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Abstract

This paper reviews the status of the design of the divertor and first-wall /shield, the main in-vessel components for ITER.
Under nominal ignited conditions, 300 MW of alpha power will be produced and must be removed from the divertor and
first-wall. Additional power from auxiliary sources up to the level of 100 MW must also be removed in the case of driven
burns. In the ignited case, about 100 MW will be radiated to the first wall as bremsstrahlung. Allowing the remaining power
to be conducted to the divertor target plates would result in excessive heat fluxes. The power handling strategy is to radiate
an additional 100—150 MW in the SOL and the divertor channel via a combination of radiation from hydrogen, and intrinsic
and seeded impurities. Vertical targets have been adopted for the baseline divertor configuration. This geometry promotes
partial detachment, as found in present experiments and in the results of modelling runs for ITER conditions, and power
densities on the target plates can be <5 MW /m?®. Such regimes promote relatively high pressure (> 1 Pa) in the divertor
and even with a low helium enrichment factor of 0.2, the required pumping speed to pump helium is <50 m?/s. An
important physics question is the quality of core confinement in these attractive divertor regimes. In addition to power and
particle handling issues, the effects of disruptions play a major role in the design and performance of in-vessel components.
Both centered disruptions and VDE’s produce stresses in the first-wall /shield modules, backplate and the divertor wings and
cassettes that are near or even somewhat in excess of allowables for normal operation. Also plasma—wall contact from
disruptions, including at the divertor target, together with material properties are major factors determining component
lifetime. Considering the potential for impurity contamination and minimizing tritium inventory as well as thermomechanical
performance, the present material selection calls for carbon divertor targets near the strike point, tungsten on the rest of the
target and on the baffle where the charge-exchange flux could be high, and beryllium elsewhere. All three materials and
relevant joining techniques are being developed in the R&D program and the final selection for the first assembly will be
made at the end of the EDA.

Keywords: ITER; Divertor modelling; Pumping and fuelling; Wall erosion; Wall particle retention

1. Introduction

Since the ecarly phase of the of the ITER conceptual
design activities, the design of in-vessel components for
ITER, in particular the divertor and first wall, has been
recognized as among the most challenging problems con-
fronting the ITER design. Not only must the invessel
components be capable of exhausting heat and particle
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fluxes at levels near the limit of what is technologically
feasible, they must do so in an environment subject to
frequent plasma disruptions which, through the resulting
electromagnetic forces, produce huge mechanical loads
that must be safely reacted by the supporting structure.
Such disruptions also deposit large energy fluxes on the
plasma facing components (PFC’s), which can lead to
melting or sublimation of the surface, and possibly damage
to the cooling system, thereby limiting lifetime of the
PFC’s and/or requiring intervention for repair. Neverthe-
less, partially as a result of progress made in an intensive
physics R&D effort launched near the beginning of the
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EDA, as well as further advances in materials and high-
heat-flux technology R & D, potentially robust solutions for
the divertor and first wall design for ITER have emerged
and their description and performance is the main subject
of this paper.

A cross-sectional view of ITER is shown in Fig. 1 and
the parameters of a representative operating point are
given in Table 1 [1]. From the table it can be seen that the
average neutron wall loading is 1 MW /m?, the recom-
mended value for testing of DEMO-relevant blanket mod-
ules. For the ignited plasma whose parameters are given in
the table, this implies an average thermal load of 0.25
MW /m?. The design also has the capability for a driven
burn using an auxiliary heating capability of up to 100
MW, in which case the average thermal wall loading
would increase to 0.33 MW /m>. While such values are
not difficult to accommodate by the first wall, the exhaust
power is largely transported to the divertor, where in the
normal high-recycling regime it is deposited in a relatively
small area on the divertor target plates. Power densities
there could then approach or even exceed 30 MW /m?, an
unacceptably high value.
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The basic strategy for coping with the power exhaust
problem is illustrated in Fig. 2 which shows a large
fraction of the power being radiated before it is transported
to the divertor. In typical discharge conditions, 100 MW or
about 1 /3 of the a power is unavoidably radiated directly
to the first wall by bremsstrahlung. Of the remaining 200
MW, 100-150 MW is to be removed by radiation from
impurities, both intrinsic (He, Be, C) and seeded (Ne,
Ar,...), and also hydrogen, in the edge mantle, i.e., the
region just inside the separatrix, in the SOL, and by
charge-exchange with neutrals, which occurs mainly near
the divertor plates. In this way the power flux to the target
can be reduced to the range 5-10 MW /m” which is a
reasonable nominal value for the target design. Further-
more, based on modelling results for these conditions
(Section 2.1), the divertor channel is expected to partially
detach, and the peak power density would then fall below
the 5—10 MW /m? level. In order to promote detachment,
and also to encourage the possibility of substantial power
loss from the divertor at moderately low power density, a
relatively large fraction of the in-vessel space is devoted to
the divertor structure (Section 2.2).
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Fig. 1. Cross-section of the ITER tokamak design showing the divertor and first-wall /shield layout.
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Table 1

Parameters and a representative operating point for the ITER
design as described in the interim design report. The confinement
time used in obtaining the operating point is that derived for
ELMy H-Mode by the ITER confinement database and expert
group [2]

Parameter Symbol Value
Major, minor radius R, a 8.14,28 m
Plasma elongation Kos» K ~ 1.6, ~1.75
Plasma triangularity 8ys ~ 024
Nominal plasma current I 21 MA
Toroidal field B 5.68T

(at R =8.14m)
MHD safety factor Gos 3.05
Volume-averaged temperature T 10.5 keV
Volume-averaged density n 1.3x10% m~?
Impurity fractions SBe» fue  0.02,0.14
Effective charge Z s L5
Normalized beta B, 24
Fusion power (nominal) P, 1.5 GW
Average neutron wall loading I, ~1MW/m?
Burn duration hurn 1160 s
Plasma magnetic, thermal energy  W,,,. Wy, 1.1, 1.2G)

Disruptions pose a major problem for the design of all
in-vessel components. Despite rapid progress during the
last 20 years of tokamak development, disruptions still
occur frequently in all operating tokamaks and it must be
assumed that this will be the case for ITER. Consistent
with present experience, it is expected that ITER will have
a relatively high disruption frequency (~ 30%) in the first
few years of operation, but that the frequency should
decline to perhaps < 10% as the operation becomes less
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Fig. 2. Schematic division of power flowing to the first wall and
divertor.

exploratory toward the end of the Basic Performance
Phase. Three basic types of disruptions are foreseen: one in
which the plasma first undergoes a partial or full thermal
quench followed by a rapid current quench with small
vertical displacement (type 1); a second which is similar to
type 1 except that there is a period of substantial vertical
movement before or during the current quench (type 2);
and a third in which there is first a loss of vertical control
followed by a large vertical displacement of the plasma
which still contains most of its thermal energy (type 3). As
a result of disruptions, substantial currents will be induced
in the first-wall and shielding-blanket structure, as well as
in the divertor, and these currents produce forces which
must be carefully taken into account in the design.

The first wall is integrated into shielding-blanket mod-
ules which are in turn connected to a 100 mm thick
toroidal shell or ‘backplate’ (see Fig. 1). The electromag-
netic pressure resulting from each of the three types of
disruptions is transmitted from the wall through the mod-
ule to the backplate, where it is at least partially reacted as
hoop stress. However, in the case of type 2 and 3 disrup-
tion, net vertical and horizontal forces (~ 150 MN and
~ 50 MN) arise which will be transmitted to the vacuum
vessel through the blanket support legs. A particularly
difficult design issue is the attachment of the blanket
modules to the backplate; on one hand, the modules must
be removable for repair (and also for conversion to the
breeding blanket required for the extended performance
phase) by reasonably straightforward remote handling op-
erations, and on the other hand, the attachment must be
extremely robust in order to cope with the enormous
disruption forces. The modular design developed in the last
two years of the EDA appears optimum in meeting the
stringent design requirements. More details regarding the
design and an analysis of its ability to safely react the
limiting disruption mechanical loads are presented in Sec-
tion 3.

An additional effect of disruptions is the energy re-
leased to the plasma facing components and its effect on
both structural integrity and lifetime. In the case of a
thermal quench which is expected to occur when the
plasma is diverted (type 1), most of the plasma thermal
energy is expected to be dumped onto the divertor plates
and significant material can be lost by melting or sublima-
tion. The frequency and intensity of such events, as well as
the material, are a determining factor in the expected
lifetime of the divertor target (Section 4). However, since
the divertor target thermo-hydraulic system is designed for
very high heat fluxes, it is expected that no structural
damage should occur. For type 2 and 3 disruptions, in
which substantial vertical motion occurs, plasma-wall con-
tact will occur and an energy flux to the wall of 20-60
MJ/m? is anticipated. The heat removal system for the
first-wall necessarily has far lower capacity than that for
the divertor, and the possibility for burnout exists. A
critical parameter is the duration over which the energy is
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released, the most dangerous time being about one second,
near the thermal equilibration time of the wall. For shorter
times, steady-state conditions are not reached and the
hydraulic system is protected by the walls thermal inertia.
For somewhat longer times, the maximum heat flow to the
coolant is limited by the heat flux that can be supported by
the maximum thermal gradient in the wall. Since both the
mechanical and thermal effects of type 2 and 3 disruptions
are critical to the design, mitigation measures against these
disruptions are being vigorously pursued in the physics
R &D program.

2. Divertor design and performance

The ITER divertor is required to exhaust the major part
of the alpha particle power, exhaust the He ash rapidly
enough to keep the He concentration in the main plasma
below 10%, keep the neutral (DT, He,...) leakage from
the divertor to the main chamber below ~ 30 Pa m?/s,
achieve acceptable component lifetimes with a goal of
greater than 3000 full power discharges which include up
to 1000 high power transients, withstand the thermal- and
electromagnetic loads during disruptions (goal 1000 dis-
ruptions at full power) and be designed to be exchangeable
by remote handling within 6 months. The high power
transients are events anticipated to be caused by power
excursions or other changes in plasma conditions, which
temporarily ‘burn through’ the normally detached or par-
tially detached plasma conditions at the divertor plates.
They will result in transient heat loads of ~ 20 MW /m?
lasting up to 10 s while the thermal flux expected for
normal plasma conditions is 5 MW /m?.

