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EXPERTENCE WITH WALL MATERTALS IN JET AND TMPLICATICNS FOR A FUTURE

JGNITED TOKAMAK

P.H. Rebut, K.J. Di&tz and P.P. Lallia
JET Joint Undertaking, Abingdon, Oxfordshire, 0X14 3FEA, U.K.
Abstract

A variety of materials have been used in JET for wall protection and high heat
- flux components. -'Ihe machine initially operate_d with metalliic walls, but the
inner surface of the vessel (v200m?) is now covered to more than 50% with fine
grain and carbon fibre reinforced graphite tiles. The remaining wall area is
carbonized. This paper presents the materials behaviour in the presence of
plasma; their influence on plasma properties; the conditioning methods
emploved; a discussion of future enhancements of imner wall camponents and the
planned use Qf beryliium as an élternative to the present concept of an all-
graphite machine. It is essential for the further development of fusion that
the experience gained in JET is transferred to the next machine, which should
produce a burning plasma on a scale camparable to a reactor. Such a proposed
machine is é single mull divertor tokamak w1th the following parameters: 3m
plasma minor radius, 7.5m major radius, elongation ~2, aspect ratio 2.5,
toroidal fileld 4.5T, pulse duraticla.ﬁ 2000s and fusion power up to 5GW. The
underlying physics for the choice of these parameters and the basic design is
presented. BRased on this concept and the experience with materials in JET,
the lay—out of inner wall _cdnponents, as well as possibilities for plasma
exhaust and refuelling are discussed. As a consequence of this assessment,
open questions with respect to the rhysics of the plasma edge énd materials

properties are highlighted.



Introduction

The study of plasma facing components requires a reference design with
data on machine configuration, operation modes, plasma edge parameters in
normal and abnormal operating conditions, materials data and power levels.

Tokamaks may eﬁploy’limiters and/or divertors in a variety of
configurations and the plasma facing corponents must be designed within
boundary conditions imposed by the envisaged machine configuration.
Campromises will be required to fake into account access restrictions for
installation, required compatibility with remote maintenance, possible
interference with diagnostics, and the need to install sufficiently largé
surface areas ;o reduce thermal loads to acceptable levels.

Requirements concerning power handling capsbilities and resistance
against eddy current forces result not only from the different plasma
configurations (X-point, limiter, imner wall discharges) but also fram the
various operation modes. For example, JET employs a variety of plasma
currents, toroidal fields, elongations and heating powers. 'The inner wall
components must cope with all of these. Xnowledge of edge parameters is
essential for the design of elements in dirvect contact with the plasma. For a
masciumum tolerable heat load on inner wall covponents, the scrape—off
thickness aﬁd the power flux define the shape of the surface intercepting the
plasma. Particle fluxes and energies at the edge influence impurity release
rates and determine the lifetime of high-heat-flux components.

A variety of materials have so far been used for plasma facing components
in JET. They range from nickel based alloys for the wall protection used
initially [1]., to carbon fibre composites (CFC} [2] for areas of the vessel
which are exposed to shine—-through from the neutral beams., In future, it is
planned to employ amealed pyrolytic graphite for the leading edge of a pump
limiter [3] and the use of beryllium [4] has been proposed as an altermative

to graphite for limiters and wall protection.




Wall Components

In contrast to beam line camponents of the JET Neutral Injectors (5],
which are actively cooled, all wall components in JET are inertially cooled
during discharges. Consequently, the possibie pulse duration is limited by
the surface temperature, which is determined by the thermal diffusivity of the
plasma facing material. Material in contact with the plasma (so far,
grachite) is cooled by radiation in the 10 to 20 minute intervals between
discharges. This limits the possible duration of the interaction with the
plasma to times of aboubt 10s at full power,

Fram the start of JET operation, fine grain high-purity graphite has been
employed for the ijﬂd_ters. Based on good experience with graphite 5890 PT in
TFR [6], this material was chosen initially. However, difficulties were
experienced with the availability of the required six tonnés of graphite.
Therefore, a study was initiated [7] and EK 986 was identified as an
-alternat_ive. Data for the varicus materials used, and for others of possible
future interest have been published previously [8]. During the ohmic phase,
four discrete limdters [9] were emploved, and later, eight were installed when
additional ﬁeating reached levels exXceeding 10MW. IExtensive operational
experience exists [10], and no fallures occurred. Macroscopic surface damage
was observed once only over an operating period of four vyears [11].

Belt limiters [12] are now in use, whose power handling capabilities
exceed 40 MW for ten seconds. Again, fine grain graphite was selected as
limiter material. Operational exberience is good, but so far the belt
limiters have _received only ~25% of the designed heat load.

