel
reaction is not expected to exacerbate the swelling obtained on neutron irradiation.
The dimensional stability (swelling) of the V-15Cr-5Ti alloy can be maintained
during neutron irradiation by reducing the chromium and titanium content in the
alloy and simultaneousty maintaining the approximate chromium-to-titanium ratio.
The yield strength of the V-15Cr-5Ti alloy is increased substantially (500 to
about 950 MPa) on neutron irradiation of 107 neutrons-m~2 at 100°C. It is likely
that this irradiation-induced increase of yleld stress is a maximum value for still
higher neutron fluence. The tensile elongation of the V-15Cr-5Ti alloy is reduced
to ~1.5% following neutron irradiation to 10 neutrons-m™? at 100 “C. This
low value of elongation is characteristic of this alloy for a wide range of neutron
fluence (10%? to 10?7 neutrons'm™2) because of its deformation behaviour. However,
the elongation of the irradiated material during tensile deformation is expected to
increase with increasing irradiation temperature above 400°C. Additional experi-
mental data are needed to determine the effect of irradiation on the ductile-
brittle transition temperature for the expected environment in INTOR.

4.2.2.3, Zirconium

The Zr-2.5Nb alloy exhibits strengthening and loss of ductility with irradia-
tion as shown in Fig.VII-20 [14]. The radiation strengthening of Zr alloys is not
completely understood, but it is believed that niobium acts to stabilize the radiation
defects since radiation hardening is more pronounced in this alloy than in
Zircaloy-2. Swelling has not been observed in Zr alloys tested in water-cooled

fission reactors.

4.2.3, Corrosionjcompatibility

Data on corrosion of the candidate heat sink materials are very limited under

conditions projected for the limiter/divertor application. Itis concluded, however,
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that corrosion of copper and copper-beryllium alloys should nat be excessive at
temperatures below 200°C if the water chemistry is controlled at reasonable
impurity, e.g. oxygen, levels, Recent scoping studies conducted on corrosion of
selected V alloys (V-15Cr-5Ti and V-15 Cr) by water were very encouraging in that
good corrosion resistance was observed at 250°C in de-oxygenated water [4].
Although alloys have generally not been recommended for use with water coolant,
these data indicate acceptable corrosion resistance. Additional data should be
obtained to confirm this conclusion. Zr alloys are successfully used in high-
temperature pressurized-water conditions, and no extraordinary problems are
anticipated for INTOR coolant conditions. Both vanadium and zirconium form
hydrides at low temperatures, and thus hydrogen embrittlement is 2 concem.

The solid solution solubility of hydrogen is much lower in zirconium so that
hydrogen embrittlement could be more serous for 2r-2.5Nb.

4.2.4. Fabrication

Cu alloys are commercially available in 2 variety of shapes and sizes, and they
generally exhibit good fabricability. Zr alloys are also commercially available.
At present, V alloys are not available commercially. However, fabrication
techniques for these materials were developed in the 1960s as part of the breeder
reactor programume, and both forming and welding procedures have been
established.

3. TILE ATTACHMENT CONCEPTS AND FABRICATION
5.1, Tile attachment concepts

A protective armour surface is required for the limiter blade, the divertor
plates, and possibly for selected arsas of the first wall. The main objectives of
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to assure thermal conductance between the armour and heat sink.
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any attachment concept are to maintai i
tain the materials in an acce|
oy t con ptable tempe
havieba;nd to minimize the thermal stresses through the structure. Various ilcrta}:ure
en proposed to attach the armour surface to the actively cooled substrat: o

T
I ded into three categor W]llCh. are ﬂlusu
The dl‘ fe ent methods can be d V1 hr EOrIes, ated

81)) gj?atfon-cooled armotjlr plate mechanically attached to the substrate:
:1u?n-plus-conductxon-cooled armour plate which can either be ,
mechanically attached or bonded to an intermediate material between th
armour and substrate; e

( ) L I
1t Conduc[loll COQ, ed armour plate which Iuetallm ically bonded to t!ie

In . r ) . -
;. ::snte:-;l, radlnatmn cooling results in the highest surface temperatures and the
ermal stresses, whereas the conduction:
-only concept results in
lowest surface temperatures but the highest thermal stressez "

5.11. Radiation-cooled concept

i :;lr‘ltgi:istr‘atior: of a radiation-cooled armour is shown in Fig. VIL-21, where
ite tile is bolted to a stainless-steel heat sink. E ile is 2

e e sink. Each armour tile is attached

plate by a tungsten bolt. This at i

. tachment is carried i
such a way that the thermal str. i . et
v ess resulting from the diffe; f

expansion is reduced. The tun i e o o

N gsten bolt is coated b i i
ot e ¥ ceramic material to protect

of tungsten and carbon to fi i
addition, the tungsten bolts are i ihokic
s covered by the ar ial i
protect them from plasma particles. g mour (C) material i order to
necw’;heretz_ are t\a\jo .concems with the concept. First, the high temperature
e e?;' or rafhatlon c<'}o!mg limits the possible armour materials to only very
ek t;lng;f:o;lnt materials, such as C, W, Ta, or Mo. In the case of the graphite
ur, the high temperatures result in excessi i i

e e e temp ssive erosion by sublimation that

ime. Second, the mechanical attachm i i
non-usable tile thickness of about 1 e the bolt or scsaches
! cm to accommaodate the bolt or attach

‘ ment

interface. The non-usable thickness results in a reduced erosion lifetime

5.1.2. Radiation-plus-conduction-cooled concept

E .
. Figsx‘?irll;;lzes of the rad1at;or.l-plus—conduction-cooled concept are illustrated
n P VI suzn:i VII-23.. This c.oncept utilizes an interface layer between the
armour an strate which provides a moderate amount of thermal conductance
mcchmicaﬁ m(::‘ierzt; to low thermal stresses. The interface layer can be either

y attached or brazed. In the case of m i

. ed. echanical atfachment, the

;lri:ec:sfeth: gltert:ce layer is roughened so as to assure interface cond,uctance

of brazed attachment, a fiber metal compli .

_ mplian

conductance is used as the interface layer. pliant layer of known thermsl
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The major problems of this concept involve the interface layer. For the
mechanical attachment, there is a concern that the thermal conductance may vary
over time owing to irradiation swelling and creep, For the brazed concept, the
irradiation response of the fiber metal is unknow, and high outgassing rates are

possible in this material.

5.1.3. Conduction-cooled concept

“The conduction-cooled concept is illustrated in Fig. V1123, High thermal
conductance is achieved by a metaliurgical bond using techniques such as diffusion
bonding, explosion bonding, plasma spraying, or brazing. The armour temperatures
are kept low, but the thermal stresses are generally high. The major difficulty is
that the allowable stress levels in the structure ot the bond could be exceeded.
There is also some concern about irradiation effects in the bond which have not

been investigated so far.

5.2. Fabrication

All the concepts presented above appear fabricable with the technology
available at present. However, development of the most appropriate techniques
will be required. This section surveys the possible methods for bonding the

surface armour to the heat sink.

5.2.1. Graphite

Joining techniques that may prove useful for the present application involve
the use of brazing, graphite cements and diffusion bonding. Problems associated
with the joining of graphite are generally similar to those arising for ceramic
materials. The differences in coefficients of expansion between graphite and most
metals are substantial. Also, graphite is not wet by conventional brazing alloys.
The following graphite bonding methods were developed for nuclear applications.
These methods may be applicable to the fabrication of a pumped limiter with a
graphite armour. The brazing material is a Fe-Ni-Ti brazing alloy. This material
has both good bondability to graphite and a small thermal expansion coefficient
a elevated temperatures. This alloy can also be used in the very convenient form
of a paste obtained by mixing pure metals in powdered form with an organic
compound such as styrene as a binder. The advantage of this brazing paste is
the ease with which any kind of composition can be prepared to suit a particular
purpose, thus providing a very versatile brazing material. During the high-
temperature brazing, the organic binder decomposes and vaporizes, leaving little
residual carbon. Styrene is free of oxygen in its molecular structure, and thus
canniot affect the bond of oxidation.
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5.2.3. Beryllium

Bonding of beryllium to the metallic substrate appears feasible by plasma
spray, brazing, dif fusion bonding and electron beam welding. The plasma spray
process, which has several advantages, is the preferred method of fabricating duplex

limiter/divertor walls with beryllium. Centimetre-thick coatings of beryllium can be

sprayed onto parts of relatively complex shape.

Beryllium and copper are bonded easily by the diffusion bonding at
temperatures of 800 to 900°C. Electron beam welding is also available for the
bonding of beryllium to copper. Vacuum or inert-gas atmospheres are generally
needed in the bonding of beryllium because of its high chemical affinity for oxygen.

5.2.4. Beryllium oxide

Although there is limited experience with bonding of beryllium oxide,
probably much of the experience gained with bonding other oxides is applicable
to this case. In general, the methods considered for SiC are probably also
applicable to BeO. The dual metallization/brazing process appears to offer the
best solution. Most of the experience with metallization is for bonding oxides
such as Al;Q;. Silver, copper, and Ag-Cu brazes are most frequently used to
braze metallized ceramics tolmetals. Further development is recommended for

the bonding of BeO to the candidate substrates.

5.2.5. Tungsten

d chemical vapour deposition are candidates

Brazing, plasma arc spraying an
ing techniques such as melting copper

for the duplex attachments. Direct bond
onto tungsten, diffusion bonding and explosive bonding are also considered.
Brazing is recommended over plasma arc spraying or CVD. Though machining
and brazing of pure tungsten are relatively difficult, the rich W alloy called

Heavy Alloy is a promising material. This alloy, which consists of tungsten
(9)96 wit-% and copper or nicke!, permits machining and brazing. A tungsten
alloy called Elconite, whose content of added metals such as copper and silver is
richer than that of Heavy Alloy is also a possible candidate. Its brazing-and
machining properties are reliable, and its thermal expansion coefficient is larger
than that of Heavy Alloy. A thin layer of Elconite, inserted between the heat
sink and the armour made of tungsten, will reduce the thermal stresses since the
thermal expansion coefficient of this alioy is intermediate between pure tungsten

and copper.

Tests on joints between
on Ni-plated tungsten have shown high resistance u
of a tungsten disc brazed by this method to a watercooled cop

tungsten and copper obtained by pouring copper
nder cyclic loading. The surface
per block has
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been cycled between 420°C and 250°C, The braze remained intact for more
than 10 000 cycles.

5.2.6. Tantalum

For tantalum coatings on the heat sink materials of interest here, the direct
bonding processes — either diffusion bonding or explosive bonding — appear
to be the most attractive. Although Ta-V alloy composites have not been
produced or evaluated, there appears to be little reason for expecting that these
combinations would not be compatible, Since the metallurgy of these two
refractory metals is generally very similar, this combination probably represents a
better matching of physical, mechanical and chemical properties than Ta-Cu.

Tantalum has been diffusion-bonded with considerable success to both
copper and stainless steels. The bi-metal cladding produced was a 1.5-mm layer
of tantalum on 2 6.3-mm Cu base. Diffusion-controlled bending was performed
in vacuum to minimize contamination. Tantalum has been explosively bonded
to a variety of materials including stainless steels and copper. Parts as large as
I'm X 3 m are routinely produced. These claddings are generally only a few
millimetres thick but direct contact with vendors indicates that unalloyed
tantalum could be explosively bonded in thicknesses up to 2 or 3 cm without
difficulty.

6. THERMAL HYDRAULIC AND STRESS ANALYSIS

The successful operation of the impurity control system depends to a large
degree on the thermal and stress behaviour of the components. During Phase
Two A, the thermal and stress response of the pumped limiter was explored in
detail, and this section summarizes the results of the analyses for various limiter
designs. The results presented here are for the reference limiter configuration of
a curved, double-edged limiter which is cooled by low-temperature water (~100°C).
Two heat load conditions are considered: 2—3 MW+n™2 corresponding to the medium
and high edge temperature conditions, and a 1.3 MW-m™ peak loading corresponding
to the low-edge-temperature condition. In addition, a flat limiter was znalysed, and
detailed parametric analyses were conducted. Details concerning this additional
work can be found in Refs [1-4]. It should be noted that the limiter operating
conditions are similar to the divertor operating conditions so that the thermal
and stress results can generally be applied to the collector plate as well.
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6.1. Limiter design description

i i in Fig. VII-24.
Several limiter designs have been considered, as is shown in Fig. VI

ich is
Conceptually, the simplest design consists of an array of t:;;:fz, ::;:i[llcl)f \;1111: -
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mperatures because of the self<s i icti

d puttering restrictions of high-

materials. If the molybdenum or t "7 e

! ungsten were replaced by a low- i
then this design would be appii . ot o

pplicable to medium and high
gh edge temperatures.
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FIG.VIL-27. Temperature profile of C, new-SiC armour at tep surface limiter plate for
g =2.] MW" {unirradiated).

of limiter configuration is a plate composed of stainless steel and copper with
machined coolant channels {2]. Surface tiles are metallurgically bonded to the
copper (Fig. Vil-24c). This plate-type design is considered to be the reference
design for the INTOR limiter. Several materials have been considered, but the
results shown here are for carbon and SiCwith a surface heat flux of 2 MW m™.
A similar plate design has also examined beryllium as the surface material for

a surface heat flux of 2.4 MW-m™ [4].