2.1. Physics concept and modelling results

To meet these goals, it is necessary to have both a
robust engineering design and to achieve plasma opera-
tional regimes which (1) reduce the heat loads on the
plasma facing components to acceptable levels Qre ~ 5
MW /m? without unduly increasing the particle flux and
(2) provide adequate helium partial pressures (> 0.01 Pa)
in the divertor for He exhaust. Therefore the divertor
plasma has to be operated so that (1) most of the power
crossing the separatrix is spread out over the walls of the
main chamber and divertor chamber by radiation and
charge exchange before the plasma reaches the target
plates and (2) most of the recycling neutral gas is confined
in the divertor chamber, producing high neutral pressures
there of 0.3 to 10 Pa. The basic physics picture of how
detached or semi-detached regimes apply to ITER is de-
scribed in [3]. The important atomic processes important
for accessing these regimes have been identified and de-
scribed in [4].

During the last few years regimes of this type have
been achieved on many divertor tokamaks [5-9] and have

been reported and discussed in the ITER divertor expert
group meetings. A basic physics picture for these regimes
and how they apply to ITER has emerged. Detachment is
achieved by either strong gas puffing or by a combination
of impurity seeding (N, Ne, Ar) and gas puffing. Strong
gas puffing enhances the radiation of intrinsic impurities as
well as the plasma—neutral interaction in the divertor and
impurity seeding adds additional radiating impurities. For
all of the major divertor experiments, a reduction of the
peak heat flux on the divertor plates by a factor of up to
five or more (Figs. 3 and 4) [9-13] could be attained even
for the maximum available heating power. In general, as
the gas puffing rate was increased, the ionization front (5
eV boundary) moved from the target to near the X-point
where all the radiation was concentrated. However, recent
experiments indicate that the location of the ionization
front as well as the radiation loss region can be controlled
by feedback on the gas and impurity fuelling [11,14].
Discharges where the radiating area is distributed along the
separatrix between the target plate and the X-point are
detached only near the separatrix, remaining attached in
the outer region of the SOL. The existence of this ‘semi-
detached’ regime does not appear to depend on the diver-
tor geometry. It has been observed in vertical target as well
as flat plate divertors [15,16]. However, the threshold
density and impurity concentration for detachment depends
on the power flux into the divertor and on the divertor
geometry (including the amount of baffling) [15].

Gas puffing (which increases the radiation of the mostly
low-Z intrinsic impurities) appears to produce detachment
at slightly higher densities than with medium-Z impurity
injection (e.g., Ne). However, with gas puffing and intrin-
sic impurities, the radiation is concentrated at the X-point
and below. With medium-Z impurity fuelling, a substantial
fraction of the power is radiated in the mantle of the core
plasma which reduces the power flux into the divertor.
Once the temperature at the divertor plates is low enough
for a significant fraction of neutrals to be able to escape
the plasma fan, the neutral pressure in the divertor area
starts to rise promoting radiation and momentum losses.
The consequent detachment usually starts at the inner
divertor channel due to the well known target power
asymmetry [12,14]. However, when the outer divertor starts
to detach, the target power asymmetry disappears.

All experiments find that completely detached plasmas
(with the ionization front at the X-point) have confinement
that is close to L-mode. With detached plasmas, the recy-
cling neutrals are not as well confined near the divertor as
with attached plasmas. The neutral pressure around the
main plasma is therefore higher and the confinement de-
grades [17]. The confinement is better with the injection of
medium-Z impurities such as Ne than with gas puffing
alone (e.g., the CDH-mode [7,11]). The neutral pressure is
lower since less gas puffing is necessary to achieve detach-
ment but the observed impurity levels are too high (Z
values > 2.5) for ITER. At this time, a detached discharge
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that simultaneously has good confinement and a low Z
has not yet been observed experimentally. However, in
contrast to ITER most of the present divertor configura-
tions have either no baffle at all or have rather large
bypass leaks which allow neutrals to escape to the main
chamber to the divertor. This leakage also limits the
neutral pressure in the divertor and thus delays the onset of
detachment. Most of the major divertor experiments will
modify their divertors to enhance the retention of neutrals
in the divertor chamber (becoming more like the highly
baffled ITER design).

While detached operation would have the lowest heat
and particle loads, operation with partially detached plas-
mas in ITER would result in higher temperatures and
therefore ionization rates in the outer region of the SOL
and thus help to provide a plasma ‘seal’ and thus reduce
the flux of neutrals away from the divertor plate toward
the main plasma. This regime might therefore have better
confinement performance since it is known that high neu-

tral pressure in the main chamber can lead to confinement
degradation. It would resuit in slightly higher power fluxes
on the ITER divertor targets (up to 10 MW /m?) and
shorter component lifetimes than a fully detached regime
(Section 4.1) but is a feasible regime for ITER.

These experimental observations together with a variety
of models (analytic and one and two dimensional codes)
and an edge data base are being used to assess the perfor-
mance of the ITER divertor. The goal for ITER divertor
operation is that energy losses from the main plasma and
divertor must be high enough so that the peak heat flux on
the divertor plates is in the order of 5 MW /m? or about 50
MW in total. The total heating power in ITER consists of
300 MW of alpha particle heating and up to 100 MW of
auxiliary heating. Energy losses due to bremsstrahlung
from the plasma center, impurity line radiation from the
‘mantle’ at the plasma edge inside the separatrix, radiation
from the scrape-off layer and divertor plasma due to H,
He, Be and/or C, and Ne, Ar, or Kr and charge exchange
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Fig. 3. Contours of the radiation losses (W/m") in ASDEX Upgrade measured by tomographic analysis of bolometer data for a CDH

regime plasma produced with strong neon and deuterium fuelling [11].



losses are all potential processes which can reduce the
power on the divertor plates. The power balance foreseen
for ITER is summarized in Table 2.

For a Z; of about 1.6 with ny, /n, ~ 10%, ng./n, ~
1% and 0.3% Ne, the bremsstrahlung radiation from the
plasma core will be about 100 MW [18]. Bremsstrahlung
losses play a much larger role in ITER than in present
experiments because the ITER alpha particle heating den-
sity of 0.13 MW /m? is much lower than the auxiliary

R. Parker et al. / Journal of Nuclear Materials 241-243 (1997) 1-26

heating power density of ~ 1 MW /m? in present experi-
ments, while the high density and temperatures in ITER
increase the bremsstrahlung emission.

The remaining 200 to 300 MW of power must be
reduced to ~ 50 MW by impurity radiation and other
atomic processes. The plasma electron temperature in the
main plasma ranges from 200-500 eV at the separatrix to
15-20 keV at the plasma center. The electron temperature
in the SOL and divertor plasma ranges from 1-20 eV near
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Fig. 4. Radiation loss rates (MW /m*) in DII-D produced with strong D, and neon fuelling and the heat loads on the divertor plates before
(upper curve) and after (shaded) neon fuelling [6].
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Table 2

ITER power balance sum

Process Power  (Range)
MW)

Alpha heating (plus auxiliary heating) 300 (300-400)

Bremsstrahlung from plasma core 100 (60-120)

Mantle (Ne, Ar or Kr) 50 (50-150)

Divertor /SOL losses 100 (50-200)

(CX, H, He, Be/C, Ne /Ar/Kr)

Divertor plate 50 (50-100)

the divertor plate to 20—500 eV near the separatrix at the
midplane. Higher-Z impurities such as Ar and Kr are
therefore optimal for radiation in the plasma mantle (Fig.
5), whereas a somewhat broader selection of impurities are
appropriate for the SOL and divertor.

Calculations using a simple analytic model indicate that
the radiation in the plasma mantle will be in the 40 to 100
MW range for neon and argon, depending on the plasma
transport and the edge density, for a AZ of ~ 0.3 due to
these impurities [18]. More detailed calculations using the
GTWHIST 14 dimensional tokamak transport code with
multi-species impurity transport indicates that the radiation
from the plasma edge ‘mantle’ inside the separatrix can be
between 50 and 150 MW with acceptable plasma perfor-
mance [18,19]. For example, the mantle radiation is about
100 MW with 0.1% of Argon (Fig. 6) whereas 0.01% Kr
produces roughly equivalent results. For the highest levels
of radiation from the mantle and central plasma, 20 to 30
MW of auxiliary heating is required to compensate for the
increased core radiation. Not all of the power can be
radiated from the mantle because some power is needed to
exceed the H-mode threshold and avoid the H — L transi-
tion. Depending on the scaling, the H-mode threshold
power for ITER varies from 40 to 150 MW. For the
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Fig. 5. Radiation loss coefficients for representative elements in
ITER.

highest H-mode threshold scalings, the mantle radiation
should not exceed ~ 50 MW and the divertor and SOL
would have to handle 150 MW.

The power to the divertor will therefore be between 50
and 250 MW with a nominal value of 150 MW, which
needs to be reduced by radiation and charge exchange to
50 MW on the divertor plate. Analytic models similar to
the ones used for the mantle indicate that for a mid-plane
density of 5 X 10'® m ™3, the impurity radiation levels with
about 0.33% Ne or 0.1% Ar (AZ = 0.3) will be 25 to 35
MW [18]. These estimates do not include effects that
would increase the radiation losses such as two dimen-
sional heat conduction, charge exchange recombination
and impurity recycling. Sufficiently rapid impurity recy-
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Fig. 6. Power balance calculated using the GTWHIST code. Pyypyy is the total input power, Pg,pror iS the total radiated power, Pyapin
is the radiated power from inside the separatrix, Pgpyy, is the bremsstrahlung loss from the plasma center, Pgq; is the power radiated from
the SOL and divertor plasma (outside the separatrix), and Pp,y-plate is the power on the divertor plates [19].