For the walls and wall protection [1], Nicrofer 7216 {equivalent to
Inconel 600) was used j_m'.t_iélly. After a short operaticnal beriod, melting of
the surface of the inboard wall resulted from the interaction with runaway
electrons which were created during disruptions [13]. This was avoided by

changing to graphite as a low density low-Z material for wall protection. The



energy deposition which was localized near the surface of the high-% material,
is now distributed over a larger volume. For typical runaway energies of
20-40MeV, the electron penetration depth is now about 15cm.

Damage was cbserved again when the wall protection was used as a limiter.
The protection does not form a perfectly smooth boundary and the octant—joints
[2], especially, protrude a few mm. Overloading occurred in these areas at
the midplane of the inboard wall, and as a consequence, the tile material was
changed to a carbon fibre composite (DMS 678). Operatiocnal experience is
good,-sé far; in cases of runaway impact, the graphite is eroded but remains
atructurally intact. In additioh, carbon fibre reinforced graphite is used in
areas where the shine—through fram neutral beams is intercepted by the inner
wall. Power loads in excess of 30Mwin-2 can be sustained for a few seconds.
Fine grain graphite would _fail in fracture, under these conditions.

In addition, damage to the top and bottom of the vacuum vessel was
cbserved due to vertical instabilities. Eight poloidal rings {consisting of
graphite) were installed to protect the vessel. These initially covered the
cctant—Jjoints [14] and were used as well as energy dumps for X~point
operation. The available surface area was not large enough and therefore 40
poloidal rings are now installed. These cover the octant—joints and bellows
protection plates [1]. The power handling capability is still limited to
VOMT in 2s.  Improved water cooled dump plates, covering the top and bottcm
oﬁ the \}essel, will be available for X-point operation in 1989. Fig.l shows

the inside of the JET vessel in its present state.

Wall Conditioning Technicues and Impurity Behaviour

Typical procedures, following opening the vessel to air and prolonged
persomnel access, are to rinse the inside of the vessel with demineralized
water followed by a twenty-four hours bake—out under vacuum at a_'terrtperatuxe

of 300°C. Then, R.F. assisted glow discharge [15] in hydrogen (deuterium) is



carried out for about seventy hours. ’Ihis operates typically at current
densities of 1pyAcm-? at a cathode fall of 300V, vessel temperatures of 300°C,
neutral pressures in the lower 10-2 mbar range, and with pumping speeds of
620015~ for hydrogen.

To reduce the metal contamination, plasma activated deposition of carbon
fran a deuterium-methane mixture was used (carbonization) and the vessel was
covered by carbon films [16,17] of thicknesses up to ~1ym,

with increasing amounts of solid graphite in the vessel, it became

apparent that the glow discharge conditioning with hydrogen (deuterium)
ecame less effective and the oxygen concentration in the plasma increased to
| values of 1~2%. Residual gas analysis during conditioning showed that neither
water nor carbon oxides were significant canponents in reaction products
removed., Thes congisted mainly of hydrocarbons {acethylene ~50%, methane 30%,
ethylene balance) .

Con_ditionj_ng the vessel with tokamak discharges in helium resuited in
decreased oxygen levels, and therefore, following a recommendation [18] of
TEXTOR, glow discharge cleaning in helium was introduced. Wwith this method,
oXygen is rémoved in the form of carbon-—oxides and average removal rates of up
to 10mbarl were cbserved for glow discharge times of ten hours. There are
indications that improved plasma performance can be achieved using this
method.

| Carbonisation was frequently carried ocut to reduce the concentration of
high-Z impurities at the plasma céntfe. During a transient phase (20—200
discharges), depending on the thickness of the depogsited layer [19], metals
are suppressed to concentrations below 10-% and oxygen and carbon become the
daminant impurities even at low densities [20].

Por initial operations of JET, when there was only a negligible amount of
graphite in the vessel, typical impurity concentraticns in the plasma were

2-3% carbon, 1-2% oxygeﬁ and ~0.2% metals. With jﬂcreasj_ngl anmounts of



graphite inside the vesgsel, following helium conditicning and carbonisation,
typical concentrations of metals (10-8 — 10-%) and oxygen (n0.5%) decreased
whereas carbon increased (typically 5%).

The presence of carbon in the plasma was expected and cannot be avoided,
whereas the source of oxygen contamination could not be identi.fied
unanmbiguously. However, it appeared to be related to the amount of graghite
in the vessel and was therefore attributed to the absorption of water in the
graphite and its release during discharges.

The values of the effective charge, 2 g are close to two at the density

ef
limit, which indicate a dilution of about 20% in the core of the plasma [21].