6.2. Limiter temperature distribution

The calculated temperatures in the three limiter designs for thermal-equilibrium
ons during the plasma bum are shown in Figs. VII-25 to VII-27. The

_steel tube located at the centre of the tube array vary
significantly with angular position, as is shown in Fig. VIl-25 (the top surface of
the tube is located at 180%). The variation is caused by the changing heat flux
that occurs as the angle between the magnetic field lines and the tube surface
changes around the circumference. The peak temperature of =240°C is well
within allowable temperature limits. The temperature distribution through the
tube-like structure with protective tiles of molybdenum or tungsten are shown in
Fig. VII-26, The peak temperatures are 1240°C and 1100°C for molybdenum and
tungsten respectively. Although the temperatures are high they are within
acceptable limits for these high-melting-point metals. The increased temperatures

conditi
temperatures in the stainless
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more involved than the calculation of temperatures. The additional complexity

is due to the additional

information necessary for a complete stress analysis and

= 0.15 cm THICK COPPER SUBSTRATE

SURFACE HEAT FLUX = 240 W- em™?
PERFECT CONTACT BETWEEN TILE AND SUBSTRATE

sic
{CONVENTIONAL)

GRAPHITE (IRRADIATED)
TiC

BeQ

GRAPHITE
{ UNIRRADIATE D)

the larger number of properties that need to be evaluated. Additio

nal information,

such as how the limiter sections are attached to each other and to the first

wali/blanket, the sizes of the tiles,
flaws or cracks, is important for a
greatest interest are the mech
and crack growth) and the phy

Poisson’s ratio). It is also desirable to include the effects of irradiation on t
Another important consideration in the stress

properties in the stress analysis.
analysis is the criteria that are use

the bonding procedure and the presence of
thorough stress evaluation. The properties of

anical properties (strength, ductility, creep, fatigue
sical properties (thermal expansion, elastic modules,

hese

d to judge the acceptability of a particular design.
& fusion stress criteria code, and therefore
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FIG.VII28, i 1
Maximum tile temperature versus thickness Jor limiter/divertor (perfect contact)

co i

¢ tr:;lia:lr;d ?}Eh the tube array are due to the higher heat flux and the thicker

e 2.7 o :: gt:mﬁFramre distributions through the plate limiter are shown in

. VI aphite and high-thermaij-conductivity $i i

surface temperatures are low. Simi e are satou g he ek

urf ; . Similar temperatures are cal

l:mxteTr with berylliurn as the plasma-side material, culated fora plate
he surface temperatures in the material exposed to the plasma depend

upon the i i
p type and thickness of the material. The variation in surface temperatures

as i : . .
m;:;:lztgonn;f!;l;::c:fne.ss is shown in Fig. VII-28 for several candidate tile
conductivity ot?the . The- temperatures are dependent on the thermal
temperatures. Alsy rirlllatenals, v_ath low-conductivity SiC exhibiting the highest
in graphite I;Tadiat‘ Usdtrated is the effect of irradiation on the temperatures
tEmperatul:es - m:;zsezcr?;;; the ;:fonducti?'ity ?f graphite, and hence the
likely in other non-metals s.uch asaSri(ef a;‘:;SB‘:gl.fmdlﬂtlon on conductivity are

6.3. Stress analysis

S e e
o mlt::: r;;:ncnons w.xll limit the heat fluxes and thicknesses permitted for
. The calculation of siresses and their effect on operation is generally

At present, there is no generally accepte

Section 3, Case N 47 for Class ] components,

available codes such as the ASME Code,
are utilized to determine acceptable stress evels.

7 SYMBOL VALLE (MPA)

2,240E+00
4,739E+01
9,254E+01

1,376E+02
1,828E+02
2,280E+02
2.731E+02
3.1836+02

FIG.VII-29. Von Mises stress contour plot for central tube.

Stress estimates have been mad

e for the three limiter designs. The Von Mises

stress contours for the central tube of the tube array are shown in F
re the temperatures are the highest. The

The stresses are peaked in the areas whe:

peak Von Mises stress level of 318 MPa is below €

cold-worked austenitic stainless steel. The stress fie
30, The fact that two different materials

limiter design are illustrated in Fig- Vii
are metallurgically bonded together results i

ig. VII-29,

he peak allowable stress for
1ds for the composite tube

n significant thermal stresses across the
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FIG.VIF-30, The fields of stresses in typical cross-sections of the composite tubular design
of limiter {q = 2 MW m™, stress levels are in MPa).

interface. The interface stresses are caused by the mismatch in the thermal
expansion coefficients of the two materials. The calculated stresses are again
within acceptable limits. The stresses in the plate limiter are shown in Fig. VII-31.
The stress levels in copper and stainless steel are quite low {about 45 MPa) for the
graphite tile design, but the stresses in copper are much higher {138 MPa) for the
SiC design. The reason for the low stresses with graphite is the very low elastic
modulus in graphite which limits the graphite stress to only 17 MPa. The stresses
in copper for the SiC design are slightly above the ASME allowable stress of

117 MPa for annealed OFHC copper.

Maximum stresses in the heat sink have been determined for a plate limiter
with Be as the plasma-side material, as shown in Table VII-9, Three heat sink
materials and two stress constraints were considered. One conclusion of these
calculations is that annealed copper is unacceptable because the thermal stresses
exceed the ASME allowable stress of 117 MPa. However, a high strength copper
alloy, like Cu-2Be, and V-15Cr-5Ti, is acceptable from this standpoint. Other
conclusions are that tile constraint generally imposes stresses in the top surface
of the heat sink higher than without tile constraint, and that the different
geometry at the leading edge along with the lower surface heat flux results in
significantly different stresses.

An analysis of fatigue lifetime has been conducted to estimate the allowable
number of operating cycles for a plate limiter as a function of tile thickness.
ASME safety factors of a factor of two in strain range or a factor of 20 int cycles
to failure whichever is lower, were employed in the analysis. The major conclusion
of the analysis is that a Cu substrate can operate for about 10* cycles with a tile

IMPURITY CONTROL AND FIRST-WALL ENGINEERING 271

[t} 4
§§ ~7¥PA FANU L ] 21,,,=17HPA

1

"]

Y]
=i
R

S8 | fu C

Rew-5:C
T3y ay=182MPa

55 t
21, 4TPA " 130

- |

L

MEw=-8eC |

BRAZED LIMITER PLATE

S . Cu
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{heat flux 2.1 MW+ 3} {unirradiated).

: 3
thickness of 10 mm. The number of cycles to failure is redltlced. to ab?ut 10_ eV
cycles for a tile thickness of 30 mm. Increased fatigue lifetlm'e is possible with a
alloy structure since this material has superior fatigue properties to cOppet.

6.4. Conclusions

The thermal hydraulic and stress analyses indica‘.te.that ac_ceptable t?.xlnperla-
tures and stresses are achievable for several possible l'nmter-des:gns. Adc:}?o[x:;e
optimization studies are needed to examine composite des.1gns_. Ar?;_as : ‘;.1 o
work should include examinations of tile size effects, .fabr{caFlon effects, bo
failure, crack growth behaviour, and the influence of irradiation.

| 7.  ELECTROMAGNETICS

7.1, Introduction

As the plasma current decays during 2 plasma disruption, currents and
voltages are induced in the first wall and impurity control systems. These
currents can interact with the magnetic field to produce large forces and o
torques. The induced voltages can also lead to arcing between segments O tA e
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TABLE VII-9. CALCULATED STRE
ety 38 IN LIMITER STRUCTURAL

Max. stress range (MPa)

Structural Be coati
] : ng Top surface Leading ed
material thickness (mm) (24 MW-m™) (t !unvn-gn:"’g)E (3;;[ )
a
Annealed Cu® 1 154 93
120
1
0 158 218 120
20 16t 246 120
30 ' 165 330 120
Cu-2Be(M25)° 1 © 154 93
1228
;Z 158 218 1225
” 161 246 1225
165 330 1225
V-15C-5Ti® 1 241 152
560
10
47t 253 560
20
501 292 560
30
528 305 560

"b No tile constraint.
With tile (2 cm wide) constraint on structure,

1::::; gc;:' ;ié;zrtc;réth;ring Phase Two A analyses were conducted to estimate
1 of the forces. Three of the partici
. . pants conducted analyses
:r;;?;;t tal}clr:nﬁ acc;)unt of shell effect of first wall [1-3]. A more 'det:'i!ed
is, which included the effect of a conducting fi
t

b one of the participent L4 g first wall, was also performed
- Tl'.le evaluation of the f:urrents, voltages, and forces in the first wall and
TW: LZ 1}? generally a complicated undertaking. The analyses performed in Phase

o. ave mad? rough estimates of these quantities, but exact calculations
require an extensive effort that is beyond the scope of this project

7.2. Analysis without conductingshell effect

Eddy currents are induced in the pumped limiter during a plasma disruption.

An clectromagnetic force due to the interaction between the eddy current, I, and
t Rt ]
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DisTRIBUTION: B=0.83ExP (-TID.?%);

Pump LIMLTER

FIG.VII-32. Electromagnetic force on the pumped limiter.

0.637ES M Agxp (-1/0,02)

«10°
=} c
RS SRR CIC iy 0
= L STaInLESS {20
STEEL
2l lelsicloielololol- copper ]
2 3t =150 %
w SraEss on 5.5 - 5
g I RETNFORCEMENT /’ 0 =
2 ,o” i
/, vz,
L -
i o Teraue s
o’/*
P
x : ; 40
0 0.3 1.0 )

WiDTh OF LIMITER AT R=5.0Z5n

FIG, VII-33. Torques and stresses yersus limiter width,

toroidal magnetic field, B, is shown conceptually in Fig. VII-32. This efectro-
magnetic force causes torsion to the limiter. The eddy current distribution on

the limiter plate is estimated from the magnetic flux change distribution on the
plate which is obtained by assuming that the line plasma current decays with a

constant, Type 316 stainless steel is used for the reinforcement

20 mstime
he pumped limiter.

against the torques induced by the electromagnetic force in t
To reduce the force in the Cu cooling plate as much as possible, grooves are cut
nearly up to the rear side of the Cu plate. Torques around the radial centre line
of the plate and stresses in the stainless-steel reinforcement for the double-edged
limiter are shown in Fig. VII-33 asa function of the limiter width. The joint
between the Cu plate and the reinforcement is subjected to about the same

shear stress as appears on the reinforcement. The allowable stress is 0.85y

{Cu: 0.85y = 31 MPa, stainless steel: 0.85,, = 108 MPa, according to the ASME
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¢ode, Section 3. To make the shear stress lower than the allowable stress for copper,

the width of the plate and tor
que should be less than 340 =
2 X 10° N-m, respectively. o mmAtR= 3 mand

FIRST-WALL SURFACE

COPPER PARTS

%, OF LIMITER .

FIG.VII-34. Configuration of first wall and limiter used Jor calculation

7.3. Analysis with conducting first wali

The i .
by usn & :r;t;ucnce of a conducting first wall on the forces in the limiter was examined
i wa?] : dxil.pu.ter code that'was developed to model the induced currents in the
st vl innF. m:;;;:rs :s a Tfunctzon of time. The configuration used in the analysis
ig. VII-34. The first wall and limiter we

shown | - re modelled as a series of
5 W ries 0
o :t);nizla;:fcu?r wires whose positions and conductances approximated the overall

onfiguration of the systern. The plasma i i
toop. Dustas £ aeon . plasma is modelled as a single current
ption, the plasma current decays, induci i
co-axial wires. The segmentation i i e has beons Moo b
of the toroidal limiter has b

considering a single cut in the limiter i - he cut s moden

! iter in the radial direction. The i

_ ¢ . cut is modelled

by imposing an additional voltage term on the limiter wires only. The voltage is

made large enough to make the imi
sum of the limiter currents vanish isti
voltages near the cut due to radial flow are neglected. - Resistie
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FIG.VIL35. Induced vertical force at single poloidal cut, for a first-wall time constant of
100 ms.