8 R. Parker et al. / Journal of Nuclear Materials 241-243 (1997) 1-26

cling [4] or a neutral fraction of 3 X 10™* would increase
the neon radiation levels to 70 MW. The contribution of
many of these effects has been evaluated with 2D divertor
models (B2 and UEDGE) with simplified impurity trans-
port algorithms. A UEDGE [20] calculation with a uniform
neon fraction of 0.33% indicates that the neon radiation is
about 100 MW with another 20 MW of radiation due to
hydrogen [18]. Calculations with the B2 code {21] using a
multi-species transport model for neon without the ion
temperature thermal force indicate that the Ne radiation
level will be about 70 MW for similar conditions and 0.1%
Argon produces equivalent results. Adding the line radia-
tion from ‘intrinsic’ impurities such as He, Be and C and
from hydrogen, and charge exchange losses, these esti-
mates indicate that 100 to 150 MW can be radiated from
the divertor with Ne or Ar with (AZ=03) if the
impurity distribution is fairly uniform [18].

These calculations do not include the effect of the ion
thermal force, which tends to lower the impurity density
where most of the power is flowing by pushing the impuri-
ties up the ion temperature gradient toward the mid-plane.
This happens in particular near the separatrix where the
temperature gradient is strongest. They then diffuse further
out into the SOL where they flow back toward the divertor
plate. This can significantly reduce the impurity radiation.
This effect is especially strong when flow reversal occurs
near the separatrix and the plasma flows back toward the
main plasma from the divertor so that the friction force
also depletes the impurities near the separatrix [22]. The
B2 /EIRENE [23] and UEDGE [20] codes have been used
to study the impact of these effects. Both of these codes
are being extensively validated by their use in analyzing
divertor data [10,24,25]. The status of the validation of

200

divertor models is reviewed in a paper by Loarte [25]
given at this meeting. The B2 /EIRENE code has been
used to analyze the experimental data from detached AS-
DEX Upgrade [24,26] and the UEDGE code has been used
to analyze data from DIII-D [27]. The UEDGE calculations
indicate for ITER that the neon radiation will be 20 to 40
MW for an upstream Ne concentration of 0.4-0.6% de-
pending on the cross field transport [18]. The hydrogen
radiation losses are about 15 MW and are relatively inde-
pendent of the neon level. A MARFE forms for neon
concentrations above 0.8% and the calculation cannot be
carried further.

Calculations with the B2 /EIRENE code for ITER [23]
indicate that with a power across the separatrix of 200
MW, a separatrix density of 4.4 X 10'"® m™* and a helium
concentration of 10%, total radiation levels of up to 160
MW can be obtained for neon concentrations in the plasma
core between 0.5 and 1% (Fig. 7) and the power to each
divertor target is reduced to about 20 MW [23]. The peak
power on the divertor plates drops from 10 MW /m? with
0.5% neon to about 1.4 MW /m? with 1% neon (Fig. 8).
The neon radiation losses are 40 to 50 MW, roughly
consistent with the UEDGE results (Fig. 9). The thermal
force and flow reversal reduce the neon radiation below
that calculated for a uniform neon concentration. However,
the radiation losses are very high because the hydrogen
radiation is more than 100 MW (Fig. 9). A region of cold,
dense plasma forms along the separatrix and near the
X-point. Volume recombination is very strong in this
region and the neutral and ion densities there are both
10%-10%! m—3. The regions where ionization and recom-
bination occur are adjacent forming a ‘virtual target’ and
the recycling takes place locally within the plasma. Each
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Fig. 7. Calculated B2 /EIRENE total radiation losses (neutral, ion, bremsstrahlung) and total power to the inner and outer divertor plates
(both plasm and neutrals: conduction, ion convection, surface recombination, neutral convection, molecular dissociation) as a function of the

neon concentration at the core-edge interface for ITER [23].
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ionization and each recombination event radiates about 10
eV. The radiation emissivity in this region is in the 3 to 10
MW /m® range. This type of recycling is fundamentally
different from recycling off a solid surface where the
ionization energy is deposited on the plate for each recom-
bination.

This type of divertor plasma behavior is similar to the
results of recent experiments with detached plasmas in
Alcator C-Mod in which the total energy losses as mea-
sured by bolometers rise strongly during detachment, but
the impurity radiation is reported to remain relatively
constant [13]. Volume recombination has been reported in
many experiments (e.g., Alcator C-Mod [13]) This regime
is very promising for ITER operation, but needs further
modelling studies and experimental validation. A 1% neon
concentration in the core, together with the helium and
intrinsic impurities, will likely produce unacceptable penal-
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Fig. 9. Calculated B2 /EIRENE radiation loss contributions from
different sources (neutrals, Ne ions, He ions) as a function of the

neon concentration at the core-edge interface for ITER [23]
(Bremsstrahlung in SOL negligible).

ties in plasma performance but concentrations of 0.5% are
probably acceptable.

Calculations with the EDGE2D/NIMBUS code indi-
cate that with light seeding with nitrogen, due to the strong
cross field transport which is assumed, based on JET data,
modest radiation losses are sufficient to reduce the peak
heat loads on the divertor plates to acceptable levels [28].

The effects of flow reversal and the ion thermal force
can be overcome if the plasma flow toward the divertor
plate and the associated friction force on the impurities are
sufficiently strong. A sufficiently strong flow could poten-
tially result in higher impurity concentrations in the diver-
tor than in the main plasma and significantly enhanced
radiation levels in the divertor. The plasma flow toward
the divertor can be increased by intense gas puffing in the
main chamber and pumping in the divertor. Preliminary
estimates of the flow rates needed range from 200 to 500
Pa m® s™! for ITER. The present capability of the gas
fuelling system is 200 Pa m® s~' (Section 2.5) but it can

be extended to higher values if the experiments presently
being carried out indicate that this technique is effective in
enhancing the radiation levels [10].

The pumping system must exhaust the 2 Pa m® s~' of
He produced by 1.5 GW of fusion power and keep the
ambient central helium concentration below 10%. All mea-
surements of helium transport in the main plasma of
present experiments indicate that the helium confinement
is roughly the same as that of the background plasma for
all regimes except the reversed shear regime where JT-
60/U reports very long central confinement times for
helium. The helium concentration will therefore be similar
in the plasma edge and plasma core. However, the helium
concentration in present experiments is observed to be
lower in the neutral gas in the divertor than in the core of
the main plasma by a factor of up to 5 [29]. Thus 50 Pa m®
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Fig. 10. Neutral pressure helium fraction, helium enrichment and
an estimate of the helium partial pressure in the private flux
region as a function of the neon concentration at the core-edge
interface [23].

s~ ! of gas needs to be exhausted from the divertor. Thus a

gas pressure of 0.25 Pa or greater is needed to ensure He
exhaust. Pressures of this magnitude and greater are com-
monly found on divertor experiments, particularly in highly
baffled divertor experiments [30].

He ‘de-enrichment’ is also found in modelling studies
[31]. Studies using the B2 /EIRENE and UEDGE codes
indicate that the ion thermal force in combination with
flow reversal of the background plasma can reduce the
helium exhaust efficiency for the ITER divertor configura-
tion {23]. These effects produce a ‘flow reversal’ in the
helium ions. The helium ions circulate in the SOL between
the target plates and the main plasma, flowing toward the
main plasma near the separatrix and toward the divertor
plate further out in the separatrix. This leads to depletion

of the helium density near the separatrix {31] and to a
concentration of the helium density further out in the
scrape-off layer. The pumping in the ITER vertical target
divertor is from the private flux region. To reach the
pumps, the recycling helium atoms must traverse the
plasma near the separatrix. If the temperature of the plasma
near the separatrix is above 6-8 eV, most of them will be
ionized, resulting in very low helium concentrations in the
pump duct. The B2 /EIRENE -calculations for ITER de-
scribed earlier indicate that the helium ‘enrichment’ is 0.04
for a strongly attached plasma (Fig. 10). Additionally, the
high temperature along the separatrix for attached plasmas
leads to significant pumping of the neutrals in the private
flux region, so that the neutral pressure in private flux
region is also lower than with detached plasmas which
have a significantly higher ‘albedo’ for the neutrals. This
effect has been seen on Alcator C-Mod [13]. The calcu-
lated enrichment for ITER with 0.5% Ne is about 0.15.
The estimated helium partial pressure ranges from 0.03 to
0.07 Pa, which is adequate for helium exhaust.

The results from present experiments and their extrapo-
lation to ITER have led to the development of the present
concept for the ITER divertor. These results and physics
design analysis indicate that a variety of atomic processes
will be able to spread out most of the heating power over
the walls leading to acceptably low peak heat fluxes on the
divertor plates. These results also highlight issues needing
further research and development including the need to
demonstrate the ability to control the level and location of
the radiation losses while maintaining adequate core plasma
performance, the need to control the helium and impurity
transport in the main plasma and divertor and to be able to
compensate for transport effects such as the thermal force
and plasma circulation in the scrape-off layer. The ongoing
experimental and theoretical international research pro-
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Fig. 11. Divertor cassettes mounted on rails in bottom of vacuum vessel. Insert shows detail of earth-straps connecting backplate to vessel

and gas seal isolating divertor from upper chamber.
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gram in divertor physics is focused on developing an
understanding of divertor operation and methods for reduc-
ing the power and particle fluxes on plasma facing compo-
nents with emphasis on improving the power and particle
control system for ITER. The ITER divertor consists of
components housed in 60 easily removable cassettes to
maximize the flexibility for component repair and modifi-
cation so that results from this research can be incorpo-
rated in the ITER divertor within a few years even after
ITER has begun operation.

2.2. Divertor engineering design

The ITER divertor consists of 60 cassettes, each 5 m
long and 0.5 m to 1 m wide mounted on toroidal rails
which are welded onto the bottom of the vacuum vessel
(Fig. 11). The divertor cassette concept has been adopted
to serve as a flexible basis for different divertor geometries
and at the same time to provide a well defined interface to
other machine components and to remote handling. Cas-
settes located in front of the four dedicated handling ports
(‘central’ cassette) include those containing optical and /or
micro-wave diagnostics, while two so-called ‘second’ cas-
settes positioned on either side of a central cassette incor-
porate diagnostic sensors (e.g., magnetics, Langmuir
probes, pressure gauges). Six pipes per divertor port route
coolant to the casselttes.