This situation can be improved by pellet injection, in which Ze values close

£f
to unity can be dotained [22], where the mechanism is dilution of impurities
by increasing the hydrogen (deuterium) concentration. With helium glow
discharge conditioning, Ze' £f values less than two appear to be possible even
in 5 MA discharges with additicnal heating.

The density limit of ohmic discharges was increased during neutral beam
injection by about a factor of two, but initially it was not possible to
achieve a similar increase with RF-heating. Following heavy carbonisation
this behaviour changed and it is now possible, with a reduction of high-Z
impurities, to run RF-discharges at densities close to those possible with
neutral injection. The mam source of high-7Z impurities are the antemna
screens which release nickel into the plasma. Carbonisation suppresses this
metal source temporarily, but it has draw“backé -in problems with density
control and recovery from disruptions. Therefore, it is proposed Lo replace

the nickel screens with beryllium, and due to their higher electrical and

thermal conductivity, active screen cooling is no longer required,

Abnormal Operation Conditiong

It is generally chserved in limiter tokamaks that during a disruption the




plasma thermal energy is dumped on the limiter and about 50% of the magnetic
energy of the plasma current are dissipated in the vessel walls, The
timé—scale ranges fram hundreds of microseconds for the thermal dump to tens
of milliseconds for the deposition of the magnetic energy. In éddition,
runaway electrons are produced in the decaying plasma by the voltage spike
accompanying the current decay. The power loading of inner wall camponents is
rather localised during such an event and can only be accommodated by
sacrificing parts of the surface which evaporate. In JET, a deposition of up
to 500 MIm-? was cbserved [7]. The main reasons for disruptions are: due to
exceeding the density limit (power radiated outgide the g = 2 surface not

- balanced by power input) cféating‘locked.modes m= 2, n=1); or by cbjects
falling through or being injected into the plasma. The latter can be parts of
the wall protection tilesg, flakes of redeposited material, plasma probes, or
molybdenum during neutral beam injection originating from flaking molybdermum
coatings on beam durps. During high current radial disruptions (normal
disruption) {up to 7MA) or vertical instabilities, the forces acting or the
vacuum vessel are calculated to reach values of 900-1200 tomnes. Without
additional stiffening of the vessel by internal rings and outer supports, the
material of the vacuum vessel (Nicrofer 7216 IC) can vield. In this case, the
vesgel lifetime would be reduced by low cycle fatigue to about 1000
disruptions‘at full current. There are several possibilities to minimize the
occurrence of disruptions (e.g. not to operate c¢lose to the density limit, to
stabilize the m = 2, h = 1 medes Eefore they lock and to have strict quality

control for all in-vessel components).

Wall Pumping
With the introduction of graphite as wall protection, density pump-cut
occurred during discharges when the wall protection was used ag a limiter

[14,211. This phenomenoﬁ could be uged to terminate beamrhéated discharges



with dengities above the ohmic dens-ity limit. Furthermore, helium
conditioning of the inner wall [23] increased the pumping capability and made
it possible to operate at low densities and high heating power in the hot ion
mode.  Wall pumping was not only observed with discharges at the inner wall.
For divertor discharges in JET, when the bellows protection was used as Plasma
facing camponent, . strong density purp-out was also found.

Mechanisms governing wall pumping are not yet fully understoocd. A
variety of models exist ranging fram assuming transient effects [24,25]
similar to hydrogen pumping by metal walls [25,26], to the co—deposition of
hydrogen and carbon in form of séturated H-C films [24,27]. To date, it is
not clear what is 1.the dominant process. Experimental evidence exists from
JET, der:'_Lved fram gas balance measurements in ohmic discharges, Which supports
the co-depogition model. Only 30-40% of gas input during discharges can be
found in the exhaust gas even after waiting for times up to 24 hqurs. To
date, it is concluded that most of the deuterium introduced into the JET
vessel remains in the form of a deposited layer of hydrocarbons.

Experiments on particle balance of heated and pellet fuelled di.scharges
are being carried out. First results indicate a higher retention, as in ohmic
discharges. If this can be further corrcborated by experiments, there will be
serious implications for the tritium inventory of machines with graphite

walls.

Future Developments

During the 1988/89 shutdown starting at the end of 1988, major new
canponents will be installed in the vessel. To stabilize the m=2, n=1
intstability mode, eight saddle coils will be installed each with an area of
ném? covering one and a half octants. ‘The coils each have three windings and
will be driven with voitages up to 5KV, currents up to 5kA and frequencies
from DC to 10kHz. They are bakeable to 773K and will be protected from the

plasma by graphite. X-point dump plates will be installed at the top and the
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bottam of the machine, whose surface in contact with the

plasma will be ~26m2, These consist of a:water~cooled support structure
(Nicfofer 7612) covered with 25mm thick CFC graphite tiles. These tiles are
pressure contacted to the backplate, and will be inertially cooled.