The fargest forces induced duringa disruption involve the interaction of the
radial currents at the single cut and the toroidal magnetic field. The force of
interaction between the toroidal magnetic field and the radial currents at the
cut is reduced by the conducting first wall. With a non-conducting first wall,
the force peaks at 20 ms, the end of the plasma current disruption. At that time
the vertical force on each side of the cutis 3.50 MN. The conducting first wall
reduces the currents in the limiter, and reduces the force at 20 ms to 0.78 MN.
However, as the current in the first wall decays, with a 100 ms time constant, the
current in the limiter is driven higher; the vertical force on each side of the cut
peaks at 75 ms, at a value of 1.18 MN. The time variation is shown in Fig, VII-35.

The effects of multiple segmentation cannot be calculated with the co-axial
ring model. It is, however, possible to give a physical argument to estimate the
forces on a segmented limiter on the basis of the forces on a limiter witha single
cut and the increased resistance of current paths in a segmented limiter.

“The resistance of the radial current path at the cut is neglected in the above
calculations with a single cut, surely a good approximation because the radial
width of the limiter is small relative to its circumferential length. If the number
of segments is increased until the radial width and length are equal (about
24 segments), the resistances of the radial and azimuthal paths-are equal and the
current is roughly halved. If the number of segments is further increased, the
resistance of the radial current paths becomes dominant, and the current varies
inversely with the number of segments. For 72 segments, six per TF coil, the
current and vertical force should have one third of their value with 24 segments.
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TABLE VII-10. INTERACTION BETWEE
. N LIMITER EDGE
AND TOROIDAL MAGNETIC FIELD CORRENTS

First-wall time

constant (ms) ' 0
Time (ms) 20 lgg P
Vertical forge with 3.50 0.78 b
.. K 1.18

one cut; computed (MN)
Vertical force with

24 cuts: estimated (MN) 1,75 0.59
Vertical force with ‘
72 cuts: estimated (MN) 0.88 0.30

}‘o be conservative, the value of one half was used. These values appear in
able VII-10. Support against a force of 0.30 MN, with its resulting torque

about a radial axis, is believed to be manageable.

7.3.1. Variation of force with first-wall time constant

. A ﬁeries of cczmputations was performed fora Cu (o= 0.017 u£2- m) limiter
with a single poloidal cut. Time constants of t=0, 10, 30, 100, and 1000 ms

were used. The resulting peak values of Fr, Fz, N, and Fey; are shown in Fig. VII-36

f‘; ;j dt:lecx:dlaltf(){ce per unit.length of limiter due to the interaction of the induced
: Tren with the've_rtwal component of poloidal field. Fz is the vertical

o_rcc per unit length of limiter due to interaction of the induced toroidal current
with the radial component of the poloidal field. The poloidal field is the s f
the fields from the PF coils, the plasma current, and the induced currents e
:hen_:selve_s. N‘is the torque per unit length of limiter, about an axis in the

bc;:c‘:'l::i i;::citlon‘:i zs;ltmg from Fg a'nd Fz. Foytis the vertical force of interaction
o poloida]c;l;ftl_ ield and the radial currents which flow wherever the limiter

' The flashed straightline in Fig. VII-36 shows the slope for a hypothetical force

which varies inversely with the square root of 7. The three quantities Fr, N, and
F'cut have roughly the same behaviour. For 7 <€ 20 ms, the plasma currei;: d;ca
.tlme, the force is largely independent of . The decrease of force with increasiny T
is strongest for 7 = 20 ms. Finally, for r 3 20 ms, the force decreases more eve:ly

Wlth ncreasing 7. Ihe Values OfI were leIded by ten to f t onto the
t We
1L it them
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FIG.VIE-36. Variation of forces and torque on limiter with time constant of first wall.

% 3.2, Variation of force with limiter resistivity

"These computations were performed fora limiter with a single cut and a first-
wall time constant of 100 ms. The three computations differed only in limiter
resistivity: values of p =0.017 (Cu), 0.07 {Cu-2Be), and 0.32 (V-15Cr-5Ti) uSdem
were used. The resulting peak values of Fg, Fz, N, and Fut are shown
in Fig. VII-37.

All four curves show roughly the slope of the dashed line, which representsa
hypothetical force varying inversely as the square root of the resistivity. The
values of N have been divided by ten, and those of Feyt by 1000, so that all
forces could appear in the same graph but have no overlap to a confusing degree.

7.4. Induced voltages between limiter segments

Concern has been expressed that the voltage induced by plasma disruptions
may lead to arcing between limiter segments. There is considerable uvneertainty
about how large the voltage between segments can be and still avoid damage from
arcing, with values between 20 and 200 V suggested. [t is prudent to use the
20 V value if possibie.

1n the computatiens for a limiter with a single cut, the zero net current
condition is imposed by finding the electrical potential which reduces the
circulating current to zero. For a limiter with a single cut, this potential
represents the voltage across the cut. For a limiter with n segments and n cuts,
the voltage across each cut is given approximately by dividing the potential by n.
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1I-37. Variation of forces and torque on the limiter with limiter resistiviry

f;o; : f;ts)t-:;rall time constant of 100 ms, the voltage across a single cut is calculated
e or.6.2 V per segment, for 72 segments. The voltage drop is predicted
0 be virtually mdependent_ of the limiter resistivity.

Conclusions

Several conclusions can be drawn from these studies:

(§9] ;I_l‘lf;e;telectromagrletic force and torque around the radial centre line of a
er segment are manageable when the limiter i i
i ton o imiter is segmented into more
(03] :fl:::helt;::trical response r,s.f the limiter is sensitive to the electrical behaviour
1e irst wall. Analysis without conducting-first-wall effect gives the
maximum electromagnetic force;
(3} ':_‘hire isa f:haracteristic vatiation of limiter forces and voltage with the
cx;s ~wall tunle constant 7, with virtual independence of  when 7 is small
mpared with the plasma current decay time constant 1y = 20 ms, rapid
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decrease with increasing v when 7~ 7o, and inverse square root decrease

with T when 7 2 To;
(4) Induced forces and torques vary inversely with the square root of the limiter
resistivity; voltages are virtually independent of the limiter resistivity.
(5} For a first-wall time constant of 100 ms and a limiter segmented into
72 pieces, voltages between adjacent segments are manageable.
{6) In the light of the importance of conducting-first-wall and segmentation
effects, further analysis in this area is required.

8. DISRUPTIONS

the life of the limiter, divertor and first
wall. The surfaces of these components are subject to melting and/or vaporization
during disruptions. In addition, induced currents will result in forces within the
melt layer leading to matetial losses from the surface. In this section, the thermal
response of candidate surface materials and the stability of the melt layer are

discussed.

Distuptions can potentially limit

8.1. Disruption scenario

Reference disruption conditions for the limiter, divertor, and first wall have

been established. Both major and minor disruptions have been considered. The

primary disruption parameters are the energy deposition per unit area, the

disruption time, and the frequency of disruptions. A summary of the different

cases is shown in Tables VII-1 and VII-2. The reference thermal quench time is
The reference energy loads during

20 ms with 5 ms as the alternate time.
“2 for the divertor (case 1) and 270 Jecm™ for

major disruptions are 230 J-cm
the limiter (case 3) with 535 J+cm~2 as an alternative high-energy {oad to the
s 1 to 3, the energy loads to first

Yimiter (case 2). Corresponding to these case

wall are 175 Jrem™®, 35 J-em™ and 175 J -cm™?, respectively. The reference

energy load during minor disruption is 170 J «cm™2 for both of divertor and limiter.
1t should be emphasized that there are considerable uncertainties in the

disruption scenario. The enetgy densities and discuption times are not well

characterized from present experiments, and therefore a large extrapolation is

required to estimate the INTOR conditions. Also, the disruption frequency can
hown in Table VII-1. Because of

be expected to vary from the estimates s
these uncertainties, the INTOR participants have examined the materials
response to disruption over 2 wide range of energy densities. The information
presented here is generally for the reference conditions. Additional details

concerning disruptions are presented in Refs [1-4].
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FIG.VIL38. Vaporized thickness and melt layer thickness of stainless steel,

8.2. Thermal response

" f'[;}e vap?nzatlon. a\.nd melting characteristics of surface materials to a particular

et of distuption conditions depend upon the thermo-physical properties such as
thefrma! conductivity, specific heat, heat of fusion, heat of vaporization, meltin,

point, a.nd yapour pressure, The amount of vaporization and melting is,a]so de: N dent
on tl:Le initial temperature of the surface material. A high initiat temperatu.repen .
rel.atwe to the melting point will lead to larger vaporization and melt layer
tlucknes‘se.s.‘ In general, materials with low melting points and high thermal
t:onductmhes are expected to exhibit the greatest melt layer thicknesses. Another
important aspect of materials response is the effect of a vapour cloud on.the
amount of energy deposited on the surface. As vaporized material is formed
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during a disruption, a portion of the energy in the disrupting plasma is lost to the

vapour cloud, and the amount of energy reaching the material surface is reduced.
A large number of candidate susface materials have been analysed by the

ials considered are C, Be, BeQ, SiC, TiC, W, Mo,

INTOR participants. The mater
and austenitic stainless steel. The reduction in wall thickness is taken into

consideration in the numerical transient calculations by applying a moving-
boundary condition, The energy flux attenuation by vapour shielding and
recondensation of the vapour to the surface are also taken into account [4].

The analysis includes cases with and without the effects of vapour shielding.

An example of the melt layer and vaporization thicknesses predicted for stainless
steel is shown in Fig. VII-38, and a summary of the results for all materials is
listed in Tables VII-11 to VII-14.

Several generalizations canbe made from Fig. VI[-38. First, there isa
threshold energy below which no melting or vaporization occurs. Fora 20 ms
disruption time this energy is about 170 J-cm? in the case of stainless steel.
Second, above this energy level, the melt layer thickness increases rapidly and
then begins to level off. For stainless steel, the peak melt layer thickness is
100 to 200 um. The vaporization thickness continues to increase as the energy
density increases. Third, the effect of the vapour shield is to reduce the total
melt layer and vaporization thicknesses. The relative reduction is greatest near
the threshold energy. Notice that the rapid increase in the melt layer thickness

for energy densities greater than the reference value of 1703 -cm™? is an important
source of uncertainty.

Tables VII-11 to VII-14 indicate that there are large differences in disrup-
tion response by the different materials. Stainless steel and beryllium show the
largest melt layer thicknesses over the entire range of parameters that were
considered. For the reference first-wall conditions (175 J- ¢ 2, 20 ms), the melt
layer for stainless steel is predicted to be in the range of 7 to 24 um, and no
melting is predicted for beryllium. (The ranges indicated in the tables bracket the
the values predicted by the INTOR participants.) When either stainless steel or
beryliium is used on the limiter, the melt layer thickness is predicted to be large.
For the reference limiter conditions (270 Jrem™, 20 ms), the melt layer for
stainless steel is predicied to be 120~150 um, and the melt layer for beryllium is
predicted to be 40-140 pm. Vapour shielding is calculated to reduce the melt
layer thicknesses, but by less than a factor of two. The formation of a thick melt
layer and the possible loss of material will have a large effect on the lifetime

as was discussed in Section 10. The high-melting-point metals, W, Ta, and Mo, are
not expected to melt or vaporize for the reference conditions at the first wall,
limiter or divertor. Two non-metals, C and SiC, do not melt, and therefore they
appear to be particularly attractive with respect to material losses by disruptions.
Graphite also exhibits very low vaporization losses due to its high sublimation
temperature, Vapour shielding is predicted to reduce the vaporization thicknesses
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TABLE VII-11. MAJOR DISRUPTIONS — CASE |: DIVERTOR CASE

Disruption Melt layer Vaporized
Material Period Model® tluf:knessb dePth
{ms) (microns) {microns)
First wall Stainless steel 5 A 60 ~ 90 0.1 ~0.32
{170 Jrem™) U 90~ 110 0.38~238
20 A T~24 <1072
U 7~24 <107
Beryllium 5 A 60 0.2
(initial temp, u 80 1.0
300°C) 20 A NM -
U NM -
Tungsten 5 A NM - -
U NM -
20 A NM -
1) NM -
Graphite 5 A - <1.0
U - <1.0
20 A - <10
u - <1.0
Divertor Tungsten 5 A NM -
(230 I+cm™?) U NM -
20 A NM -
U NM -
Molybdenum 5 A NM -
U NM -
20 A NM -
u NM -

# A= flux attenuation by vapour shield
U = No vapour shield attenuation
b NM= No melting oceurs

for all materials, and the vaporization josses are generally reduced by factors of

three to ten.