The plasma facing components that form the divertor
channels for the inner and outer legs of the divertor are
supported on a stainless steel cassette body (Fig. 12). This
body withstands the electromagnetic forces, provides
shielding for the vacuum vessel and coils, and incorporates
internal coolant routes which cool the cassette body and
act as manifolds for the PFC’s. The cassette body can
accommodate differing divertor configurations that might
need to be tested during the BPP of ITER. It is anticipated
that up to three complete replacements of the divertor
PFC’s will be carried out during the BPP, because of
armor erosion and possibly because of changes in the
divertor configuration. However, it is foreseen to re-use
the cassette bodies for the entire BPP (and possibly EPP),

Inboard target

Fig. 12. Exploded view of divertor cassette showing detachable
high-heat-flux components.

minimizing both costs and the amount of irradiated waste
produced. The replacement of the PFC’s is performed
more efficiently ex-vessel in a hot cell, where the refur-
bishment of 60 spent cassettes will take about one year.
Therefore a second set of divertor cassettes will be stored
in the hot cell in order to facilitate fast replacement (< 6
month) of the spent ones.

The geometry being developed for the first ITER diver-
tor is the vertical target option. In this option a vertical
target intercepts the plasma outboard of the separatrix at a
poloidally acute angle. The target comprises a stainless
steel water cooled structure capable of sustaining the elec-
tromagnetic forces, onto which a water cooled (swirl flow)
copper heat sink is mounted. The copper is clad with
tungsten at the upstream end of the divertor channel in
order to minimize erosion and carbon at the downstream
end where the highest heat flux is anticipated. A water
cooled copper wing [32] mounted in front of a water
cooled copper liner (both clad with tungsten armor) pro-
tects the stainless steel cassette body at the other side of
the divertor channel (in the private region). Finally a
dome, which is a water cooled copper structure clad with
either tungsten or beryllium, is located beneath the X-point
(Fig. 11). Tt provides a baffle preventing neutrals from
entering the main plasma at the X-point and protects the
wings from direct interaction with the plasma. It should be
noted that the modular nature of the components is an
important feature of the design, allowing the PFC’s clad
with beryllium, tungsten or carbon to be manufactured and
fully tested prior to being installed on the cassette body
towards the end of the manufacturing cycle.

Targets on adjacent cassettes must be aligned accu-
rately with respect to one another and angled slightly so as
to shield leading edges of the adjacent components from
direct incidence of the field lines (saw-toothing). However,
because the divertor intersects only open field lines, the
overall alignment of the divertor against the toroidal field
is much less critical than for limiter and baffle modules
(+3 mm). A moderate global misalignment would thus
only influence the location of the strike zones on the
vertical targets (> + 10 mm is allowable). Therefore only
the alignment between adjacent cassettes and the protec-
tion of leading edges is critical in the divertor. The angling
which provides this protection has to be as small as
possible since it increases the peak heat flux on the already
highly loaded vertical targets. A maximum step in the
poloidal direction of 2 to 4 mm is therefore under consid-
eration. Costs and manufacturing as well as installation
feasibility will determine the final value. In order to achieve
an installed tolerance of this order (+1 mm to 42 mm),
the toroidal rails onto which the cassettes are mounted, are
welded to the floor of the vacuum vessel and then sur-
veyed. The cassette shoes which lock the cassette bodies
onto these rails are each accurately machined to suit and
the PFC’s are rigidly held on the cassette body against
machined reference surfaces.
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It is predicted that the heat-flux incident on the PFC’s
when averaged over the surface will be less than | MW /m?
However the design anticipates an uneven power distribu-
tion with steady state peak power densities of up to 5
MW /m? and transients incident on the highly inclined
vertical targets of up to 20 MW /m>. These high heat loads
and the embrittlement of Cu alloys at low temperatures
(120°C) by neutron irradiation require to find a compro-
mise between the operating temperature window for the
irradiated copper alloy, the optimization of the thermal-hy-
draulic performance of the PFC’s and the size and costs of
the divertor heat transfer system (which approaches the
costs of the divertor components themselves). Therefore
the coolant parameters adopted for the divertor HTS are:
140°C inlet temperature, 4 m®/s total flow rate, 4 MPa
inlet pressure, and 1.5 MPa pressure drop. Testing per-
formed by the CEA at the Le Creusot test facility [33],
using the ITER coolant parameters, indicates that a critical
heat flux limit (CHF) > 25 MW /m? can be achieved.

A vigorous R&D program is in place in the four home
teams developing joining techniques suitable for attaching
the three candidate armors to the copper heat sink. High-
lights in the joining include the progress made in the US
using graded copper—tungsten layers and in the EU the use
of active metal casting of copper onto carbon and tungsten
(the cast Cu can then be welded to a Cu heat sink). The
attachment of beryllium to copper is focused on silver free
brazing and diffusion bonding using aluminum and tita-
nium as diffusion barriers (inhibits the formation of brittle
intermetallics). Repair of damaged beryllium surfaces us-
ing plasma spraying is also proving very promising. Beside
the three armor materials, three copper alloys for the heat
sinks are being investigated by the HT’s. These are disper-
sion strengthened copper, and the precipitation hardenable
alloys of CuCrZr and CuNiBe. A final decision on the
armor and the heat sink materials, as well as on the joining
technique(s) to be used for the first ITER divertor is
scheduled for 1998.

For the ITER in-vessel components earth straps are
required in the poloidal direction to prevent component
damage by arcs and to bypass the current which would
otherwise partly flow along the divertor cooling pipes
causing them to be damaged by the J X B forces. The
maximum halo current which can occur in one of the
divertor cassettes is 200 kA (see also Section 2.3). Thus
earth straps capable of conducting such a current are
needed between the bottom of the blanket backplate and
the divertor cassettes as well as between the blanket /di-
vertor cassettes and the vessel. In addition, gas seals are
required at the same location to prevent the relatively high
pressure neutral gas in the divertor area from streaming
behind the blanket and between blanket modules into the
main plasma chamber (Fig. 11). For the same reason the
baffle modules follow the 6 cm flux surface and thus
support plasma plugging of neutrals in the divertor. High
neutral pressure (high neutral flux) around the main plasma

would degrade the confinement [34] and increase the tri-
tium take-up in the first wall. From these considerations an
allowable gas leak of ~30 Pa m® s™' (8 X 10?' parti-
cles/s) has been specified. The total acceptable gap be-
tween divertor and main chamber is then approximately
0.045 m? (implying a 0.5 mm gap between the blanket and
divertor) when considering sonic gas velocity. Hence be-
side the opening between blanket and vacuum vessel, the
30 mm gap between the divertor and the baffle and also
the 10 mm vertical slot between adjacent cassettes needs to
be closed (Fig. 11).

This is achieved with combined gas seals and earth-
straps installed between the divertor cassettes and a can-
tilever structure which is mounted on the vacuum vessel
(inboard and outboard) and which is capable of sustaining
the electromagnetic loads (Fig. 11). The seal /earth-strap
between the cantilever and the divertor cassettes satisfies
the gas sealing requirement, acts as an earth-strap, sustains
the electromagnetic loads, accommodates misalignment and
relative motion during operation and allows a simple re-
mote detachment during cassette removal /installation. In
the outboard cantilever additional shielding could be pro-
vided to reduce the streaming of thermal neutrons into the
divertor port and thus decrease the irradiation of diagnostic
equipment and cryopumps. The current path from the
blanket back plate to the cantilever is provided through
hinged plates with spring washers. The design allows for
radial and vertical relative travel of the blanket (~ 6 cm)
as well as for a few degrees of rotation. The gaps (vertical)
between adjacent divertor cassettes are closed by special
ceramic inserts with spring plates.

2.3. Disruption loads

The main causes of large dynamic electromagnetic
loads in the divertor are related to: (a) the fast toroidal flux
change during a thermal quench at the beginning of a
plasma disruption (B, drops to 0); (b) the poloidal flux
change related to the current quench phase, and (¢) to the
transfer of part of the toroidal plasma current from the
plasma halo to the divertor structure. The change of the
toroidal flux (a) induces a poloidal current of up to 5 MA
in the plasma facing components for the worst cases (high
initial B). The time scale of this phenomenon is expected
to be about | ms, therefore the current tends to flow in a
very narrow shell on the surface of the components and
has a quite uniform toroidal distribution. The effect of this
current is to pull the divertor towards the plasma (maxi-
mum force is ~ 1.6 MN per cassette) and to produce a
pulling pressure on the vertical targets (about 1 MPa and
0.6 MPa at the inner and outer target, respectively).

The toroidal plasma current decay (b) produces a fast
variation of the poloidal magnetic flux in a time scale of
the order of 10—-100 ms. In toroidally connected structures
such as the first wall and back-plate, or the vacuum vessel,
the induced current tends to flow in the toroidal direction.



R. Parker et al. / Journal of Nuclear Materials 241-243 (1997) 1-26 13

However, in the divertor the patterns of the eddy currents
are more complicated and depend upon the connection of
the different sub-component to the cassette body. In the
wings the eddy current distribution can be regarded as the
sum of two loops: one formed by the two adjacent wings
on each cassette, the dome at the top, and the cassette body
at the bottom. The other loop occurs within each wing
itself. The resultant distribution is an approximately linear
profile of current which peaks at the wing’s edge near the
side wall of the cassette and has a smaller peak of opposite
sign at the other edge. In the dome surface facing the
plasma the current flows almost entirely in the toroidal
direction. Since the domes are not toroidally connected,
the loop closes through the wings and through the side-wall
of the dome support. The magnitude of current and related
forces depends upon the current quench duration and the
plasma position at the start of the disruption.