Existing wall protection will be modified to blend with the saddle coils
and the dunp plates. To prevent runaway damage and to allow for hijgher power
loads during normal operation, more CFC graphite will be used and protruding
edges will be removed from the inboard wall.

In early 1990, two pump limiters will be ingtalled. For the leading
edges, inertia cooled annealed pyrolytic graphite will be used to sustain the
~ expected power loads of 30 to 50MWm~2 for times of 3-10g. The surface
tamperature will not exceed 2200K in these conditions. Bonding of the
pyrolytic graphite to the watercooled support structure is a problem still to
be solved. Fatigue lifetime and degeneration of the material under high loads
needs torbe tested. The pumnp limiters will operate as stand aicne limiters
for a few seconds with a particle removal rate of 9-12% of the particles
reaching them, in load sharing with the imner wall with remcval rates of 4w6%,
together with the belt limiter at a removal rate of 1-3% and with L-mode
plasmas. Removal rates of 1% are sufficient to balance the density rise due

to neutral injection (20MW at 140keV).

The Use of Beryllium

Preparations have been made to use berylilium as an alternative to
grarhite, in case major difficulties are experienced with graphite under high
power loads in discharges of long duration. Problems might arise from
impurity production, dilution, densgity limits, density control and tritium
inventory, which could be less severe with the use of beryllium. High power
long pulse operation in JET has not vet started and it is too early to arfive

at firm conclusions about the future use of grarhite.



The antenna screens which have provided a continuous source of high—%
impurities may be exchanged for beryllium which then will alleviate the need
for carbonisation of thicknesses up to 1.5um. This process is unsatisfactory
as the density and isotope control became extremely difficult and, in
addition, is detrimental to the operation of neutral beam inj ection. The
c:arbon' deposited on the copper duct scrapers must be removed manually: after
each carbonisation, otherwise it is transported by the beams into the plasma
and leads to disruptions.

Beryllium could be used at any time from the beginning of 1988 ocnwards.
The graphite belt limiter and anf.e:rma tiles would be exchanged for beryilium
and all other areas of the vessel in contact with the plasma could be covered
by a beryllium layer of ~10um thickness. Alternatively, only evaporation
could be used, ‘Four evaporators capable of eVaporatmg 1 kg beryllium each
are being tested and will be available for that purpose. For a Tew tens of
discharges, the vacuum vessel would have a surface consisting mainly of
beryilium. Details of the planned beryllium operation have been reported
previously [4]. The use of beryllium as a getter material has been strongly
supported by gettering experiments with boron in TEXTOR [18], where the

supression of oxygen impurity has proven to be beneficial for the plasma.

Extrapolation into the Future

Experience gained in JET can only be proiected into the future if the
results obtained are relevant to the requirements of a next generation
machine. It is clear that the prcblems already encountered in JET, will
further increase when the plasma and wall parameters of a fusion reactor are
encountered. The next step tokamak will have to tackle fully those problems,
since it should be relevant in size to a reactor and provide an lgnited plasma
for a duration of at least days in semi-continuous operation. The scientific

and technical aims of such a machine should be to study a burning plasma, to
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test wall technology, to provide a test-bed for breeding blankets and above

all to demonstrate the viability of fusicon and its potential as an

energy source.

The physics results obtalned so far in JET have shown or confirmed

several features of tokamaks, specially relating to heat and particle

transport:

- With cohmic heating only, electron energy transport is anomalously high in
camparison with expectations of neoclassical thecory and shows a different
scaling with plasma parameters. The ion energy and particle transport
are also ancmalcous in JET;

- The confinement propefti‘es degrade further when additional heating power
is applied (so far almost independently of heating method). With ICRF
heating, plaswma heating occurs mostly through very energetic ions, which
exceed 1 M=V in enerqgy at high power input, and which supports the idea |
that confinement degradation will also result fram o-particle heating;

- The electron temperature profile is resilient to changes in the input :
power, while the density profile can be changed more readily;

- The improved confinement chbserved in JET H-mode plasmas exhibit the same
degradation with increasing additional heating power as L-modes. The
consequences are that an H-mode may help to go through the "igniticon
pass", rif the required additional power is moderate, but also that the
benefit of the H-mode would vanish when the reactor delivers itg full
output power; |

- Global confinement in JET seems better described by an offset linear
dependence between the energy and the power [28]. The linear energy
increment is proportional to the current as long as the volﬁme in which
internal disruptions occur is not too large {i.e. when qcyl =3);

- The maximum density without disruption depends on the cleanliness of the
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plasma. This can be increased by pellet injection and by increasing the

input power. The prospects of increasing the density above the nofmal

Murakami limit in the presence of powerful e-particle heating looks

reascnably good.