The effect of initial surface temperature on vaporization losses for graphite
is shown in Tables VII-12 to VII-14, For the reference limiter conditions
(270 J-cm™, 20 ms), the vaporization loss increases from <1 pm to 9.2 um as
the initial temperature is raised from 400 to 2400°C. Similar increases are
predicted for the other disruption cases and materials which were considered [4].
Therefore, high operating temperatures are expected to result in higher

material losses and shorter lifetimes.
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TABLE VII-12. MAJOR DISRUPTIONS — CASE 2: HIGH LOAD TO,
LIMITER
Disruption Melt layer Vaporized
Material Period Model® th.if:knessb der:oth .
{ms) oae (microns) (micro!
First wall Stainless steel - - NM -
(35 Jcm™) Beryllium - - NM -
Tungsten - - NM s
i A - R
Graphite 5 . - i
- <1.0
A
% u - <10
‘ ~150 6.6~14
Limiter B‘:x_'y_ljium 5 ::1 :ig ~ 120 o
(333 Jrem ? (L:)‘g:él)“mp- 20 A 155 ~ 160 05~21
? u 200 ~ 260 10~ ?4
Beryllium 5 u 190 50
{initial temp, 20 U 120 12
900°C) s
A 88 R
Tonesten ’ U 120 0.22
20 A NM -
U NM —
A 110 0.06
Molybdenum s " 150 b
20 A NM -
u NM -
- 16
Graphite 5 A - pod
{initial temp. K .
@ o _
2400°C) 2 o - .
- at~7
Graphite S A - s
(initial temp. g oA
° - -
400°C) 20 & - S
i - 0.1
Pyrolitic graphite 5 A - o
(initial temp. U - _
300°C) 20 ?;
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Table VII-12 {cont.)

Disruption

Melt layer Vaporized
Materiat Period . thickness depth
(ms} Model {microns)® {microns)
SiC 5 A - 50
u - 110
10 A - 45
1) - 110
New SiC 5 A - 34
4) - 92
20 A - 18
R U - 72
Stazinless steel 5 A 160 10
U 150 42
10 A 210 1.1
u 260 17
TiC 5 A - -
u 90 15.0
20 A - -
u 24 0.4
BeO 5 A - -
u 32 32.6
20 A - -
U 65 11.2

2 A= flux attenuation by vapour shield
U= no vapour shield attenvation
NM = no melting eccurs

8.3. Melt layer stability

Melt layer stability is a particular concern for stainless steel and beryllium
because of the expected large melt layer thicknesses during disruptions. Any
forces present during a disruption will act to move the melt layer, and if the
forces are high enough, then part or all of the melt layer could be removed.

The forces expected to dominate considerations of melt layer stability are magnetic
forces that are produced when induced currents in the melt layer interact with

the magnetic field. The magnetic forces depend both on the material properties
and the geometry of the first wall and impurity control components. Geometric

I
b
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TABLE VII-13. MAJOR DISRUPTIONS — CASE 3: REASONABLE LOAD.

TO LIMITER
Disruption Melt layer Vaporized
i i i depth
Material Period thickness '
{ms) Model®  (microns)®  (microns)
First wall Stainless steel 5 A gg ~ 91(:0 g;g : (2);2
-em? U ~ . .
(0 rem 20 A 7~24 <107
u 7~24 <107
Beryllium 5 A 60 (:g
(initial temp. U 80 .
300°C) 20 A NM -
u NM -
Beryllium 5 U 190 I6
(initial temp. 20 u 240 5
900°C)
Tungsten - - NM e
- <10
i 5 A
Graphite " - S
20 A -~ <10
U - <10
Limiter Beryllium 5 A 84 : lgg 233 : :.!l
(270 Jem™) (initial temp. U 110~ .
300°C) 20 A 40~ 70 -
)i 45~ 80 -
Tungsten 5 A NM -
U NM —
20 A NM -
U NM -
Molybdenum 5 A NM e
u NM -
20 A NM -
u NM -
Graphite 5 A - l;;
(initial temp. U - .6
2400°C) 20 A - L.
U - 9.2
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Table VIE-13 {cont.)
) Disruption Melt layer Vaporized
Material Period Model® thickness depth
(ms) ode {microns) (microns)
Graphite 5 A 0.8
(initial temp, u 0.18
400°C) 20 A <10
1 H <t.0
Pyrolitic graphite 5 A -
(initial temp. u -
300°C) 20 A -
U -
SiC 5 A - -
U - -
20 A - -
U - -
New SiC 5 A - 8.9
u - 33
20 A - 0.59
U - 14
Stainless steel 5 A 120 0.6
u 150 72
20 A 130 <0.1
u 130 <0.1
TiC 5 A - -
U 19 <1
20 A - —
U 0 0
BeO 5 A - -
U 35 5.1
20 A - -
U 3 0

3 A= flux attenuation by vapour shield

b U = no vapour shield attenuation
NM = no melting occurs
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TABLE VII-14. MINOR DISRUPTIONS
Disruption Melt layer Vaporized
Material Period a thickness depth
(ms) Model {microns)® (microns)
Beryllium 5 A 50 ~ 60 0.04 ~0.21
(initial temp. U 60~ 78 0.05 ~ 0.7
300°C) 20 A NM -
U NM —
Tungsten - - NM -
Molybdenum - - NM -
Graphite 5 A - 1.9
(initial temp, u — 7.5
2400°C) 20 A - 0.45
u - 2.3
Graphite
(initial temp. B - — -
400°C)
Pyrolitic graphite
{initial temp. - - - -
300°C)
5iC 5 A — 11
u - 29
20 A - 6
U - 22
New SiC 5 A - 1.6
U - 13
20 A - 0.1
U - 0.5
Stainless steel 5 A 90 0.14
U 100 0.28
20 A g -
U 9 -
TiC 5 A - -
U NM 0
20 A - -
U NM [¢]
BeO 5 A - -
U 20 0
20 A - -
U NM 0

8 A ={lux attenuation by vapour shield
U = nio vapour shield attenuation
b NM = no melting occurs
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TABLE VII-15. INSTABILITY INDEX FOR
: ME
LIMITER LT LAYERS ON A Be

Instability index®

Enerf}r depgsition Disruption time Limiter tip Limiter centre
sem ) i
(ms) without with cut without with cut

335

20 188 8.62 2.25 0.992
o 5 15.5 6.87 I.18 0.436

20 0.0496 0.0118 35X 107 7.7 X 1078
o 5 13.3 5.89 1.53 0.658

250 No melting No melting

4.80 1.96 0.445 0.174

a
v - -
alues much less than unity indicate stability. Values near unity indjcate marginal cases.

considerations such as surface tile dimensions and current paths through the first

wall will significantly affect the current in the melt layer and hence the melt layer forces

. The melt layer stability has been examined for the various impurity control
demgr}s. The stability analyses have utilized several modelling approaches. The first
examines the force balance between the magnetic force perpendicular to ;he melt
lay}:r and thfa material ‘internal forces’ of surface tension and viscosity [2 4]
This model is time-independent and considers the peak magnetic forces ax,ld ‘eak
melt layer: thicknesses for the reference disruption times. A second model cgnsiders
the Rayleigh-Taylor instability for droplet formation, and it includes the time
dependence of the magnetic forces and melt layer thickness [1, 4], The shift of
the melt layer during a disruption has also been analysed with ;1 tir'ne-de endent
model [3]. Since the time-independent model considers only the peak flzarces and
melt layer thicknesses, it is believed to be more conservative than the time-
dependent model.

_ An e.xa.mple of the time-dependent analysis for a beryllium-coated limiter
is shown in Table VII-15, For the reference disruption case (270 J-cm™2, 20 ms)
the melt lay.er at the centre and tip of the limiter is predicted to be stablc; At an,
energy density of 535 J-cm™ or a disruption time of § ms, the melt iayer.at the
c?ntre of the limiter is predicted to be unstable or marginally stable. The major
:{:ﬁ[;erence between the calculations for the limiter centre and the tip is assumjed
t}c:i n; etf:.n l;:v;:, :Trgy density expected at the limiter tip which results in a

The results of these initial analyses indicate that melt layer stability is a
concern for the surfaces exposed during a plasma disruption, and additional
modelling and experimental effort is needed to fully underst’and this problem.
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9. EROSION/RE-DEPOSITION

9.1. Introduction

Surface erosion is probably the most critical design issue for the impurity
control system in INTOR, the other key issues being helium pumping and heat
load. Erosion will result from sputtering, disruptions, and possibly arcing
and other phenomena. Analysis of the surface erosion due to sputtering is
complicated since, for INTOR conditions, many sputtered atoms return to the
surface where they may stick as well as self-sputter. Therefore, the net erosion
rate, i.e. sputteting minus re-deposition, determines the surface lifetime.

Erosion and redeposition of the surfaces of the pumped limiter and poloidal-
divertor design was studied in detail A broad range of materials options and
plasma edge conditions were examined. The studies primarily made use of the US
finite-difference impurity transport code, REDEP, {4, 15] and the USSR Monte
Carlo impurity-tracing code [3]. The main conclusions of this study are the

following:

(1) Most sputtered material is re-deposited, and so net erosion rates are usually
much smaller than the gross rates.

(2) Low-Z materials {(Be, C, BeO), for physical sputtering only, are acceptable
at all plasma edge temperatures from the standpoint of plasma contamination.

(3) Medium- and high-Z materials (Fe, W) are restricted to low edge temperatures
(< 50 eV) because of self-sputtering constraints. At low temperatures, how-
ever, tungsten and tantalum are very attractive, yielding almost no net erosion.

(4) Erosion/re-deposition of the front face of the limiter and the entire divertor
plate are similar.

(5) Erosion of the limiter leading edges is a problem at medium plasma edge
temperatures, but several conceptual solutiens exist. These are: (1) in-situ
recoating of the leading edges and (b) use of a dual material limiter {(e.g.

W leading edge, Be front face).

(6) Research is needed in the areas of re-deposited material properties, edge

temperature, and scrape-off conditions, and limiter leading-edge behaviour

and optimization.

9,2. Computational models

Two computer models [3, 4, 15} were used to examine the net erosion of the
limiter including the effects of the re-deposition on the limiter of the sputtered im-
purity ions. In these calculations, the plasma was fixed. The limiter erosion was
calculated for sputtering by plasma ions, including deuterium, tritium, helium, and
impurities. The transport of sputtered neutral impurity atoms was computed in the
plasma. Once ionized in the plasma, the appropriate charge state of the impurity is
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TABLE VII-16, PLASMA PARAMETERS
FOR LIMITER EROSION CALCULATIONS

1. Plasma edge temperature (at start of scrape-off):
Variable, T, = 20—-1200 eV

2. Transport power to limiter:
Prp =80 MW, T, > 20 eV
6 MW, T, = 20 eV

3. Charge-exchange power to limiter:
P, =26 MW

4. Plasma edge density {at start of scrape-off):
N =25X10¥m™, T, =20ev

700 eV

15
N¢=0.5)<10”’( ) m™3, T, >20ev

i

5. e-folding distances (at midplane):
a) density, BN =3.75cm
b} temperature, 61. =375 ¢cm
¢} particle flux, 51, =2.5¢cm
d) energy flux, SE =1.5em

6. Charged DT cument to limiter:

l:.TR 5?

2KT, (1 +7) 5

Lyr=

where the sheath factor y= 3.1

e R

t%ct».:rmmetil, and the impurity ion travels back along the field line until it strikes the
limiter agam' where it is deposited. The deposited ion also sputters more impurities
(self-spl‘xttenng). The local net erosion is the local erosion of the surface duep to
sputtering minus the re-deposited impurity flux. The two codes include angular
anid energy-dependent sputtering coefficients and calculate the transport ofgthe
sputtered neutral impurity atoms in a two-dimensional geometry.
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FIG.VII-39. Limiter model used for REDEP calculations.

9.3. Limiter analysis

The plasma parameters used for the limiter analysis are listed in Table VIEF16.
The constant-heat-flux, curved-bottom limiter shape shown in Fig. VII-39 was
used for the calculations.

Edge temperature values of 700 and 100 eV were selected as reference
values for ‘high’- and ‘medium’edge-temperature operation, respectively.
Figure VII-40 shows the behaviour of plasma temperature, total heat flux
(transport plus charge exchange) and charged-(DT)-particte flux, Fpyp, over the
limiter surface, at T, = 700 eV, (Note that, in these and other plots, limiter
points may represent disproportionate areas with the leading edges represented
by points 2—7 and 4752, as shown in Fig. VII<40.) In general, the value of heat
and particle flux depends on the respective e-folding distance and the limiter
geometry. The heat flux is constant over the front face and falls off at the leading
edges. Particle flux peaks at the leading edges which results in increased erosion
there.

Figure VII-41 shows the various terms contributing to the net erosion of 2
Be coating at T, = 700 ¢V. The total sputtering rate is the sum of the DT + &
sputtering and the Be self-sputtering. As is shown, most of the re-deposition arises
from the scrape-off zone, but a fair amount comes from material entering
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FIG, VIF41. Analysis of Be coating at 700 eV,

the plasma and then diffusing out. Re-deposition nearly balances sputtering over
most of the limiter. The net erosion rate is fairly constant over the front face

at <1 cm per year but increases to about 4 cm per year at the leading

edge:s. All erosion/re-deposition rates in this subsection are given in units of
cen.thetres per year of continuous operation (100% duty factor and 100%
availability). For a 50% availability, erosion rates would be half these values.

e,

P
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FIG.VII-42. Analysis of Be coating ar 100 eV.