Two main cases have been analyzed: a plasma disrup-
tion in the equilibrium position (centered disruption, type
1) and a vertical displacement event (VDE, type 2 or 3)
followed by a plasma disruption. In the first case, the
relatively large distance between divertor and current cen-
troid (about 5 m) reduces the electromagnetic coupling and
thus limits the induced current and consequent forces. For
the VDE, the plasma would shift slowly (in the time-scale
of seconds) toward the null-point and after having inter-
acted with the first wall disrupt in a time scale of several
100 ms. This event was simulated by the axisymmetric
TSC code and the time-history and spatial profiles of the
plasma current from these calculations were then used in
more detailed 3D codes to calculate the eddy currents and
forces. The simulation produced a VDE with a maximum
downward displacement of the plasma of 4 m in about 5 s
and a current quench phase duration of 300 ms. The eddy
currents induced in the divertor reach 13 MA m~? (edge
of the inner wing) causing a peak pressure normal to the
wing surface of about 3.5 MPa at the outer channel. In the
inner channel the peak pressure is about 2.5 MPa. Because
of the relatively slow current quench phase the current
diffuses through the whole thickness of the copper based
PFC’s, and relatively large currents flow also in the rear
part of the cassette body. Prior to the current quench, the
plasma comes in contact with the first wall and a halo
current flows in the poloidal direction between the outer
and inner wall. The important parameter for the design of
the divertor is the product of halo magnitude times the
peaking factor, as this determines the maximum current in
one divertor cassette. In the case analyzed, the halo current
reached 29% of the initial plasma current and a toroidal
peaking factor of 2 was assumed. The maximum current in
the cassette is then estimated to be 200 kA. The time
evolution of this current is related to the plasma current
quench phase, with the peak current reached half way
through the current quench following the VDE.

From the structural point of view the toroidal current
quench after a VDE and the halo currents produce the

most demanding loading conditions. The loads caused by
the toroidal flux change (a), although similar in magnitude
to case (c), have a much smaller impulse because of their
short duration, since the inertia of the structure reduces
significantly the impact of these loads. In case (b) the
present configuration of the wing appears not adequate to
sustain the large pressure. The bending stress estimated for
the present design of the wing (60 mm thick) is 350 MPa,
approaching the elastic limit of the unirradiated Cu alloy
(the yield stress at 300°C is about 380 MPa). The overall
effect on the cassette body is a twisting moment of 1.5 MN
m around a vertical axis, which produces a reaction force
of ~ 0.5 MN in toroidal direction at the rail. The stresses
in the cassette body produced during the VDE by halo
currents (¢) have been estimated with static calculations.
The bending stress peaks at 250 MPa near the inner
support of the cassette. This stress exceeds the allowable
for normal operation conditions and frequent transients but
would not cause plastic deformation of the structure. In
addition some local plastic deformation of the divertor
structure is deemed as acceptable for this sort of unlikely
event. In any event, the stress can be reduced by either
thickening the cassette cross-section where the maximum
stress occurs, or by reducing the current in the cassette by
providing a lower resistance path to the vessel. More
accurate modelling calculations and further design opti-
mization is required to reduce the stresses in the wings.

2.4. Divertor maintenance

Due to the fact that the divertor in ITER is expected to
be replaced relatively frequently (3 times during BPP) a
fast and reliable remote handling scheme for divertor
maintenance is required. To this end 4 dedicated ports
were allocated to allow remote handling of the divertor
cassettes. The goal is to perform the replacement of a
complete divertor in less than 6 months (parallel operation
on all four ports) and to exchange a single cassette cen-
trally located between two handling ports (worst case)
within 2 months.

The cassette concept with 60 segments appears well-
suited to the task of expediting divertor maintenance. Of
the 15 cassettes installed through a given handling port, 12
are standard cassettes, two are so-called ‘second’ cassettes
positioned on either side of a ‘central’ cassette located
directly in front of the handling port. During cassette
installation /removal remote handling casks provide con-
tainment while transporting the cassettes as well as other
components (e.g., cryostat closure plate, in vessel remote-
handling (RH) tools) between the hot cell and the divertor
level at the ITER machine (Fig. 13). All the casks dock
through a double door mechanism to one of the 4 divertor
remote handling ports. In order to gain access to the
cassettes the cryostat closure plate, the bioshield plug and
the vacuum vessel flange must be removed by special tools
operating from inside a remote handling cask. For cassette
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Fig. 13. Cutaway view showing divertor maintenance in progress.

installation a radial mover pushes the cassette which is
mounted on a skid from the cask along radial rails through
the handling port into the vessel (Fig. 13). Inside the vessel
a toroidal mover inserts forks beneath the cassette, lifts and
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A cassette is being moved out of the machine to a remote handling cask.

transports the cassette around a pair of toroidal rails to its
designated position. Once at its final position the cassette
is locked to the toroidal rails by wedges (operated by a
ball-screw mechanism) in such a way that it can sustain
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the disruption loads and at the same time is accurately
aligned-in both poloidal and toroidal directions. The above
mentioned second and central cassettes are installed by
special skids performing similar operations as described
above.

Another remote handling operation taking place in par-
allel to the cassette installation is the cutting and welding
of the divertor cooling pipes. This operation is performed
by a special remote handling cask which docks to every
port, opens the cups on the pipe ends extending from the
closure plate, inserts a crawler with a cutting /welding tool

and then cuts /welds the pipes close to the cassettes ap-
proximately 10 m downstream of the pipe ends.

2.5. Pumping and fuelling

The pumping and fuelling system must: provide the
throughput of DT required for ignited operation; remove
helium from the plasma exhaust at the rate it is produced
and at core levels low enough to permit sustained burn;
and provide seed impurities for divertor heat flux control
(see Section 2.1). The minimum required total gas
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throughput (H,, D, and T,) for He exhaust is ~ 50 Pa
m*/s when assuming a He concentration of 10% in the
main plasma and a He enrichment factor of ~ 0.2 in the
divertor. However, for operation modes where a SOL flow
will be generated to promote impurity retention, an in-
creased throughput is required and up to 200 Pa m?/s
steady state is currently specified. Also, for start up and
fast control actions up to 500 Pa m’/s is the present
design requirement. These plasma physics based require-
ments are the design drivers for the fuelling system, for the
pumping system and for the T-plant which has to clean
impurities from the exhaust gas and to separate the hydro-
genic isotopes.

The fuelling system consists of a gas and pellet injec-
tion systems. The gas injection system is composed of six
fuelling lines (DT, T, D, and 3 impurity lines, e.g., N,. Ne,
and Ar) and a pumping /flushing line, all mounted inside a
vacuum pipe to provide secondary containment. This fuel
line assembly is routed from the tritium plant to two ring
manifolds, one on top of the machine and the other at the
divertor level (Fig. 14). Each ring manifold serves 5
injection points distributed toroidally around the machine.
The dosing valves, at each injection point, are mounted
inside vacuum sealed and magnetically shielded valve
boxes located outside the bioshield. The valves are con-
nected to the plasma/divertor volume through one com-
mon delivery line, 15 to 20 m long and 10 mm diameter, at
each location.

A design study was recently completed to size the pipes
for the gas injection system and to analyze the gas-flow
response to various types of transient conditions. Thus a
simplified model for the analysis of the gas flow through
pipes has been developed {35]. Typical response times
calculated when changing the gas flow with the dosing
valves are ~ 100 to 200 ms considering 0.1 MPa pressure
in the manifolds. The diameter of the manifold lines
serving the valve boxes have been sized to supply 500 Pa
m* /s for 50 s (equivalent to steady state) resulting in 2 to
3 cm diameter for the D, DT and H/He and 1 cm for all
other lines. The T inventory in the gas injection system
was estimated to be ~ 15 g.

In addition to the gas injection system two centrifuge
pellet injectors are installed in a transport cask at the
midplane with their flight tubes routed through a midplane
port. The cask provides secondary containment and allows
rapid removal of the injectors for off-line maintenance.
Each injector has 3 extruders of which one is producing
pellets, one is making ice and one is in standby mode.
Only one of the two injectors is active at a given time
launching 6 to 8 mm pellets with a speed up to 1.5 km/s.
The pellets penetrate up to 20% of the minor radius and
thus might pass the ELLM effected area. Each injector is
designed for a fuelling rate of 50 Pa m®/s with pure T,
pellets and 100 Pa m? /s for other hydrogenic species. The
tritium inventory in the pellet injectors is ~ 65 g.

The 50 Pa m®/s T fuelling capability of the pellet

injectors and a similar capability of the T plant for steady
state isotopic separation of D and T allows to apply a
fuelling mode labelled ‘isotopic tailoring’. In this mode the
pellet injector is used to deep fuel T while up to 150 Pa
m?/s of D, is introduced by gas puffing. Calculations
show that with the above stated penetration a reduction of
the T content in the SOL by factor 2 can be achieved while
retaining a D-T ratio of ~ 50% in the main plasma [36].
This mode therefore allows to reduce the T impinging onto
the first wall by factor 2 and thus the T inventory stored
there (see Section 4.4).

The primary pumping system in ITER consists of two
major subsystems, the torus roughing system and the torus
high vacuum system. The torus roughing system is de-
signed to perform two primary functions: evacuation of the
torus to < 50 Pa from atmosphere in less than 60 h with
the torus back filled with air, helium or nitrogen; and to
regenerate the primary cryopumps to < 5% of their initial
inventory in < 62.5 s during the plasma burn.

The torus high vacuum pumping system consists of
sixteen (16) batch regenerating cryopumps, located in the
divertor ports. The pumps are provided with inlet valves
which are used to throttle the exhaust flow for particle
control in the case of high neutral pressure in the divertor
(> 1 Pa). In order to keep the T inventory on the pumps to
< 140 g, every 62.5 s a pump starts regenerating for
~ 250 s. With 12 pumps in pumping mode while 4 are in
regeneration a gross pumping speed of 1,000 m?/s is
achieved. However, limited conductance through the diver-
tor pumping slots (175 X 375 mm) and through the 200
mm clearance between the underside of the divertor cas-
sette and the vacuum vessel results in a net pumping speed
of ~200 m®/s being available in the divertor private
region (Fig. 15). This pumping speed implies that 0.3 Pa
and 0.8 Pa neutral pressure are required in the divertor
private region to achieve 50 Pa m®/s and 200 Pa m®/s,
respectively. These neutral pressures are readily achieved
in present day machines during detached or semi-detached
divertor operation [37].