An interpretation of JET confinement results, based on the existence of
chaocs in the plasma, has led to local fransport laws which can describe JET
results rather well [29,30]. FExpressed in terms of globkal scaling laws, the
agreement is also reasonable as the fit found with the JET data points applies
also to other Tokamaks.

The relaticnship between confinement laws and the plasma beta (ratio of
kinetic to magnétic energy) is difficult to identify, especially in the heat
diffusivity coefficient. Wwhen the power input is very large campared to the
omic case (i.e. the relevant case for a power reactor), the confinement Lime
according to this interpretation should scale as:

T, B“a Ia R%
where I is the plasma current, and R and a the major and minor radiusg,
respectively. The exponent o was taken to be zero in the JET simulations and
values above unity can be reasonably excluded. At the Trovon B limit,

B=g iﬁ [311, the ignition product becomes:

{1-a) %

4 12pR

nT t, « g (qg)
where g is the safety factor‘and g is a constant.

As the product nTTE is a good measure of the power amplification of a
thermonuclear D-T plasma (as long as the temperature is larger than 7keV),
this expression shows the importance of the cﬁrrent capability of the
machine.

Based on this analysis of results cobtained in JET, it should be difficult

to achieve ignition in most of the tokamaks so far being discussed or
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designed. To demconstrate the viability of thermonuclear fusion and its
potential as an energy source, a tokamak is proposed 2-3 times larger than JET
in linear dimensions, at a magnetic field of 4.5T, with a éurrent capability
reaching 30MA. A single null divertor configuration should be used to ensure
helium exhaust and to possibly benefit fram an H-mode in enlarging the
ignition domain. Confinement degradation for o-particle heating and L-mede
behaviour ig taken into account in the design. The additional heating power
requirements are relatively low (< 50MW). The maximum thermal cutput of such
a machine depends on the maximm density which can be achieved and on the
ability to limit dilution of the plasma by héliwn and impurities. With Ze £f <

R 15, the maximm fusion power should be

2 and a Murakami parameter M-= n B =

around 4GW, with still a safety margin on the limit in B.

The proposed machine is a true "Thermonuclear Furnace" because it has all
the elements in contact with the burning plasma inside the vacuum vessel which
-will bel required for a reactor. On the basis of the proposed design, problem
areas related to wall components can be assessed and, based on JET experience,

possible solutions can be discussed.

The Thermonuclear Furnace

The design should present only minimal technical risks., It uses
conventional or proven technology as far as possible. The tokamak cross—
section is shown in Fig. 2. The machine consists of twenty identical sectors,
of which each one incorporates a toroidal field coil, the mechanical
structure, part of the vacumm vessel and one integrated unit. Due to the
box-tike shape, the sectors are strong enough to withstand forces during a
disrupticn at full current. The sectors would be joined by welding lips and
so form the vacuum enclosure. The material of the wall would be stainless
steel (ATNSI SS 316 or equivalent) of about 3-mm thickness. The wall would be
watercooled, and at the ‘same time, the water forms the blanket of thickness

40-60 cm.



The plasma is in a single null divertor configuration. The divertor
plates arve exchangeable and it is possible to incorporate blanket test modules
into the divertor supports. The plasma occuplies about 50% of the toroidal
field volume, Thus, a drastic relative reduction in costs could be achieved.
In this proposal, copper coils are used to minimize the technical conplexity
and risk by reducing the number of concentric vegsels and structures and by
decreasing the neutron shielding regquirements., - Table I lists the main

parameters of the furmace.

Wall Concept

The design of the proposed machine aims at a plasma size comnparable to a
reactor. This results in modest requirements for the power handling
capabilities, sb that there is no need to develop new techniques for high heat
flux camponents. The wall concept is based on graphite components covered
with a renewable thin beryllium layer in order to block the chemical
reactivity of graphite. Radiation cooling for irner wall components is
envisaged as in JET and active ccooling for divertor camponents. Heating by
neutrons {(nuclear heating) will produce the main thermal load for the inner
wall camponents and contribute significantly to the divertor loads.

The power output is rated at 0.5-4GW depending on the achievable central
density. For further evaluation, a power production of 2.5GW is assumed. 2CW
ig emitted as neutrons, and the rest as o—particles. Power losses from the
Plagma are by radiaticn and conduction; Canecﬁion and charge exchange
neutrals are neglected. The radiation from the plasma volume is mainly due to
bremgstrahlung and it contributes ~20% to the power balance, It is assumed
that low-7 radiation from the plasma edge contributes another 20% and a
further 20% would be radiated from the X%point during L-mode operation. Half
of the latier would be intercepted by the divertor plates which as well

would receive 40% of the total power by conduction.