The situation at T, = 100 &V is shown in Fig. VII-42. Both DT sputtering
and self-sputtering are much greater than at 700 eV for two reasons: (1) the
DT particle flux is seven times higher, and (2) sputtering coefficients are all closer
to their peak values, particularly for self-sputtering. The fraction of sputtered
material that is re-deposited, however (see Table VII-17), is higher at 100 eV
than at 700 eV because the electron density is much higher. For example, at
100 eV, the mean free path of a Be atom, sputtered at the peak-in-the-distribution
value of = 1.5 eV, is only 0.6 mm at the limiter centre. Therefore, the net erosion
rate over the limiter front face is only somewhat greater than at 700 eV.
At the leading edge, the re-deposition fraction is less than on the front face.
This is, to some extent, due to longer mean free paths but is mostly a gsometry
effect, due to the small area of the leading edge and the angtes of flux lines
involved. At 100 eV, net erosion peaks at the leading edge at atmost 30 cm per year.
Table VII-17 summarizes the REDEP results for runs for Be with T, = 20to
1200 eV, The last column in Table VI[-17 is defined as the ratio of the current
of Be atoms entering the plasma to the charged DT current to the limiter. The Be
concentration in the plasma would be this value reduced (probably substantially)
by the shielding efficiency of the plasma edge region. As shown, the average net
erosion rate of the limiter decreases monotonically with increasing edge temperature
but is reasonable even at low temperatures. lmportant considerations are,
however, the uncertainties in the properties of the re-deposited material at high
re-deposition rates as well as other model uncertainties. From the present REDEP
calculations, however, the conclusion is that the front face of the limiter has
acceptable net erosion rates for all plasma edge temperatures, but erosion at the
leading edge is high.
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FIG.VII-43. Effect of in-situ recogting on the net growth rate of a Be-coated limiter.

Two conceptual solutions to the leading-edge problem were examined. The
first is in-situ recoating. In this method, external Be atoms are supplied to the
limiter by either of two means: (1) ‘plasma injection” whereby beryllium is
supplied to the plasma by gas puffing or pellets and (2) ‘edge injection’ whereby
beryllium is injected into the scrape-off region near the leading edges. Both
methods were simulated in REDEP for T, = 700 eV, and the results are shown in
Fig. VII-43. The injection parameter is defined as the ratio of external beryllium

injected to the charged-DT current to the limiter. The curve with injection

parameter equal to zero is the previous case at 700 eV. For plasma injections of
ce of the limiter.

1 and 2%, net coating growth rates are achjevable on the front fa

The leading-edge erosion is reduced, but there is stilt net erosion. For edge
injection, however, the leading-edge erosion is changed substantially, and net

growth can be achieved. By a combination of techniques and proper tailoring of

the edge injection profile, it may be possible that the net growth/erosion rate could
be held to very low values. Obviously, this would require experimental assessment.

A second proposed solution to the leading-edge problem invelves the use of
dual matedals, 2 low-Z coating for the front face where self-sputtering must be
limited, and a high-Z coating for the leading edge where low DT sputtering and high
re-deposition is desired. A Be/W combination was assessed for T, = 100 eV,

Table VII-18 compares the dual-material scheme to the single-material case. Using
tungsten at this leading edge, the rate of sputtering at the leading edge is reduced
substantially, from about 138 to about 6 cm per year. {The rate is not zero because
of charge-exchange sputtering.) Since tungsten is so heavy, the ionization mean free
paths are very small, and the re-deposition rate is essentially 100%. Since the plasma
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TABLE VII-18. SUMMARY OF DUAL-MATERIAL/SINGLE-MATERIAL
LIMITER COATING — COMPARISON AT 100 eV EDGE TEMPERATURE

Parameter Dual-material Single-material
scheme scheme
Coating material: front face Be Be
leading face w Be
Average sputtering rate —
leading edge 64cm-at 1375 cm-a™!
Average re-deposition rate —
leading edge 6.4 cm-a! 115.0 cm-a™
Average re-deposition fraction —
leading edge ~ 100% B84%
Average net erosion rate —
leading edge ~Qem-a™! 22.5em-at
Peak net erosion rate —
leading edge ~0cm-a™! 29.4 cm-a!

temperature at the leading edge is less than = 50 eV, self-sputtering of tungsten is
less than unity. This results in a zero net erosion rate. This scheme was only
assessed at 100 eV but would clearly work at lower temperatures and at some
higher temperatures. Other materials, particularly tantalum, might ailso be

acceptable for the leading edge.

REDEP calculations were made for the limiter with carbon and beryllium
oxide coating, and Table VII-19 compares these to the Be data for edge tempera-
tures of 100 and 700 eV. Physical sputtering only was used for carbon (i.e.

chemical sputtering was ignored). For BeO, equai amounts of Be and O sputtering

were assumed, and equal sputtered-energy distributions based on a surface
binding energy of 6.1 eV were employed. As is shown, the erosion results are

quite similar for all three materiais.

A key concern for BeQ and other compounds is whether the surface coating
remains 2s 4 compound or is gradually transformed to a single element. This
should depend, in part, on the values of the re-deposited fluxes. Figure VII-44
shows the sputtered flux for oxygen and beryllium and the respective re-deposited
fluxes at 700 eV. Although the re-deposited fluxes are nearly equal, they are not
exactly so. The effect of this would have to be evaluated.
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TABLE VII-19. LIMITER LOW-2 MATERIAL ANALYSIS
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severeAs;lEsg:zl: c_oating \grias also evaluated. Tungsten suffers from a potentially
ering probletn whereby highly sheath-accele i
S . - rated W ions can result
in a runaway self-sputtering cascade. Estimate:
. . s of the charge state of re- i
tungsten ions were made (see Ch: : e
‘ apter VI) and the average predi
is about four. Therefore, W ions acqui ST i the st
. X cquire an energy of = 12 T. in th
The W tons also acqui S th the stoms
quire some energy, thro ili i i
before the st ke somm y ugh equilibration with the plasma,
o Ifa felf:sputtering coefficient of unity is reached at an energy of 700 eV
tzri::;:i): lindzca:ed bi experimental results, then this limits the acceptable edgle
Te to less than 700/12 eV or about 50 eV. Eve i
less tha, 4 . n at this temperature,
;:: se\:{{"-;pu‘tttenng is still substantial though finite. Figure VII-45 shoxfs the :'esult
a miter coating at 50 eV. Since the ch ing
R arged-DT sputtering coeffici
are very small, practically all of the DT s ing i .
, puttering is from charge-exchan
v i i i gc
?glﬂ:;d;ersilf-s;:uttenng, in effect, amplifies the DT sputtering rate of about
ear to a peak value of about 60 cm imi i
er : per year at the limiter tip. Th
re-deposition rate is essentiall i feted
y unity, and so the net growth rate is i
. ¥ predicted to
;ea:;r:. ;;1::8 113t ;lso gt;lo teading-edge problem, and no tungsten reaches the
. , although tungsten is restricted to a low
plas k : -plasma-temperature regi
1;1 ylg{ds r\trery attlrlactwe results in this regime. This conclusion is thi same f;f'glme,
e divertor, with zero net erosion predicted fo
! r the oute
separatrix plasma temperature of 50 eV, Feoliector plateat s
y The re-deposition ca}culations, using the Monte-Catlo code from Ref. [3}
ere made for a symmetrical concave limiter of r=2.3 mand 1.5 m wide. ,
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FIG. VII-45. Analysis of tungsten-coated limiter at 50 eV,

The calculations were made for three edge plasma modes: with low, high
and medium temperature for the carbon-based alloy USB-15 and with medium
temperature only for. the Mo-alloy ZM-6 (Table VII-20). In the ZM-6 limiter,
there is no erosion at low temperature as the energy of the ions incident on the
limiter surface is less than the sputtering threshold. At high temperature, the
self-sputtering coefficient for 7M-6 is more than one, and the code calculations
give an infinitely rising flow of Mo atoms into the plasma. The calculation for
medium temperature was made at a charge state of Mo equal to one. If the Mo-
atom charge state is two, an ‘infinite growth of the Mo-atom flow into the plasma
takes palce. Fora USB-15 limiter, the calculation results are obtained for all
three modes and are presented in Fig. VII-46. The charge state of C atoms was
assumed to be equal to 1 and 4, but the variation in the results for the two cases
is negligible. The results of calculations show that re-deposition reduces the
net erosion 1.5 — 10 times. A ZM-6 limiter is acceptable in the low-
temperature regime only. A USB-15 limiter is acceptable ai all three regimes,
from the point of view of erosion.

9.4, Divertor

The plasma parameters used for REDEP analysis of the outer collector plate
of the INTOR divertor plate were scaled, as necessary, from the data in Ref. [4],
at 150 eV. The plate was modelledasa 1.0m wide region extending from point 2
of the REDEP code as the left-hand boundary of the plate, point 27 as the centre
(separatrix) and point 52 as the right-hand boundary. All points are linearly
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FIG.VIr-47. Analysis of Be-coated divertor ar 100 eV,

A tungsten coating was also examined for the divertor, at T, = 50 eV. The
result is the same as for the limiter, i.e. essentially complete re-deposition and
no net erosion,

10. LIFETIME ANALYSIS

All parts facing the plasma are exposed to high heat flux. neutron irradiation,
and erosion due to sputtering and disruptions. In the case of impurity control
systems, the most important lifetime-limiting factor is erosion. The easiest way
to cope with this condition would be to cover ali parts with a sacrificial layer of
sufficient thickness. However, an increase in thickness is accompanied by an
increase in surface temperature and stresses, which can lead to melting, evaporation
swelling and, eventually, to fatigue failure,

In the following, the limiter and the first wall near the limiter leading edges
are treated separately. The maximum allowable temperature has been determined
for the different materials. From this value and the known heat flux density, the
maximum allowable thickness has been derived. Depending on the construction
of the limiter, there may be parts, as for example the leading edge, where the
maximum allowable thickness is limited by ather properties. Taking the most
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FIG. ViI-48. Flow chart of lifetime analysis.

stringent conditions for the thickness and the net erosion ratc_a, the lifetime of the
limiter can be determined. Figure V1I-48 represents schematically how

to arrive at the lifetime.
10.1. Maximum alowable thickness
The maximum allowable thickness is determined by the maximum allowable

temperature or the thermal fatigue limit whichever is more restrictive.

10.1.1. Maximum allowable temperature

The maximum allowable temperatures for the various materials are
determined by:

(1) Melting
{2) Vaporization losses )
(3) Excessive chemical sputtering
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TABLE VII-21. MAXIMUM ALLOWABLE TEMPERATURES (K) OF

SURFACE MATERIALS
Materiat | MP Vaporization Swelling Chemical Final
1 mm-a™? 10 mm-a™ pettering
Be 1551 1130 1205 973 - 973
BeQ 2823 1930 2055 > 873 - > 813
<2000
C" 3925 2170 2280 1173 713 773
8iC 2970 1520 1715 1473 - 1473
W 3683 2770 2950 < 873 - §73
>1173
Ta 3269 2600 2770 < M3 - 773
N > 1073
1773 > 643 - 643

(4) Radiation-induced swelling/cracking
(5) Microstructural changes (e.g. sintering, phase changes).

For the present analysis, all the criteria except for microstructural changes have
been considered, The results of the analysis are presented in Table VII-21

.In m<')st cases, the allowable temperatures are limited by radiation da;'na e
considerations. For beryllium, high helium bubble swelling is observed at ’
temperatures higher than 973 K, and for SiC significant swelling rates are observed at
tem;{eratures 21473K [16, 17]. In the case of tungsten and tantalum, radiati
swe[!mg peaks are observed at relatively low temperatures [18, 19] Be'O is .
special case, because it is an insulator with a non-cubic crysta[’struc‘;ture Ata lo
temp?ratures, radiation swelling is rapid and anisotropic, which results i;l micr(l“-‘r
cracking of polycrstalline material [20]. Models and limited data suggest that th
degree of swelling decreases at elevated temperaturzs, and it should remain at )
accept?.ble levels above about 873 K. Therefore, BeO also has a minimur:l ’
ope‘ralfmg temperature in addition to a maximum one. It should be noted that f
rad:atxqm!imited temperatures, there are often only limited data from whichato 0"
detex:mxne temperature limits. The temperatures shown in Table VII-20 b
modified in the future as additional data become available. e
" thl-ilol:vever., the maximum temperatures are reached on the surface only. Since

& thickness is constantly reduced and the swelling appears only after considerable
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TABLE VII-22, ALLOWABLE THICKNESSES (TEMP.)