3. First-wall and shield design
3.1. Design description

The design concept for the first-wall and shield is
shown in Fig. 16 [38]. Although some details having to do
with segmentation, manifold layout and attachment (see
discussion below) are still being finalized, the approach of
fabricating the first-wall and shield as a set of mechani-
cally monolithic modules of rough dimensions 1 X 2 X 0.3
m? is fixed. In comparison to the poloidally modular
concept of the outline design, the present concept has a far
more robust first wall and mechanical structure, is more
easily fabricated, and most importantly lends itself to less
complex remote handling operations thereby reducing the
time required for repair or replacement.
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The majority of the modules have a first wall which
consists of a copper-alloy mat (DS or CuCrZr) in which
are imbedded 10 mm OD, 1 mm wall, stainless steel
cooling tubes. The Cu mat is bonded to the shield block
which is formed from 316 LN SS and has internal cooling
passages to remove the neutron generated heat. Beryllium
tiles or a castellated beryllium mat is bonded to the copper
and thus Be is the predominant plasma facing material. In
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Armour

addition to these ‘primary wall’ modules, a set of baffle
modules, located just above the inner and outer vertical
targets of the divertor, and a set of limiter modules located
between the outer baffle module and the horizontal port
(See Fig. 1) complete the first wall. The basic configura-
tion for all modules is the same; however, the baffle and
limiter modules have copper pipes with a thin (0.2 mm) SS
insert in order to increase the permissible heat flux to 3
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Other variants of the method of mechanical attachment, as well as a welded attachment, are under consideration.
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and 5 MW /m? respectively. The limiter, whose PFM is
also Be, provides the surface for plasma start-up and
shutdown during periods when it is not possible to form a
diverted configuration. The baffle is aligned to the flux-
surface passing 6 cm outside the separatrix at the point of
minimum scrape-off width, and serves to prevent neutrals
from streaming from the divertor region to the main
plasma. The lower third of the baffle’s first wall is tung-
sten which, owing to its high sputtering threshold, results
in maximum baffle lifetime. While several fabrication and
bonding methods for the first-wall/shield modules are
being developed in the R& D program, methods employing
hot isostatic pressing (HIP) appear particularly well suited
to the design.

The heat removal capacity of the first wall and module
is consistent with a spatially peaked neutron wall loading
of 1.2 MW /m? and a surface plasma heat flux of 0.5
MW /m?. At the representative operating point whose
parameters are given in Table 1, the average heat flux to
the wall from bremsstrahlung would be approximately 0.1
MW /m?, corresponding to a total power of 100 MW.
Thus the first wall design has considerable margin with
respect to this nominal value, and such margin provides
the flexibility to accommodate either high peaking factors,
as might arise in the case of a MARFE, or a larger fraction
of radiated power to the first wall as would result from
higher intrinsic or seeded impurity levels.

3.2. Disruption loads — mechanical

While the modular shield design is a particularly robust
solution to the FW /shield design problem, it is recognized
that occasional changeout of modules as a result of disrup-
tion damage or component failure will be required. It is

then necessary to be able to remotely detach the module
from the backplate and install a new or repaired module,
and to accomplish this task, which includes also discon-
necting and connecting the module to the manifolds carry-
ing the cooling water, in as short a time as possible. A key
issue in this remote-handling operation is then the method
by which the module is attached to the backplate. Since
this connection is highly stressed by the effect of disrup-
tion forces, the problem of its design turns out to be the
most challenging of all those arising in connection with the
design of in-vessel components.

Two basic approaches are being considered, one based
on welding and the other mechanical, i.e., using bolts or
studs. The concept illustrated in Fig. 16 is an example of a
mechanical attachment; however variants on the approach
illustrated here are also being explored. The present situa-
tion is that both welded and mechanical attachment can
satisfy the design requirements and the decision between
the two approaches, which will be made for the Detailed
Design Report due later this year, will be made mainly on
the basis of minimizing the downtime required for replace-
ment. :

An appreciation of the problem can be gained from
examining the results of the analysis of the welded option
which is similar to that shown in Fig. 16, except that the
module is attached to the backplate by a continuous weld
which replaces the keys or ‘shear-ribs’. In a type 1 disrup-
tion, which gives rise to the most severe loads on the
attachment, the plasma toroidal current is largely trans-
ferred to the first wall resulting in a surface current density
of about 1 MA /m flowing on the surface of the modules
located near the midplane on the inside of the torus. As
illustrated in Fig. 17(a), the effect of this current is (1) to
produce a traction on the surface of the module, amounting

(b)

Fig. 17. (a) Finite element model and loads used in analysis of first-wall /shield module response to type 1 disruptions. The module is
located at the inside mid-plane of the machine and a welded attachment to the backplate is considered. (b) The distortion of the
backplatemodule system arising from the loads in (a). The maximum displacement is 1.5 mm.
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Fig. 18. Maximum membrane plus bending stress in attachment
leg resulting from the module and loads defined in Fig. 17. The
coordinate z measures distance along the leg from the module
midplane. The curve labeled 1.5 S, corresponds to the allowable
for 316 LN at room temperature. For a 90 mm thick leg, the stress
is within the allowable except at the ends where the localization of
the peak stress is sufficient to be acceptable.

to an average value of 1.2 MPa (design value 1.5 MPa),
and, since it must cross the toroidal field on the sides of
the module, (2) to produce equal and opposite poloidally
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directed forces on the sides of the module of about 4.5
MN/m. These forces form a couple which tends to twist
the module as shown by the deformed shape in Fig. 17(b).
Of paramount interest are the stresses in the support leg
which are shown in Fig. 18, from which it can be seen that
the maximum stresses are within allowables for the refer-
ence leg thickness of 90 mm for the inboard mid-plane
modules.

In the case of type 2 and 3 disruptions (VDE’s), the
main stresses occur in the backplate rather than in the
module or its attachment. In the calculation summarized in
Fig. 19, a halo current of 8.4 MA (40% of the initial
plasma current) is assumed to flow between the lower
modules on the inner and outer sides of the backplate. In
addition a toroidal peaking factor of 1.5 is assumed, which
means that the peak poloidal current density is 50% higher
than the toroidally-averaged value. In this case, the maxi-
mum membrane and membrane plus bending stress is
found to exceed the allowables for normal operation by
about 20%. While this stress level can be considered
acceptable for relatively rare events, it is clear that such
disruptions produce the bounding cases for backplate de-
sign. Thus mitigation of VDE’s, for example as has al-

30
25 ] .~ Module #2 (Primary) /
B Module ¥1 (Baftle) / -]
2.0 /
\ y
151 \
N\,
™~ AN /
o ‘\ \ N S
SN -
054 \ .
Modute #17 (Baffle) < Madula #16 (Limiter)
Nodule #15 (Limiter)
00 T T

T i AJ T Y T Y R Al
120 150 180 210 240 270 300 330 360
Toroidal Angle (Deg)

(b)

T
0 30 €0 90

Fig. 19. Model of effects of halo current showing (a) poloidal distribution of pressure on backplate and (b) toroidal variation.
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ready been proven successful by injection of ‘killer pel-
lets’, is a continuing subject of research in the voluntary
physics R&D program.

3.3. Disruptions loads — thermal

An additional effect produced by disruptions is a strong
plasma—wall interaction in which a fraction of the plasma
thermal energy is released to the wall in a relatively short
time, typically within a fraction of a second. This effect is
expected to be particularly severe for type 3 disruptions in
which the plasma can contact the wall while it still con-
tains most of its thermal energy. Estimates indicate that
energy densities of 20—60 MJ/m? can be released to the
wall over times of order one second. In such cases, the
rapid release of energy raises the wall temperature to the
melting point and subsequent melting, evaporation and
possibly vapor shielding partially reduce the energy flux
incident on the unmelted zone.

The loss of material occurring in such events, together
with the thickness of the wall and the disruption frequency,
will then determine the point at which repairs will be
needed. The type of repair required could be either adding
FW material to areas in which heavy loss of the melt layer
has occurred, or changeout of the entire module if the
energy transferred to the cooling system is sufficient to
cause burnout and consequent destruction of the first wall.
In the former case, repair is possible in situ by plasma
spray of the first wall material (Be or W). Encouraging
results have been obtained in the R&D program for this
technology and the possibility of in situ repair for certain
in-vessel components in ITER is becoming increasingly
viable.

The likelihood of more substantial damage caused by
coolant burnout can be mitigated by taking advantage of
the first wall thermal inertia [39], which protects the wall
for relatively short contact times (< 1 s), and active inter-
vention through the PF coils and/or killer pellets for
longer times. The effect of thermal inertia on reaching the
critical heat flux is illustrated in Fig. 20. It shows that for a
10 mm thick FW, a disruption depositing 20 MJ /m? never
causes the critical heat flux to be reached, while for 60
MIJ/m® burnout conditions are reached only for interac-
tions lasting over 0.5 s by which time some intervention
may be possible. Increasing the Be thickness in the regions
of strong VDE interaction would further delay the time at
which intervention would be necessary. Of course both the
interaction time and the energy density are subject to
uncertainty, as is the possible beneficial effect of vapor
shielding which is not included in this calculation. Work
on more accurate modelling of the disruptions and result-
ing forces, and optimizing the FW design, is continuing.

3.4. FW / shield remote maintenance

Remote maintenance of the FW /Shield is carried out
by means of a vehicle which moves on a toroidal rail
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Fig. 20. (a) Heat flux to the first wall coolant from a type 3
disruption in which 60 MJ/m® is deposited to the wall during a
time of 0.3 s. (b) Transient heat flux to the first wall which results
in critical heat flux to the coolant versus heat pulse duration for
FW thicknesses of 5 and 10 mm. Also shown are contours of 20
and 60 MJ/m? energy deposition [39].

inserted from two of the four dedicated remote-handling
mid-plane ports. The vehicle is equipped with an articu-
lated arm which is capable of gripping any of the
FW /Shield modules and bringing it into a position suit-
able for the vehicle to transport it to one of the remaining
two RH ports. From there it can be removed and trans-
ported to a hot cell where it is repaired or prepared for
salvage. Before removal, the cooling connections must be
cut by a cutting tool which accesses the connections from
inside the cooling manifolds, and the connection to the
backplate, which as discussed above could be made either
by welding or by a mechanical connection (i.e., bolts or
studs) must be cut or unbolted. The project requirements
for changeout times are very demanding: 8 weeks for one
module, 3 months for a toroidal array of modules and 2
years for all modules. Analysis by the home teams indi-
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cates that, although stringent, such times are feasible with
the proposed approach.