-14—-




Table IT sets out the basic data for loads on wall camponents. These are
averaged assuming equal power distribution on the respective camponents.
Foliowing experience on JET, all wall and divertor camponents would be low-%

materials (i.e. carbon, beryllium, boron and lithium or cambinations) .

Wall Protection

Fig.3 shows a diagram of the inboard wall. The wall protection consist
of graphite tiles, which is radiation cooled. Pressure contacts are not
considered to'be sufficiently reliable. There would be two types of
protection. The first forms a poloidal ring of 300mm width, in each sector,
~in a configuratioﬁ reminiscent of the belt limiter in JET. The tiles radiate
to water cocled fins which form part of the blanket. The thickness of each
graphite tile would be 30mm and the depth 50 to 100mm. The cooling fins are
recessed by 20mm, and therefore, 20mm of graphite can act as a sacrificial
layer during disruptions. The second purpose of the tiles is to shield the
toroidai field coils which are partly situated behind a gap in the blanket.
Tile temperatures are mainly determined by nuclear heating and should reach
1500K at the front surface. Situated between the rings is further protection
over a height of ®m in the form of tiles similar to the wall protection in
JET. These are well radiation cooled and have a thickness of 20mm. Their
front tempefature will also be 1500K. The rest of the inside of the vessel
would be carbonized. The material for the tiles would be carbon fibre
reinforced grarhite of a type similar to that presently used in JET. It is
not anticipated that the inner wall protection presents any major problems
during normal operation conditions. Fig.4 shows a three-dimensional view of

the inboard walil.

_15_




Divertor

The divertor presents the main technical challenge in the design of inner
wall components.  This challenge is reduced to a level which can be handled if
the region of high power deposition is expanded over a larger area. This can
be achieved by moving the X-point vertically or horizontally using the
existing coil set (or preferably sets of internal coils), with minimal effects
on the overall plasma geametry. Alternatively, the movement can be achieved
by oscillating the divertor components horizontally. The main advantages of
this scheme are: .

- no need for absolute positioning of the divertor components with an
accuracy of nillimetres as in JET. Feedback control could be used;

- in gpite of high local thermal loads the average loads reméin gnall;

- heat tranéfer to the cooling medium corresponds to the average loaGs;

- lifetj_me- increases according to the ratio of peak load to average load. ;

- to compensate for erosion, material (beryllium, hydrocarbons) can be
injected which wo_uld be deposited in areas with low loads;

- deposited and redeposited layers are burnt off before they can fiake and
before large amounts of tritium could accumilate.

For the movement, the limiting factor is the sweep frequency which must
be low enough so that additional colls are not required in the vacuum vessel,
and must be high encugh to minimize thermal stresses in the divertor material.
As an alternative to this movement, use of liquid metals (lithium or
beryllium) could be envisaged to act as a divei__"tor target producing a high
density ionized shield (plasma plugging, if possible). In this paper only the
relative movement between plasma and divertor will be discussed.

Fig.5 shows a cross—section through the divertor region. The divertor
plates extend above and below the X—point. In the down—stream region,
additional wall protection is installed (cone between the divertor plates) to

avoid direct line-of-gight between the plasma and the blanket and to protect
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the blanket against damage by loss of plasma control during a vertical
instability. The divertor receives only a moderate average power level of

130 Wem~ 2 from radiation and conduction. The X—point can be moved horizontally
and vertically to distribute the power load evenly over the whole divertor
surface. As H-mode operation is not envisaged, the outer and inner part of
the divertor plates can be used to this purpose.

The material proposed for the divertor plates is carbon fibre graphite of
40mm thickness. It is brazed in blocks of 10 x 10mm? surface area to water
cooled copper plates of 10mm thickness. The average heat flux (conduction |
plus nuclear heating) is ~v1.8MWm- 2. This can be removed without having to
resort to two—phése cooling, In the proposed design, the peak loads on the
surface during the sweeping of the X-point should be about %5 higher than the
average load (“V10MWm-2). For the calculation of thermal response, the high
thermal conductivity of the fibre graphite was not taken into account as it
" degrades at low neutron doses (v102°cm~2) to that of fine grain graphite [32].
For a sweep fregquency of 1Hz, the thermal stresses at the surface will be
about 25MPa in canmpression .(limit 100MPa) and the peak temperature will be
V1400K. The material thickness is mainly limited by the average load and the
resulting front temperatures. 2An alternative set of parameters would be:
60mm material thickness, sweep rate 3Hz, surface temperature 1600K and thermal
stress 55MPa. More detalled calculations should take into account the
annealing of radiation damage and a varying thermal conductivity inside the
material.