SURFACE MATERIALS
Material Allowable thickness
Unirradiated (cm) Irradiated {em)
Be 2.5 2.5
BeO 4.5 2.4
C ' 1.5 0.4
Sic 1.4 1.0
> S(HiK)
w 3.6 3.6
Ta 3.2 3.2

neutron jrradiation, the limitation of the thickness by the criterion applied here
is very conservative and needs further ¢laboration.

The only material whose operating temperature is limited by chemical
sputtering is graphite. The chemical-sputtering peak for hydrogen-bombarded
graphite is = 873 K, and recently temperature-dependent sputtering has been
observed at temperatures above = 1273 K. To remain below the peak sputtering
temperature, the graphite temperature limit has been set at =773 K. Other
materials, particularly the carbides, may also exhibit chemical sputtering, but the
effect is expected to be minor compared to graphite. Chemical sputtering was
discussed in greater detail in Section 4.

10.1.2. Allowable thickness

The information presented in the previous section, along with the heat flux
density and the thermal conduetivity, can be combined to determine the
thickness limited by the temperature criterion. Table VI1-22 shows the temperature
limited thickness for the top surface materials in both unirradiated and irradiated
conditions. The heat flow assumed at the limiter surface was 2.4 MW.m™, the
coolant temperature was 100°C and perfect conduction at the interface between
tile and heat sink was assumed. The difference for the miaterials in the irradiated
and unirradiated conditions is the reduced thermal conductivity in non-metals
which is observed following irradiation. It has been assumed, for the purpose of
comparisor, that the effect of radiation is to reduce the thermal conductivity to
30 W.mK™ as has been observed for graphite [1]. This assumption was made
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TABLE VI}-23. ALLOWABLE THICKNESS OF LEADING EDGE
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TABLE VII-24. PREDICTED SPUTTERING/RE-DEPOSITION RA?I:T‘S{
FOR THE LIMITER TOP SURFACE (cm- a™' AT 50% AVAILABILITY)

Material Temperature-limited Fatigue-limited
Cu v Cu v
{cm) (cm) (cm) (cm)
Be 3.2 2.6 0.5 2.1
BeO >4 3.2 0.6 2.2
C (unir.) 2.4 1.7 - -
SiC 2.1 1.7 0.35 1.7
W 2.8 2.2 0.2 0.9

because of the very limited data available for other non-metals. The actual thermal
conductivity following irradiation could be greater or smaller than this value.
The reduction in conductivity with irradiation is rapid, with saturation levels
reached after a damage level of only about 1 dpa.

Changes in the mounting techniques will strongly affect the heat conductivity
across the boundary between heat sink and protective layer and therefore
the allowable thickness.

The leading-edge allowable thicknesses are different from the top surface
thicknesses, because of different geometries. The cylindrical geometry results in
a different temperature distribution and in more severe stress constraints than
the plate geometry. The results for equivalent calculations of allowable thicknesses
are shown in Table VII-23. These values are calculated for an outer radius of
1.5 cm of the leading edge and a heat flux density of 1 MW. m™2. The table
makes a distinction between a copper and a vanadium heat sink, No values are
givent for irradiated materials. Preliminary calculations on the Emitations of the
allowable thickness by thermal fatigue have shown that the constraints are much
more severe at the leading edge. In this case a major difference may arise

between copper and vanadium as heat sinks as can be seant from columns 3 and 4
of Table VII-23.

10.1.3. Other limiting factors

The surface temperature is one of the most important features limiting the
thickness of the protective layer. Fatigue of the whole structure is in some parts
even mote limiting as has been shown in Table VII-22. However, its influence
is strongly dependent on the specific design and has to be considered separately

Material Edge temperature

20 100 300 500 700 1000 1200
Be 0.75 0.65 0.60 0.45 0.40 0.3 0.25
BeO - 1.10 - - 0.45 - -
C - 0.60 - - 0.50 -
8iC 0.40 - na. n.a. na n.a. n.a.
w 1] - n.a. na. na. 0.z, n.a.
Ta 0 - n.a. n.a. n.a na. n.a.

for every design. Optimization will be possible. Changes in propemzs d:e' :o o
neutron irradiations have been considered only as far_ as thermal <l:on ;ut: hm y
the protective tile is concerned. Mechanical and fatigue prol:n.‘ertxei1 o - :ime "
structure will be changed, as well. The different factors a'ffectmg t e life e a
not necessarily independent. For example, any decrease in the tiuckn;ss :J i
protective layer due to sputtering reduces the thermal stresses on the heat si

i its fatigue life. -
o “;:;;:f: ;:iluresg in the surface material do not pamper th? av'mlabl:‘lg of the
limiter, but may influence the lifetime of the he.eat sink. .The l1fet1m:I 0 . e
attachment is another feature which should be included in the consideration.

10.2. Lifetime estimates

Different estimates are necessary for the limiter plate top ‘sur_face, the lez;dmg
edges, the first wall and the strips of the first wall clo.se to the limiter Cd'g‘;:- n
the fo,llowing, the lifetimes are derived from the maximum allowable thickness

and total erosion rates.
10.2.1. The limiter top surface

As was shown in Section 9, the net erosion at the limite:r top due to s;n;tten?g
is rather low as long as re-deposition is considered. The erosion rates for differen
materials are given in Table VI1-24 [4].




TABLE VII-25. LIFETIME OF LIMITER TOP SURFACE

Lifetime

Total erosion rate

Edge

Allowable
thickness

Material

Stage 11 Stage III Stage I Stage 11 Stage 111

Stage §

temperature

(a)

{em-a)

{eV)

(cm)

2.5

1.0
0.9
0.64

0.85 0.5

0.8

20
100
700

25

Be

2.6

0.45
0.32

3.4

0.72

BeO

20
100
700

2.4

irradiated

2.2

4.2
10

1.1

Q.55
0.45

0.25

0.35
0.15

16

C

20
100
700

0.4

irradiated

0.7

1.3
1.6

0.6

0.30
0.25

0.20
017

0.8

2.2

0.5

SiC

4.3

5.5

1.0 20 0.37 0.i8 0,23

irradiated

20

36

20

3.2

Ta
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TABLE VII-26. LIFETIME (YEARS) — STAGE I LEADING EDGE
(V-15Cr-5Ti HEAT SINK)

Material Sputtering Sputtering and disruptions
Reference Worst case
100 eV 700 eV 100 eV 700 eV 100 eV F00eV
Be 0.1 0.9 0.1 0.9 0.1 0.7
BeO 0.1 0.9 0.1 0.9 0.1 0.8
C 0.1 0.8 0.1 0.8 0.1 0.8
SiC 0.2* - 0,2° - 0.2% -
w wod na. =? n.a. cod na.
Ta oad n.a. ool na. sa® na.
B s0eV.

The erosion due to disruptions depends on energy density, the disruption time
and the number of distuptions. In Table VII-14, these values are given. Only for
beryllium have we to expect an important contribution from disruption. The
combination of both tables yields the lifetimes shown in Table VII-25.

10.2.2. The leading edge

At the leading edge, the disruptions are assumed to be negligible; therefore,
the lifetime is entirely determined by the sputtering. Since the surface thickness
has to be kept low, because of fatigue problems, the lifetime appears to be rather

short, as is shown in Table VII-26.

10.2.3. The first wall

me of the first wall had been considered fora

During Phase One, the lifeti
nditions

case corresponding to the medium-temperature case of our operational co
(Section 2). It had then been concluded that the maximum thickness is limited
to 13 mm by fatigue at a heat flux of 40 MW. For the disruption, it had been
assumed that the melt layer was stable. The discussions which took place during
Phase Two A showed the fundamental uncertainty of how to consider the influence
of disruptions and, more specifically, the behaviour of the melt layer. Further large
variations are generated by the uncertainties in the disruption time. Finally, the
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TABLE VII-27. SPUTTERING FROM THE FIRST-WALL STRIPS
NEAR THE LIMITER TIPS

Low edge Medium edge High edge
temperature temperature temperature
Neutral flux density (m™2 .57 5.2 X 10% 27X 10" 2.8 X 10%
Particle energy {eV) 20 300 2900
Sputteting coefficients:
D 0 1.7 X 1072 2.2X1072
T o 3.2% 1072 45%10°2
He 0 8.4 X107 12.6 X 1072
Total 0 27X 1072 3.8 %1072
Erosion rate (m-s~'} 0 8.8 X 1071 1.3 X107

results are strongly affected by the temperature of the first wall at the beginning
of the disruption (the differences for stainless steel in Table VII-14 are due to this
fact). A number of approximations have shown that melt layers of 24 pm on stain-
less steel, which form only during the last phase of the disruption, are stable. In
this case, no erosion occurs at the first wall, and its lifetime is more than 135 years.
Using the assumption of a totally lost melt layer, the new disruption scenarios, and
the higher value for stainless steel in Table V1I-14, it turns out that the thickness
of the first wall lost by disruptions during the reactor life is about 15 mm. There-
fore, it would be necessary to exchange the first wall at least once (sacrificial
layer foreseen: £10 mm). In the case of high edge temperature, the heat load on
the first wall is 2bout half of the reference case. Therefore, the problem of
fatigue is partly mitigated but the disruption erosion is still about 15 mm and
would need one replacement. At low edge temperature, the heat load is consider-
ably increased. Consequently, the temperature will be higher and lead to higher
erosion and fatizue damage. The situation of replacements is given in Fig. VII-49.
About three replacements appear to be necessary.

10.2.4. Firse-wall strips
In contrast to the divertor configuration, sputtering by neutrals on the first

wall, in the case of a limniter, is concentrated on the strips near the leading limiter
edges. Table VII-27 gives the sputtering rates in the strip regime for the three cases.
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The erosion of the strip region due to disruption has been neglected since : |

it is assumed that the limit i
bt imniter will protect these zones. From Table VI-27

— glor tth? low-teglperature case, no sputtering is expected, and, therefore
e strips can be mad i in i with igh b
e ade sufficiently thin in order to cope with the high heat
- Ir; the ;:ase of mc}dium edge temperatures, sputtering is very high. For
_ : tohlzt 0 mm thick sacrificial layers, replacement will be necessary every year.
gh temperatures, the lower sputtering and the lower heat flux are much -

Iess severe conditions, and, therefore i
: , and, , only a single replacement i
during the lifetime of the machine. P et s needed

10.3. Conclusions

The lifetime has been anal imi
ysed for the limiter top surface, the leadin
3 d
the first walllan_d the first-wall strips along the lmiter edges. e
Three distinct cases have been looked at:

() In' the 'Iow-edge-temperature case, it is possible to build a limiter protected
with high-Z materials which can last the whole lifetime of the reactor. Th
firs.t wall has to be replaced twice, owing to the erosion by disruption; T;;
st.np at the limiter edges will last sufficiently long if the assumption thélt ’

) disruptions do not touch this area is correct.

(ii) At medium edge temperatures, solutions can be found for the limiter to
su.rface which needs an exchange every two to five years. The leadin ecl; &
will have an acceptable lifetime only if it can be made of high-Z mategri.ellsg
;?:e t;:;'ist w?ll will probably have a lifetime of more than 15 years. Howeve.r,
o : ;ut 1; :e ;::rt;rst wall along the limiter edges will be rather short-lived

(iif) The high-edge-temperature case can be solved at the limiter surface by usin,
IOYV-Z materials achieving lifetimes of the order of three to ﬁve'yearsy In ’
this case, the leading edge will have an extremely short lifetime (abot;t 8-10
months). First wall and first-wall strip are not critical. One exchange will
be sufficient to make them last for the entire reactor lifetime. £

11. RECOMMENDATIONS ON DESIGN CONCEPTS ‘

11.1. Introduction

Impurity control in INTOR is provided by either a single-null poloidal

divertor or a double-edged, pumped limiter that is shaped to evenly distribute
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the heat flux. Either component would be located at the bottom of the plasma
chamber. The focus of the effort during Phase Two A has beenon the designs
of the limiter blade and the divertor collector plate which are the structures that
experience the most severe conditions. Design solutions for these components
have been identified for different plasma edge conditions.

The primary considerations for design are the plasma-surface interactions
and the component strength requirements. For the cases examined, the materials
with desirable surface properties are not generally considered to be appropriate
structural materials. Therefore, all designs have utilized duplex structures consisting
of an actively cooled heat sink upon which a plasma-side material is bonded. The
attachment of the plasma-side material to the heat sink is a critical issue that
greatly impacts the performance and reliability of the engineering design. A high-
thermal-conductance bond, recommended as the reference attachment scheme,
can produce large stresses across the interface because of the mismatch in the
physical properties of the plasma-side and heat sink materials. The selection of
the plasma-side material is based upon the plasma environment at the plate, and
the selection of the heat sink material is based primarily on strength, thermal
conductivity, and fabrication requirements.