4. Materials choice for in-vessel components

The choice between the three candidate plasma facing
materials (Be, CFC, W3Re) is determined by the expected
erosion lifetime, by the capacity to retain tritium, by the
local plasma parameters (ion flux, neutral flux and temper-
ature) and power loads as well as by their potential contri-
bution to radiation losses and Z_g in the main plasma. For
special locations such as the divertor strike zones and
certain areas of the first wall, disruptions and slow high
power transients can have a significant impact on the
expected erosion lifetimes.

The amount of T retained in the bulk of the plasma
facing material depends on the impinging ion /neutral flux,
on the surface recombination coefficient for T as well as
on the diffusion coefficient and thus on the temperature of
the material. In addition neutron induced traps and codepo-
sition of C and T can further enhance the T inventory in
the machine. Due to the different nature of plasma wall
interaction on different areas of the first wall and divertor,
the optimum choice of PFC will depend on the particular
location.

4.1. Erosion lifetime of the divertor strike zones

Erosion is due to (a) physical and chemical sputtering,
(b) disruption thermal quench and (c) slow transients (for a
fuller description see [40] and references therein). Physical
sputtering is considered for all three materials (Be, CFC
and W3Re) while chemical sputtering is only relevant for

CFC. Since tokamak experiments (TS, DITE, ASDEX
Upgrade, JET) regularly show lower chemical sputtering at
the target than laboratory experiments at low flux, a flux
dependence of the yield as I" %2 was used in the assess-
ment [40]. The power load is assumed to be carried equally
by particles and radiation. The lifetime that would result
from sputtering processes only would be several 1000
shots for Be, 10000 shots for CFC and very large for W
(~10%).

Erosion by a disruption thermal quench is evaluated
from published modelling, including the effect of vapor
shielding which reduces the energy actually reaching the
plate to a few percent. The net evaporation for all materials
is included. In addition, metals (Be and W) suffer from
surface melting. In the absence of more definite indica-
tions, either 10% or 50% of this melt layer is assumed to
be lost on average per event. Thus about 30 um per
disruption would be lost for CFC, and between 23 and 75
pm per disruption for Be and W. For the lifetime assess-
ment disruptions are assumed to occur in 10% of the shots.

Slow high power transients represent short (10 s) peri-
ods of attached operation for which the power reaching the
divertor plates is higher, 20 MW /m?>, than the nominal
power of 5 MW /m?>. Such transients are assumed to occur
once every 10 shots. Since the thickness of the PFC is
determined from a limiting surface temperature (1080 K
for Be, 1780 K for CFC and W) at 5 MW /m? in order to
maximize the lifetime, such transients lead to strong evap-
oration and, in the case of metals, melting. Because of its
low melting point, beryllium is particularly influenced by
these transients. It was expected, both from experiment
and theory, that the impurities released during such a
transient would radiate and thereby limit significantly the
melt layer depth (low density vapor shield). However, a
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Fig. 21. Remaining thickness versus shots for Be, CFC, and W3Re. Nominal power load during burn 5 MW /m?. 90% redeposition. Erosion
includes physical and chemical (CFC) sputtering, disruption erosion (10% of shots) and erosion by transients (20 MW /m? for 10 s once
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chemical sputtering only shown for CFC (recommended value, see text). For CFC, two points in power profile considered [40].
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recent dedicated experiment on JET [41] showed that less
than 5% of the released Be was ionized, little mitigation
was observed, strong melting resulted, and 3 mm melt
layer was lost in five such events (25% of the expected
melt depth per event). Consequently, mitigating impurity
radiation is not assumed for further design assessments.

The resulting composite lifetimes are shown in Fig. 21.
The Be lifetime is low and dominated by slow transients,
which lead to erosion for thicknesses greater than 3 mm.
The CFC lifetime is determined by all three processes
(transients affect the lifetime only beyond 19 mm, an
increase in thickness to 40 mm increases the lifetime by a
factor 1.5 to 2). The W3Re lifetime is dominated by
disruptions, once the limiting thickness is fixed at 20 mm
(transients do not influence the lifetime below this thick-
ness and are very strong above, see Fig. 21, so that an
increase of thickness beyond 20 mm is not useful).

For Be, the lifetime is inadequate, 120-320 shots. For
W3Re, it is 2400-7700 shots, depending on the melt layer
loss, and for CFC it is 5800-8200 shots, depending on the
tocal power because the chemical sputtering yield is tem-
perature dependent (peak at 1000 K).

As a parameter study, the effect on erosion lifetime
when designing the ITER divertor for higher power semi-
attached (up to 10 MW /m?) or attached (20 MW /m?)
was investigated [40]. The surface temperature requirement
leads to smaller thickness than for fully detached opera-
tion; at the same time, sputtering would increase since a
larger fraction (less radiation) of the SOL power is carried
by particles and the plasma temperature in front of the
divertor plate is higher (~ 20 eV). However, high power
transients become relatively less important since the differ-
ence between transient and normal operation is then
smaller. The results are shown in Fig. 22. The Be lifetime
drops below 100 shots. However, more than 2000 shots for
CFC, and 1500-4000 shots for W3Re, are still obtained.
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Fig. 22. Erosion lifetime for Be, CFC and W as power is increased
from detached to semi-attached operation (Plasma temperature is
varied at same time). Thickness determined by max. surface
temperature of 1080 K (Be) or 1780 K (W and CFC). Redeposi-
tion and erosion processes as in Fig. 21 [40]. For metals, melt.layer
loss is varied. For CFC, two points in power profile are consid-
ered.

On the basis of this lifetime assessment and because a
non-melting material is preferred at the strike zone for
initial operation, CFC cladding 3-4 cm thick (depending
on CFC type) has been chosen for the lower part of the
vertical targets.

4.2. Erosion lifetime of divertor side walls and bottom part
of the baffle

The erosion lifetime of the divertor side walls (upper
part of vertical target, wings, dome, liner, baffle) is deter-
mined by sputtering by neutrals, assumed to carry 0.5
MW /m? at average temperatures over 10 eV. Under these
conditions, the lifetime ([40], see also chemical sputtering
discussion above) is about 1000 shots for Be and several
1000 for CFC, too short for components such as the
bottom part of the baffle for which frequent replacement is
not planned. In contrast, because of its higher sputtering
threshold, W has a lifetime of tens of thousands of shots at
least, so that from lifetime considerations tungsten is the
material of choice for cladding in this area. (To obtain the
actual lifetime, the erosion and surface melting resulting
from the reradiated energy during a disruption thermal
quench at the target will have to be investigated.)

4.3. Effect of transient loads on startup limiters

Peak power loads on the startup limiters depend cru-
cially on alignment considerations; even rather stringent
alignment requirements give heat loads close to 5 MW /m?
during startup [42]. If the surface temperature is limited to
600°C and with a cooling circuit similar to the one of the
blanket (55-liner), the thickness of Be is limited to 5.3
mm. if the ongoing R&D proves that the Be surface
temperature is allowed to go to 800°C, then 10 mm
thickness would be feasible.

A vertical displacement event can deposit 60 MJ/m?
within 0.3 to | s onto the first wall or the limiter (Section
3.3). This leads to erosion of Be by 0.6 to 1 mm per event,
depending on melt layer loss, a value which is 2 to 3 times
the erosion per event of a 40 mm thick CFC. Therefore
CFC would be the choice from the power loading point of
view.

However, chemical sputtering during normal operation
and thus the increased plasma pollution as well as en-
hanced co-deposition of T have to be also considered. An
increase of the main plasma Z_; due to C produced on the
first wall /limiter would reduce the allowable concentra-
tion of a divertor radiator (e.g., Ne, Ar) and thus reduce
the ability to radiate the majority of the SOL power before
it reaches the target. On the contrary the loss of Be during
VDE’s is severe, one fifth to one tenth of the thickness per
event. Whether the present design choice for the startup
limiters, Be, must be replaced by CFC will therefore
depend on a judgement on the frequency of these off-nor-
mal events (and therefore the success of mitigation mea-
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sures), on the impact of CFC (or possibly doped CFC) on
the T inventory and on plasma pollution as well as on the
severity of the structural damage to the Be per event.

4.4. Tritium inventory in PFC’s

Estimates of the tritium inventory and of the perme-
ation through PFC’s are important for: the choice of
plasma facing material; for predicting the tritium supply
requirements; for assessing the radiological hazards from
routine operation and from potential accidents; and for the
design of the water detritiation system. Unfortunately,
quantifying tritium inventory and permeation in PFC’s is
still subject to large uncertainties which are mainly associ-
ated with: the predicted plasma parameters in the SOL
(heat loads, particle fluxes and energies), the characteristic
tritium-transport related material properties (i.e., diffusion
coefficient, rate of surface recombination), the radiation
damage related effects (i.e., density of n-induced traps)
and the design features of the PFC’s (i.e., type and thick-
ness of plasma facing materials, replacement schedule for
sacrificial components).

A study was recently conducted to estimate the impact
of the above uncertainties on the T inventory and perme-
ation in ITER [43,1,44]. It included the mechanisms of
implantation, recombinative surface desorption, bulk diffu-
sion, trapping at neutron induced traps, tritium generated
by neutron transmutation in beryllium and codeposition.
Three parameters were found to have the greatest impact
on this study: (1) the Be-surface recombination rate coeffi-
cient [45], (2) the particle flux impinging onto the wall,
and (3) the density of n-induced trap sites. Ongoing R&D
is expected to narrow some of the existing uncertainties in
this area. As far as the Be surface recombination coeffi-
cient is concerned, we bracketed the value recommended
by Andrew et al. [45] up and down by a factor of 10.
However, even though preliminary and awaiting further
experimental confirmation, some new experimental results
on tritium implantation in beryllium are becoming avail-
able [46] and contrary to the original expectation, recombi-
native desorption of implanted hydrogen ions at high
fluxes seems to be largely enhanced due to the increase of
the exchange surface area resulting from micro damage.
The implanted hydrogen is found to collect in bubbles,
eventually growing to form interconnected porosities open-
ing to the surface. Once such porosities open, there is
virtually no more uptake of hydrogen. Implanted ions very
quickly find a free surface where they recombine and
return to the plasma. This in turn could result in much
higher recombination coefficients than those indicated in
Ref. [46] which provided the basis for the values assumed
in this study and in turn in a substantially reduced net flux
of tritium atoms migrating into the bulk. However, expo-
sure to lower fluxes (representative of the first wall of
ITER), in addition to effects resulting from mixing of

materials and the contamination of the Be surfaces with C
and O remain to be carefully investigated.