It is proposed that the graphite divertor should be covered with a thin
layer of beryllium to employ the good properties of both materials, A
beryllium carbide layer would be formed [33] at temperatures apove T00K. It
is envisaged that such a scheme should be validated in JET.

The lifetime of the divertor plates is determined by the erosion due to

particle impact. A detailed modelling of the plasma edge and the divertor




region is required to assess the particle fluxes and energies, but is
presently not available. Therefore, a worst case assessment is made. The
energy (~300eV) and the temperature (Vv750K) of the maximum sputtering yield is
taken for the sputtering of carbon by deuterium. For 300eV ions and an
energy transmission factor of 17 [34], the particle cutflow fram the plasma is
%1023 particles per second.

With a sputtering vield of 0.2 [35], this is equivalent to a removal of
about 35 monclayers per second. Neglecting any increase in lifetime due to
lower particle energy, possible supression of chemical activity and
redeposition, the lifetime would:be at least two months of continucus
operation at a level of 2.5GW. It should be mentioned that H-mode operation
might immediately halve the divertor lifetime, as the outer part might not be
allowed in contact with the plasma and the loads would be doubled on the
rest.

Tt appears that a fast movement (sweep frequency >10Hz) of the X-point is
difficult to achieve and therefore peak loads up to a factor five higher than
the average loads can be expected for times of at least 0.1s. These should be
taken by the thermal inertia'of the divertor camponents and then be
transferred to the cooling water at the moderate heat transfer discussed
above. Lifetimes will not be affected as average loads do not change.
Experience in JET shows that ¢rephite fibre material is well suited to operate
in such a way.

For 2.5GW thermal output, the neutron fluk density is 5.3x10%3cm ?#g-1t.

To reach a dose corresponding to one displacement per anmum, the plasma should
burn for 216 days continuously (ldpa = 102tcm-2). This is in excess of the
predicted lifetime of the divertor camponents in the above assessment. In the
long term, it would be necessary to validate sChemes like the high recycling
divertor or to develop liquid or plasma or gaseous energy dumps to arrive at

lifetimes of several years.




In this proposal, Beryllium as a metél eannot be used as wall protection
because the temperatures required for radiation cooling would be too high. In
addition, it can not be envisaged for the divertor plates. The stresses
induced during sweeping of the X-point (10Wm-2, 235MPa in campression after
0.03s) requires execution of a cycle in a fraction of this time to avoid
plastic deformation. Sweep frequencies higher than 10Hz are not canpatible
with internal coils (300V/turn required at 10Hz) and, therefore, the use of
massive beryllium is not proposed.

The design of the immer wall caomponents and the divertor plates for the
heat loads discussed above does not present major technical risks. However,

- the impact of the aesign.on plasma behaviour was not assessed and the impurity

behaviour in such a configuration must be studied.

Disrupticns

Problems arise if longer burn times than 200-400 days are required or
when abnormal operation conditions (disruptions) are taken into account.
During a disruption, the thermal energy in the plasma is dumped onto areas in
direct contact with the plasma and ~50% of the magnetic energy are deposited
on the wall protection. The time-scales will be many x100 us for the divertor
plates and many x10 ms for the inner wall. The energies considered are
1, 8GJ for the inner wall and ~1GJ for the diﬁertor. The deposition area may
be rather localized. It is clear that for the times mentioned, there exists
no material which can take the reéulting loads without melting or in the case
of graphite, without vepourizing. At the inner wall; 30kg of graphite will
evaporate for each disruption. In the case that one ionization step is taken
into account during the intéraction (plasma shielding}, the amount of material
lost would be only ~10kg. The respective value for the divertor would be
about 7kg. If such an interaction was not localized, several thousand

: diSrupticns could be sustained.
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Tt will never be possible to avoid disruptions completely. Therefore,
each machine must have the capability of withstanding hundreds of disruptions
without being destroyed. Unfortunately, the interaction with wall camponents
is not yet fully understood and effort is required to study in divertor
machines the pattern of power deposition and deposition times éuring
disruptions, to model the interaction of materials with extremely high heat
loads and, if possible, outside a tokamak, to verify the models by
experiments. In addition, disruptions, as the source of this problem, should
be controlled, and, therefore, schemes should be devised and tested to

minimize their occurrence.