11.2. Divertor

“The overall configuration of the poloidal-divertor concept is shown in
Fig. VII-1. The divertor is located at the bottom of the plasma chamber with a
continuous toroidal opening extending around the reactor. The divertor is divided
into removable modules. There are 24 modules, two for each TF coil. These
modules are removable so that the divertor collector plates can be replaced with-
out removing an entire torus sector. This is required because it is anticipated that
replacement of the divertor collector plates will be more frequent than that of
the first wall. Access limitations of 12 TF coils require use of two modules per
sector to allow removal. The divertor module does not incorporate breeding at
this time, but it can be included if required.

The divertor collector plates are set at an angle with respect to the magnetic
field lines in order to limit the peak heat flux to about 2 MW. m~%. For the inner
channel, which has a peak heat flux of 4 MW m~2 normal to the separatrix, the
plate is placed at an angle of 30° to the field lines. For the outer channel, which
has a peak heat flux of 8 MW- m~2 normal to the separatrix, the plate is placed
at an angle of 15° to the field lines. Shaping of the collector plates could
produce a constant heat flux over a portion of the surface, but a compound
curvature would be required. Since the peak heat flux is already quite manageable,
shaping does not appear to be necessary.
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11.2.1 Low-edge-temperature regime

There is a significant probability that the plasma will be cooled along the
divertor channel to the point where T, at the plate is only about 30 eV (see
Chapter VI). Under these conditions, high-Z materials appear to be particularly
attractive as plasma-side material. Sputtering/re-deposition calculations indicate
that in this regime the net erosion of high-Z materials is almost zero. Practically
all of the remaining sputtering which occurs is caused by charge-exchange neutral
and self-sputtering by returning high-Z particles. The sputtered particles are
predicted to be re-deposited, however, such that the net erosion rate is close to
zero. A critical parameter in this analysis is the self-sputtering coefficient. Re-
deposition models predict a runaway self-sputtering cascade when the self-sputtering 1
coefficient exceeds unity, For high-Z materials, this point is reached at energies
in excess of 5061000 eV. When the accelerating effect of the sheath potential
%3 T;) and the charge state of the ionized particles (= 4) are taken into account,
the plasma temperature at the plate is limited to <50 eV to ensure that self.
sputtering is less than unity.

Tungsten has been selected as the reference high-Z material for use in the
low-temperature regime. It exhibits the highest energy at which self-sputtering
exceeds unity, and because of its high melting point, it is particularly resistant
to the disruptions postulated for INTOR. Tantalum and molybdenum are expected
to behave in a fashion similar to tungsten and are considered to be alternate
materials in this application.

It should be noted that it may be possible to utilize tungsten in the divertor
even when the self-sputtering coefficient exceeds unity. There are two reasons
why this may be possible, First, if a large amount of sputtered tungsten particles
enters the plasma above the plate surface, they will cool the plasma by increasing
the amount of energy radiated to the walls of the divertor chamber. As the plasma
coals, the amount of self-sputtering will be reduced until an equilibrium is

established. At this point, the amount of tungsten lost from the surface would
presumably be equal to the amount of tungsten needed to maintain the impurity
cloud above the surface of the plate. Second, if a significant portion of the
sputtered tungsten atoms s not ionized by the plasma, but is lost by depositing
on the walls of the divertor chamber, then it is possible to operate with self-
sputtering greater than unity and still not predict a runaway self-sputtering cascade.
The major concern with these concepts is the possibility that a large amount of
tungsten impurities could escape into the plasma chamber. Neither concept has
been established, so that they must be considered to be speculative for the time
being. Further work should, however, be performed in this area,

The heat sink material is tequired to have adequate strength, good thermo-

physical properties to accommodate the high heat fluxes, reasonable fabricability,
and resistance to radiation up to damage levels of 20 dpa. The materials for
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ich the largest amount of experience is available for high heat fl;llx :::ps;i::;anons
ol d copper alloys so that they are selected as refelrence eal ol
. COPPef ;ﬂ al possible alloys exhibiting acceptable physical and mechanic
b :':;m;ercially available. Little is known, howcver,. 01{: the ef;‘e..:ge_
of radiation to high fluence levels, particularly in the area of msilla::;:l:i:f:;m -

it is not possible to select a single reference alloy un o 2

fnent’ 5'lm:lcll Also, because of the complicated nature of duplex plate ' gr}s, .
. Ob'tamcbl- amo;mt of development is needed to demonstrate t_he fabrication o
o s:ructures using copper alloys. Vanadium and zirmfuum alloy.; ax:e .
PrOt?tYPed to be alternate heat sink materiais. The V-15Cr-5Ti alloy has atﬂlgalél
ConSldefe erior to those of copper alloys, but it is not co:i?merfnally available,
i:‘mpem‘:“'s;:lsual,)b[e development is required to establish the engineerng fiata base.
;ﬁg:zz?i;n:loys are commercially available, but they may be susceptible to
h;drogen embrittlement in the INTOR environment.

properties ai

11.2.2. Medium-edge-temperature regime

i of
Another likely condition at the divertor plateis a pl_asma tem.pera::;e
bout 100 eV. At this energy, the self-sputtering coefficients of h;lgh A s not
?nedium—Z materials will exceed unity at the collector pla?el, ar;d t] ;1;Ch e
i in thi ime. Only low-Z materials, for w
nsidered to be usable in this regime - ! hy
::uttering coefficients never exceed unity, are: t.:ons1dered a;ceptt:t;i:l dicate
Estimates of the sputtering and re-deposition f?rllo‘\:- :;eag  sossin in
that a loss of material from the surface atltiw 1:;:;;)“ ] ;itt: " gemable B e
i ime. To maximize the collector plate A it r e
ﬂl“:;':fsf;:; material as thick as possible. The thickness is restnctedtbyt:l:;ier;a
ﬁ:'litations of the material and by stress limitatio_ns through the ﬁla :tshe 1onge;t
Of the different materials considered, berylli_um is calculated tof a:nce e
lifetime for INTOR operating conditions; it is sclectec! as the. r; er e
in this regime. The alternate surface material ;s grap?l;e;_wglii dljepto e ere
i ifetime. The shorter lifetim .
to have a considerably shorter life : . o
temperature (and thickness) limitations that are .req.uz.red t.o avm.dtcl;il:to Jesma
sputtering. Graphite has other desirable properties 1ncluc111mg 1213s15 :ondiﬁons
i ion i 1 stresses under high-heat-flux .
gisruptions and low induced thenna. € e
If ch}:micai sputtering could be eliminated, graphite would b;:g:ne‘ iar.n e sseful
desirable material to use. Radiation damage would then pre y
life. ) ) ) «
- The heat sink material would again be a copper alloy. };Ilt;ll;;ryﬁzzr& s
the plasma-side material, a highﬁtrengt;l alltoyt, hsuchoai:;t Sur; ;:match' s Derylium.
o the pr
equired to accommodate the stresses u.c 1 T
;fcizrapkﬁte were used, any copper alloy, including e;n:ae:ln:c:hpgenzggggrcould e
i Additional str " s
capable of accommodating the stressef. ;
ad;c’led by backing the copper with a high-strength stainless steel.
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11.3. Limiter

The reference limiter design is 2 curved, double-edged pumped limiter located
at the bottom of the plasma chamber. An example of this design is shown in
Fig. VII-50. The concept utilizes a removable limiter module. One module is used
in cach of the 12 reactor sectors. As with the divertor module, the module is split
into two segments so as to allow removal. Each module consists of six replaceable
limiter blade segments, mounted by coolant manifolding to the main body of
the module.

The limiter blade has a concave shape facing the plasma. The front surface
contour is based on physics calculations to obtain a uniform heat flux of
27 MW. m™? over the surface. This results in a surface that is not symmetrical
because of the spreading of flux lines at the bottom of the plasma. The overall
width of the blade is & 145 cm. The back surface of the limiter is contoured
such that flux lines do not impinge on the blade until they contact the neutralizer
plate near the centre. The pumping channel behind the blade is set at 10 cm and !
extends for approximatety 60 ¢m behind each edge. The blade thickness varies
from approximately 3 cm at the leading edges to 10 cm near the neutralizer
plate. The thickness can be increased or decreased so as to accommodate the
electromagnetic loads; the thickness of the leading edge should, however, be
as small as possible to maximize the pumping capacity. The thickness of the
centre section (neutralizer area) can also be altered to a certain extent, but
adequate room must be allowed for supply and return water manifolds. The
vertical position of the mounting support/manifolding is located beyond the outer-
most flux line in order to prevent excessive heating by incoming particles.

The blade consists of a water-cooled substrate covered by protective tiles.
Water channels run int a poloidal direction over the entire limiter including the
back and neutralizer area. Manifolding is located in the bottom centre section and
connects to the main supply manifold/support struts. Coolant channels follow
the back of the limiter to the leading edges, to the front centre and then through
passages leading to the return manifold.
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Low plasma edge temperatures with Ty & 10 ¢V have been examined for
limiter designs. Since this environment is similar to the low-temperature divertor
regime, the design solution for the limiter blade is similar to the divertor
collector plate. Tungsten bonded to a copper alloy plate is the reference material
for the low-edge-temperature conditions. The net erosion caused by sputtering
and disruptions is calculated to be negligible for the INTOR conditions. An
alternate design is also possible in this regime. The amount of power to the limiter
is only = 22 MW (compared with 84 MW at the medium edge temperature), and

FIG.VII-50. Shaped, double-edged-bottom limiter,
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austenitic stainless steel may be considered to serve as structural material in spite
of its poor thermophysical properties. The alternate low-edge-temperature design
consists of an array of bare stainless-steel tubes (see Fig. VII-24). The use of bare 1%
tubes eliminates the problems of duplex structures, but the tubes are susceptible to %
disruption damage that could result in very short lifetimes.

analysis is required to establish the specific characteristics of the .sepafatrix

control coils. Angling of the divertor plates relative to the field lines is

necessary to reduce the peak heat flux to about 23 MW.m™.

(3) A pumped limiter design has been developed for INTOR‘. Two-channel _
pumping and shaping of the limiter are necessary to ach1ev§ adequate pumping
while maintaining the peak heat flux of about 2—3 MW - m % on the surface :
and of about 1—2 MW. m"? at the leading edges. Peak heat fluxes are
sensitive to plasma edge conditions and plasma position. )

(4) The three plasma edge regimes which have been evaluated cax? be characterized
by a plasma edge temperature over most of the scr_a;.ae_-off region and a sheath
plus pre-sheath temperature T, in the immediate vicinity of tl_te surface of
the divertor target or limiter plate. The results of the evaluation can be
surnmarized as follows: .

A.  Edge temperatures above 700 eV reduce erosion of low-.Z materials,
Tempetatures above 700 eV might be realized by reducing the et-ige )
density with pellet injection and high pumping efficiency. In this regime,
T, tends to be equal to the edge temperature. However, the INTOR
participants judge that the realization of the high-edge-temperature
condition is rather uncertain so that it would be imprudent to base
the design on this condition.

B. The medium-edge-temperature regimes (= 100 ¢V away from the plate)

" is the most likely condition if radiation from impurities does n?t reduce
the temperature. In conditions where the scrape-off layer?s thin, T,
tends to be equal to the edge temperature and the erosion is very severe.
This condition is more likely in the case of a limiter (T; = 100 eV).

In conditions where the scrape-off thickness is comparable to the
values quoted in Table V114, T; is likely to be lower than t.he edge
temperature (typically, 30 eV) and this condition is more Ilkel.y for the
divertor. Achieving a reasonable lifetime for the limiter and divertor
plate requires experimental verification of the prediction that'most of
the eroded materials will be re-deposited and that the properties of
the re-deposited material are acceptable.

C. Low edge temperatures (< 50 eV) might be obtained with high edge
radiation, and in this condition T, could be as low as 10 eV. How_et.'er,
the physics feasibility of attaining the low-edge-temperature conditions
remains to be established experimentally, Limiter and divertor plate
lifetimes can be relatively long if disruption-resistant high-Z materials
are used. .

(5) The selection of reference materials for the high-heat-flux components )
depends on a number of criteria aiming at maximizing the component life-
time. In particular, the selection of the plasma-side materials depends strongly
on the plasma conditions in the vicinity of the plate and the charge state of

11.3.2. Medium-edge-temperature regime

The medium-edge-temperature regime with T, = 150 eV is similar to the
mediumr-temperature case for the divertor. Low-Z materials must again be used
on the surface. For the reference INTOR conditions, beryllium is predicted to
have the longest lifetime and is selected as the reference plasma-side material.
Graphite is the alternative surface material, and a copper alloy is recommended for
the heat sink material. ’

The limiter, in this regime, has a problem that does not occur in the divertor.
The leading edge of the limiter is predicted to undergo rapid erosion (= 29 cm per
year), because of physical sputtering. Design modifications have been considered
to alleviate this problem. The first modification involves the replacement of
the beryllium on the leading edge with a high-Z material such as tungsten. The
plasma temperatures at the leading edge are lower than 50 eV, where the net
erosion of tungsien is predicted to be negligible. The second modification involves
the injection of Be particles into the edge of the plasma. Model calculations
indicate that a sufficient quantity of beryllium can be injected to produce a net
build-up of material on the leading edge and still not significantly affect plasma

operation, Both modifications require additional development effort.