In Refs. [43,44] the tritium inventory in the in-vessel
components of ITER is calculated for the basic-perfor-
mance-phase for the reference PFM choice. Results are
summarized in Fig. 23 where the bracket of uncertainty is
indicated by the square. Thus for the baseline case, the
total mobile inventory is found to be between 1050 g and
2200 g T while the trapped inventory is estimated in the
range 530 g to 2400 g T. Because of safety concerns, the
codeposited inventory (assumed mobilisable in the event
of a breach in the double confinement barrier of the vessel
and cryostat) should be limited to < 1 kg T, implying that
an efficient clean-up method needs to be used whenever
this value is reached.

Recent experiments on codeposition of C and Be with
T carried out and documented by Mayer et al. [47] at low
temperatures < 373 K and by Causey [48] in a range of
temperature 373-573 K, show that T codeposits also with
Be at a level similar to what is observed for C at 373 K.
However, for Be the ratio of hydrogen isotopes drops to a
few % already at temperatures of 500-600 K [49]. The
level of impurity (mainly C and O) contained in the
redeposited layers plays a strong role for co-depositing
tritium with Be. The quantification of tritium codeposition
on the divertor and adjacent surfaces is being studied in
detail for ITER in connection with the overall erosion and
lifetime analysis. Preliminary results of this analysis are
discussed by Brooks et al. [49]. Computations have been
performed for Be, CFC and W divertor plates showing
similar amounts of T codeposition for CFC and Be (H/Be
=H/C ~ 10%) below 300°C. In contrast to Be targets,
tritium codeposition rates for CFC targets were found to be
very high for detached conditions (~20 g T/1000 s
discharge), due to build-up of chemically sputtered carbon
on relatively cold surfaces in the divertor cassette. For
semi-detached solutions (8 to 30 eV plasma in front of
target) the codeposition rate is ~ 10 times lower and
approximately equal for Be and CFC. Both erosion and
tritium codeposition are essentially nil for tungsten in all
the regimes studied.

Based on the results of these analyses and of experi-
mental results confirming the buildup of codeposited lay-
ers it is clear that a reliable and efficient cleaning method
is needed. Only glow-discharge cleaning, using He con-
taining some oxygen has been so far used in existing
machines. However, the rather low cleaning efficiency
anticipated for ITER conditions and the resulting residual
oxygen contamination of the plasma facing surfaces raises
some concern. R&D is presently in progress in the EU
home team to find alternative cleaning techniques based on
e.g., controlled baking of the surfaces in air. Another
promising approach is the addition of dopants to C-based
materials (e.g., B, Si, Ti) which reduces the chemical
erosion and therefore also can mitigate the codeposition
problem. So far best results are obtained for Si-doped CFC
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[50). Even though encouraging, the reduced value of the
sputtering yield is insufficient to eliminate the concern.

As far as tritium permeation is concerned, earliest
breakthrough into the coolant (during year 6 and reaches
60 g T/yr) occurs for the lower portion of the baffle if
protected by beryllium. For the baseline choice of PFM’s
in the divertor and for the baffle which are subject to high
particle fluxes no permeation in the ITER lifetime was
tound.

4.5. Bakeout requirements for the in-vessel components

The temperature required for an efficient bakeout of
plasma facing components protected with C-based materi-
als is in the range of 300-350°C while lower temperatures
~ 200°C, are typically required for metals. The relatively
high temperature in the case of CFC is needed to remove
the adsorbed (mainly chemisorbed) water efficiently from
the large inner surfaces of carbon-base armors {(e.g., BET
0.1-1 m?/g). They can absorb as much as 0.1 Pa m® of

water per gram during exposure to air at room temperature.
Experience in operating tokamaks with C-walls (i.e., JET,
JT-60) shows that after air exposures and major in-vessel
water leaks, high-current plasma operations could be re-
sumed after 2 to 3-day bakeout periods at temperatures
greater than 300°C. Much longer bake-out times are re-
quired when the walls are kept at lower temperature. In
ITER, the baking temperature is limited to ~ 240°C (max-
imum temperature for water pressure of ~ 4 MPa). How-
ever, due to the fact that CFC is presently only considered
for a relatively small area in the divertor (< 100 m?) while
the rest of the PFC’s are clad with metals a bakeout
temperature of 240°C seems acceptable, particularly con-
sidering ITER’s long pulse length (> 1000) during which
the temperature of the PFM’s in the divertor will substan-
tially exceed 300°C. Also during the transition from limiter
to a divertor configuration it is expected that the higher
impurity retention of the divertor compared with a limiter
would mitigate the impurity influx expected from a weakly
conditioned surface. If however, the limiter and the baffle
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would be clad with CFC, either higher bakeout tempera-
tures or longer bakeout times may be required.

4.6. Dust in ITER, a safety issue

Plasma wall interactions in ITER with materials such as
Be, W, and CFC’s are expected to generate substantial
amounts of ‘dust’. This dust would be tritiated, radioac-
tive, chemically reactive and /or toxic. In addition, there is
the concern that its high surface area promotes reactions
with steam during a water leak (Be-dust) producing size-
able quantities of hydrogen or gives rise to the possibility
of explosions during sudden air leaks (carbon dust explo-
sion). Therefore, methods are required to measure the
quantity of dust inside the ITER machine and to remove it
during maintenance periods. The impact of dust on ma-
chine safety depends on the material, on the size of the
dust particles and on the total amount. For materials like
Be and C the size of the dust particles determines the
allowable quantity before removal has to take place (~ 10
kg to 100 kg for particle sizes of 10 um to 100 um,
respectively).

A JCT-coordinated effort is ongoing to survey data
available on dust production rates and characteristics of
particle size and chemical composition in existing toka-
maks, plasma simulation devices, high heat flux test beds
and disruption simulation facilities. This work is taking
account of all the experience available on Be in the joint
European torus (JET), as well as other fusion devices
where Be has been employed (such as ISX-B). Linear
plasma simulators like PISCES and TPE as well as the
JET neutral beam test bed will also add valuable insight.
Experience from a tokamak with high-Z materials (Alcator
C-Mod), high-Z probes included in DIII-D, and perhaps
some preliminary experience available from plasma-
sprayed tungsten coatings in ASDEX Upgrade will also be
included. As far as graphite and CFC’s are concerned, data
on dust production and accumulation from TFTR, JET,
DIH-D, and JT-60 will be evaluated as well as results from
various disruption simulators and high heat flux test facili-
ties in the Russian Federation.

However, to evaluate the amount of dust production in
different devices does not allow by itself to extrapolate to
ITER if the production mechanisms are not understood.
Several mechanisms such as evaporation during disrup-
tions, arcing, flaking of co-deposited layers, etc., are
presently being discussed. The overall importance of each
of these mechanisms as well as their relation to different
operation conditions has to be investigated. In parallel dust
diagnostics methods for ITER have to be developed which
allow to determine the dust content in the machine with an
accuracy of ~ +5 kg having a lower detection limit of
< 10 kg. Finally, methods of dust removal must be devel-
oped in order to periodically remove such dust whenever
the level exceeds that at which the risk of a dust-related
accident becomes unacceptably high.

5. Summary and conclusions

In this paper, a comprehensive overview of the designs
of the main ITER in-vessel components, the divertor and
first-wall /shield and related systems, has been presented.
With two years remaining in the EDA, these designs
continue to evolve, becoming more detailed and better
supported by continued analysis and results from the R&D
program. R&D has a longer lead time than design, and
much of the R&D that was started shortly after the
beginning of the EDA and which will ultimately provide
the underlying technological basis for the ITER design is
just now beginning to bear fruit. One can therefore expect
a significant strengthening of the design basis on both the
physics and technology sides during the remaining two
years of the EDA.

Regarding the problem of heat and particle removal,
thought by many at the beginning of the EDA as perhaps
the most critical from the physics viewpoint, very substan-
tial progress has been made and there is a growing confi-
dence that the design approach described here represents a
robust and effective solution. The progress made on this
problem during the EDA is in no small measure due to the
intensive R& D launched by the divertor physics commu-
nity shortly after the EDA began. As ‘second generation’
experiments begin producing results during the next two
years, it is anticipated that the ITER divertor design con-
cept will be confirmed, in particular the ability of highly
baffled divertors to maintain good confinement at Z_4 < 1.6
while radiating a substantial fraction of the heating power.
The flexibility of the cassette approach, and the emphasis
given in the design to efficient remote handling proce-
dures, ensures that the new developments and insights that
will undoubtedly come from the worldwide effort on diver-
tor physics and related technology can be implemented
into the ITER divertor concept at stages well into the basic
performance phase.

The emphasis given in this paper to the effects of
disruptions on the design of the divertor and first-
wall /shield systems is fully indicative of their importance.
Until recently, disruption mitigation and avoidance have
not been given a particularly high priority for study within
the tokamak physics community. Yet as discussed here,
disruptions are the determining factor in the mechanical
design of all in-vessel systems and with present under-
standing they tend to stress key components such as the
shield module attachment, backplate, and divertor wings
and cassette body to or even somewhat beyond nominal
design limits. Further refinement to the modelling and to
the design will reduce these stresses and bring them to
acceptable levels even for ‘worst case’ disruptions. How-
ever it is clear that confidence in reaching the goals of the
BPP and especially the EPP would be greatly enhanced if
effective disruption avoidance and mitigation procedures
were developed. A very promising start in this direction
has been made by development of ‘killer pellets’ which
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have experimentally been shown to be capable of reducing
halo currents by at least a factor of 2. Proven and reliable
mitigation measures such as this would be a most welcome
development, not only by the designers of in-vessel sys-
tems, but also by the experimentalists and other users who
will eventually operate and exploit ITER.
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