Exhaust and Refuelling

pumping of the proposed machine cen be achieved with existing techniques.
Here again, the physical size is beneficial because it allows ingtallation of
pumping ducts of sufficient cross—-section. Each machine sector has two
punping ducts with an area of ~0.8m? each. The ducts with a length of 10m end
ocutside the biologlcal shielding. The conductance for deuterium is
\3x10%1s-1. A cryopump of ~1.5x1051s-* pumping speed would be installed at
the end of each duct. The installed pumping speed at the divertor would
therefore be ~106ls-! for deuterium and by using charcoal at 4K a sgimilar
punping speed for helium could be achieved. The vacuum time constant would be
aoout 3s. If during a detailed study, these values turned out to be too low,
thermamechanical pumps [36] could be installed ﬁchich would increase the
purping speeds by x100.

Without a detalled study of particle transport for hydrogen and i'leliwn in
the plasma, reliable predictions cannot be made for recycling fluxes and the
pumped fraction. Models for o-particle transport gannot vet be verified
experimentally. JEI might contribute information as soon as a sufficient

mmber of o-particles are produced.
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Refuelling can either be implemented by gas or by pellet fuelling or a
campination of both. Fram cbservations in JET [22], pellet fuelling can
prbduce densities far above the Murakami limit, reduce the impurity
concentration and increase energy confinement times. To cbtain these
favourable features, it seems necessary to inject the pellets at such speeds
that they penetrate at least well beyond the d = 2 surface before
ablation. For the proposed machine, speeds >10kms-! would be required with

the necessary development of pellet injection.

Summary and Conclusions

Only low-2Z néterials can be employed ingide the JET wvesgel., Carben in a
variety of forms is extensively used for plasma facing camponents either as
fine grain graphite, carbon fibre reinforced graphite or as a carbon film.
Operational experience is generally good. However, the following
'problemjareas have been identified:

- Wall conditioning, isotope and density control require wall tamnperatures
above 250°C;

- Graphiﬁe seems to be the main source of oxygen;

- Frequent conditioning with helium is required;

- Carpbon films on exposed areas have a limited lifetime;

- Carbon retains hydrogen introduced into the vessel in the form of
hydrogen—rich carbon films deposited during discharges, which leads to
difficulties in density confrol, recovery from disruptions and tritium
inventory;

- graphite is the main impurity at typically 3%, and leads to increased
Zeffvalues and plasma dilution;

- Fine grain graphite, if overloaded thermally, is prone to fail in
fracture. Carbon fibre reinforced graphite is extremely forgiving when
thermally overloaded and should replace the fine grain'graphite for

Plasma facing camponent, even if the thermal erosion may be higher.
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Fxtrapolation of results fram JET show that high plasma currents are
neecded for a reactor which would be of such a size that confinement will no
longer be the daminant issue. The main problems would be impurity production
and their control, fuelling and exhaust and resistance against disruptions.

Technical considerations such as stress levels in colls, wall loadings
and econcamy suggest the design of a "Thermonuclear Furnace" with several GW
thermal output. Its aims should be to study an ignited plasma with
semi—continuous operation, to test wall technology and breeding blankets and
to show the prospect of fusion as a reliable energy source. The most
promising solution for the divertor is based on the movement of the X-point
relative to the divertor plates, using graphite fibre material and to block
the chemical activity by a beryilium layer. However, studies are required to
validate this séheme.

The technology to build such a machine exists but there are still
ﬁncertainties due to unavailable data. JET can contribute in £illing this gap
by providing information on:

- Particle fluxes and energles in the divertor region; - a—particle

Lransport;

- Stabilisation of disruptions;

- Behaviour of bervllium as an atternative low-Z material;

- Deep fuelling of the plasma with high speed pellets;

-. Tritium retention.

Additional effort i1s required in the areas of:‘

- Erosion—deposition processes and their application to a reactor

- -Interaction of golids with plasmas at GJ energies during pericds of
hundreds of microseconds;

- Properties of liquid/gasecus/plasma targets for the divertor;

- Plasma exhaust and refuelling.
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TABLE 1

Main Parameters of the Furnace

Plasma minor radius (horizontal) (m}y . 3
Plasma minor radius (vertieal) {m) &
Plasma major radius {m) - 7.5
Plasma aspect ratio 2 - 2.5
Flat.top pulse length {s) 600-2000
Toroidal field (plasma centre)} (1) T
Plasma current (MA) 30
Voltseconds {Vs) k25
Additional heating (MW) 50
-Fusion power . (MW) 500~4000
TABLE 2

Loads on Wall Components

Surfaces
Wall (m?) 1660
Divertor (m?) 190
Plasma (m*) 1310
Volumes
Vessel {m?) 3260
Plasma : (m?) 2410
Wall loads
Nuclear heating (graphite) (MWm™3) 12
Radiation {(MWm™ 2) 0.15
bivertor loadsr
Radiation (MWm™2) 0.3
Conduction (averaged) (MWm™*) 0.89
Nuclear heating {(graphite) (MWm™2) 12
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Fig.3 Inner wall protection, plan view
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