12. CONCLUSIONS AND RECOMMENDATIONS

The major conclusions and recommendations are summarized as follows:

(1) Impurity control remains a major issue in the design of tokamak reactors.
The two leading candidates, a poloidal divertor and a pumped limiter, each
have considerable uncertainties. The divertar appears to have advantages in
impurity control and helium pumping. However, the magnetic system
necessary for the divertor introduces considerable complexity to the reactor
relative to that with a limiter. Uncertainties in the scrape-off conditions,
erosion by physical sputtering, disruptions and arcing, and in re-deposition
of eroded materials make prediction of the lifetime of the limiter and
divertor plate very difficult.

(2) A poloidal divertor design has been developed for INTOR. Analysis shows

that it should provide adequate control of impurities and acceptable helium

] removal capability. The overall magnetics design is acceptable but additional
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are <, 700 eV, a high-Z material, like tungsten, can be considered as a
plasma-side material for reducing sputtering erosion. Af high edge
temperatures, the limiter or divertor designs are similar to the medium-
temperature designs, except that a low-Z material must be used at the limiter
leading edges because of concern for high self-sputtering at the higher

impurity ions striking the plate. The charge state is estimated to be
about two to three for low-Z materials and about three to four for high-Z
matt_arials. The plasma-side materials considered are W, Ta, Mo, Be, BeO
C, Sl?, and TiC. For a pre-sheath plasma temperature, T, < 50 &V (ion s
energies < 400—700 eV), high-Z materials such as tungsten, tantalum, or a1
mqubdcnum are viable and preferable because of low erosion and good f particle energies.

{esmtance to disruptions. Tungsten is the preferred high-Z material. At i1 (9) The leading edge of the limiter presents key problems that require special

ion efnergies larger than 400—700 eV, the self-sputtering coefficient of all ] design solutions. The cylindrical geometry of the leading edge generally
medmnl'l- and high-Z materials exceeds unity, and therefore a runaway results in more severe temperature and stress distributions than the rest of
sputtering cascade is predicted. Thus, for energies larger than 50 eV only the limiter. Therefore, the heat flux to the leading edge should be kept

!0w.-2 matesdals (C, B, Be, B4C, BeQ, and possibly SiC) are viable since lower than the heat flux to the top surface. For low-Z materials, the

their sputtering yield never exceeds unity. Beryllium is the preferred sputtering loss rate is much greater at the leading edge than at the front
IOW-Z.material based on lifetime considerations. All materials have some 1 surface of the limiter.

undesirable properties. 8iC and TiC have self-sputtering coefficients which g | (10) Stress and fatigue analyses indicate that the maximum allowable thickness
may exceed unity. Graphite exhibits high chemical sputtering rates, and of the plasma-side material is sensitive to the constraint imposed by the

!360 (along with other refractory compounds like SiC) is predicted to have material on the heat sink. The stresses can be alleviated by reducing the

its fhermal conductivity reduced substantially by neutron radiation. The width of the plasma-side tiles. Initial analysis of a structure with a high-
major concem with beryllivm is the stability of the melt layer formed g strength bond indicates that a tile width of 2 em is required to reduce the
unde_r distuptions. Several alloys including Cu, Zr, and V alloys, have been £ thermal fatigue stress range to an acceptable level. Additional theoretical and
considered as heat sink materials. The reference heat sink material is a 1 experimental work is required to determine the most appropriate way of
Copp.er alloy. controlling stresses in duplex structures,

(6) Erosion by physical sputtering is predicted to be mitigated by re-deposition {11) The lifetime of high-heat-flux components depends on the maximum
of sputtered particles. Experimental data are, however, required on the rates allowable thickness for the plasma-side material and the material loss rate
of erosion and re-deposition. due to physical sputtering and disruption vaporization and melting. The
{7) The basic design configuration of the limiter and divertor collector plate predicted lifetimes vary with the plasma edge conditions and the selected

consists of a water-cooled heat sink composed of a high-thermal-conductivity plasma-side material. In the case of low edge temperature, the estimated
ftructural material to which a surface material directly exposed to the plasma lifetime for W-coated component is the lifetime of the reactor because of

18 attalched. Such 2 duplex structure is required because, in almost all cases negligible material loss. In the case of medium and high edge temperatures,
materials that meet the sputtering requirements do not have the mechanical, the predicted lifetime of Be-coated components is about two years at 50%

-Propt?rties required for structural support. The preferred attachment concept reactor availability and at the reference disruption conditions. The lifetime
is a high-strength, high-thermal-conductance bond. ' can be quite sensitive to the assumed disruption conditions. Because of the

(8) The detailed design of the impurity control companents depends on the uncertainties in the frequency, decay time constants, and energy deposition
plasma edge conditions. There are different design solutions corresponding of disruptions, the predicted lifetime for plasma-side materials can vary by a
.to the three edge temperature regimes considered. Each temperature regime factor of five. In addition, it is not known at this time what fraction of a
is characterized by the pre-sheath plasma temperature, T;, at the front melt layer formed during a disruption is lost from the surface. Additional
surface of the limiter or divertor plate. At low T;, where seif-sputtering is theoretical and experimental effort is needed.
1o concern, medium- and high-Z materials can be exposed directly to (12) Erosion of the first wall by charge-exchange neutrals is a key problem. In
th.e plasma. In general, the most desirable engineering designs are associated the case of the divertor, the charge-exchange flux is approximately uniform on
with this low-temperature regime. At medium T;, a low-Z material, such as the first wall, except perhaps near the divertor throat. In the case of the
beryllium or graphite, must be used as the plasma-side material, and a high- limiter, the charge-exchange neutrals are localized in the vicinity of the limiter.
thermal-conductivity structural material, such as a Cu alloy, mljxst be used as The rate and consequences of the transfer of eroded materials from the first
the heat sink material. At the limiter leading edge, where particle energies wall to the limiter or divertor plate (or vice versa) need assessment.
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- u;?e final recom'mendation is that the poloidal divertor should be the reference .:';
0 z y I;:ontrol option. The pumped limiter should be retained as a design
m;; c;:. ) 1:md D shou‘Id be pursued for both options to resolve uncertainties. The

nical configuration and maintenance should accommodate both options

13, MAJOR UNCERTAINTIES AND FUTURE EFFORT

13.1. Major uncertainties

The major uncertainties for impurity control are in the areas of:

(1) Plasma edge scrape-off conditions
(2) Physical sputtering

(3) Erosion/re-deposition

(4) Disruptions

(5) Irradiation effects

(6) Fatigue/crack propagation

(7) Tile/heat sink interface

[

) Knowledge of the plasma scrape-off conditions is vital to the design of the
impurtty control system. The important parameters are the plasma edge
] tem?emture, particle density, and the e-folding distances for energy, power, and
particie d*:ensity. The design analyses have shown that a systemn can ;>e desi, ’nf:i
for a particular set of edge conditions, but that the same system may be u .
able for another set of conditions, In particular, high-Z materials apy ear tna;cept‘
the best choice as plasma-side materials for edge temperatures belowp50 e\cf’ ) ;
They are, h.owever, unacceptable at higher edge temperatures because of ex.ces i ;
self—spl.zttenng. fAt present, it is believed that the most likely edge tc:m;peratun:we ‘
ic;f):;&;tmg range s 10(_) FV < To £400 eV, but there are considerable uncertainties :
n the expected conditions. Only low-Z materials are acceptable for the pl -
side tiles at edge temperatures above 50 eV. e
The lifetimes of impurity control component iti
the phy.sic‘al sputtering coefficients of plasrrfa-side :naartijizrll:.mTv;: z:: ‘(’;_ll!e: I;Oft
u'ncertamtles are the sputtering coefficients due to tritium ions, self-sputt gf .
yxelds‘, particularl'y the energy at which self-sputtering exceeds ;Jnity fl'::)r ;:cﬁim-
:}rll;ish:tgl}ttz_matenals, :sputtering.yie[ds for multicomponent materials such as $iC,and
e pt en;g coet“ﬁcwnts _fc?r highly irr.egular and re-deposited surfaces. No
oratory data exist for tritium sputtering, and the predicted sputtering coefficients
are expecte::i to be accurate to only within a factor of two. The evaluation of
self-sputtering coefficients is important to the determination of the permissib]
edge ten3peraturc ranges for medium- and high-Z materials. Finally, the actl ale
plasma-side surfaces are either expected to be irregular or to have a ’modiﬁe;
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microstructure due to re-deposition and disruptions, and the different structures
could result in different sputtering rates.

The lifetimes are also very dependent on high re-deposition rates for
sputtered particles. Such high re-deposition rates have been predicted by computet
models, but there are no data to confirm these calculations. The relative error in
the lifetime estimates can be several times larger than the relative error in predictions
of erosion and re-deposition rates. Substantial improvement in modelling of
erosion/re-deposition is required and improvement in the data base for such
calculations is necessary. Direct measurements of the erosion and re-deposition
rates in a tokamak device are needed.

Disruptions could have a strong influence on the operation of impurity control
and first-wall system because of potentially large vaporization and melt layer
losses. The degree of material loss depends on frequency, energy density, and
duration of the disruptions. In addition, the meit layer losses will depend on the
accompanying magnetic and mechanical forces during the disruptions. All these
quantities are uncertain at this time.

The bulk mechanical property data base for both plasma-side and heat sink
materials is small, and therefore the response of these materials to the heat and
irradiation conditions in INTOR cannot be predicted with certainty. Also, the
duplex structure required for impurity control components introduces the
need for an interface bond whose properties have yet to be determined. The
properties of greatest concern are the fatigue/crack propagation properties and the ‘
effects of irradiation on swelling and embrittlement of the materials,

To this point, little attention has been devoted to-the areas near the limiter
that are subjected to a high charge-exchange neutral flux. Depending on the
scrape-off conditions, these regions could experience high erosion rates and,

therefore, limited lifetimes.

13.2. Future effort

The future effort should be aimed at obtaining sufficient understanding in
the areas described in the previous section in order to successfully design and
buitd an impurity controt and first-wall system. The required effort can be divided
into research and development (R and D) programmes and design/critical issue
studies. The R and D programmes will be described in detail in Chapter XV and
will only be summarized here. The R and D programmes consist of programmes
aiming at a study of plasma-surface interactions and programmes intended for
studying the engineering development, bulk properties, and long-term response of
duplex structures. The plasma-surface programmes are in the areas of erosion/
re-deposition, response of materials to plasma disruptions, and self-sputtering yields.
The first two programmes incorporate both tokamak experiments and laboratory

simulation experiments, whereas the last programme includes laboratory
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[13] SONE, K., et al., Surface Materials Consideration for Fusion Reactors, Japan Atomic
Energy Research Institute, Rep. JAERI-M B2-156 (1982).
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[16] ZAVGORODIL, A.Ya., et al., Kinetics of gas swelling in irradiated beryllium, Solid State
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COMMERCE, JPRS 53800 {1971) 268.
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T, Nucl, Mater. 67 (1977} 113, )
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experiments only. The materials development programmes consist of fabrication
development, property evaluation of the interface bond, and bulk property evalua-
tion of both plasma-side and heat sink materials. A programme to test the
thermomechanical response of prototypical impurity control components is also
proposed. Finally, development of in-situ techniques for re-coating eroded
components is needed to find ways of extending their in-reactor lifetimes. X

The design/critical issues studies can also be divided into the areas of plasma- 18
surface interactions and engineering development of duplex structures. Additional 28
effort s needed to upgrade the sputtering/re-deposition models to include time :
evolution of the surface geometry and to parametrically examine those areas wher
there are uncertainties in the data. The disruption studies require further effort
to examine the interactions of vaporized particles with the disrupted plasma and
to study the stability and kinetics of the melt layer. Furthermore, additional work
is needed in determining the magnetic currents and forces that are produced
during disruptions. ' Engineering development should focus on the effect of
component geometry on the stresses within the structure and the influence of
irradiation on the component lifetimes. The time evolution of properties and
surface erosion should alse be included in the evaluation of lifetimes. 2-D and
3-D finite-element computer studies will be useful in uncovering and resolving a
number of key problems.

The area of impurity control must receive greater attention than in the
past. Extensive effort is required in the areas of both physics and engineering,
and innovative ideas should be encouraged.
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