I: !_II=
JOINT EUROPEAN TORUS m

JET-P(91)11

K.J. Dietz, P. Chappuis, H Horiike, G.L. Jackson, M. Ulrickson
and JET Team

Experience with High Heat Flux
Components in Large Tokamaks



“This document contains JET information in a form not yet suitable for publication. The report has been
prepared primarily for discussion and information within the JET Project and the Associations. It must
not be quoted in publications or in Abstract Journals. External distribution requires approval from the
Publications Officer, JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK".

“Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EFDA,
Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”

The contents of this preprint and all other JET EFDA Preprints and Conference Papers are available
to view online free at www.iop.org/Jet. This site has full search facilities and e-mail alert options.
The diagrams contained within the PDFs on this site are hyperlinked from the year 1996 onwards.




Experience with High Heat Flux
Components in Large Tokamaks

K.J. Dietz, P. Chappuisl, H Horiikez, GL.J ackson3, M. Ulrickson®
and JET Team*

JET-Joint Undertaking, Culham Science Centre, 0X14 3DB, Abingdon, UK

'CEN Cadarache, Saint Paullez Durance, CEDEX, France.
2Japan Atomic Energy Research Institute, Naka Fusion Research Establlishment,
Mukoh-yama, Naka-machi, Naka-gun, lbaraki 311-02, Japan.
SGeneral Atomics, San Diego, CA, USA.
*Princeton University Plasma Physics Laboratory, Princeton, NJ, USA.
* See Appendix 1

Preprint of Paper presented at
ISENT 2, Karlsruhe






Experience with High Heat Flux Components in Large Tokamaks
K. J. Dietzl, P. Chappuis2, H. Horiike3, G. L. Jackson4, M. Ulrickson®

1JET Joint Undertaking, Abingdon, OX 14 3EA, United Kingdom, 2CEN Cadarache, 13108 Saint Paul
lez Durance, CEDEX, France, 3Iapan Atomic Energy Research Institute, Naka Fusion Research
Establishment, Mukoh-yama, Naka-machi, Naka-gun, Ibaraki 311-02, Japan, 4General Atomics P.O.

Box 85608, San Diego, CA 92186, USA, SPrinceton University Plasma Physics Laboratory P.O. Box 451,
Princeton, NJ 08544, USA

ABSTRACT

The large present day tokamaks i.e. JET, TFTR, JT-60, DIII-D ,and Tore Supra are
machines capable of sustaining plasma currents of several million amperes . Pulse
durations range from a few seconds up to a minute. These large machines have
been in operation for several years and there exists wide experience with materials
for plasma facing components. Bare and coated metals, bare and coated graphites
and beryllium were used for walls, limiters and divertors. High heat flux
components are mainly radiation cooled, but stationary cooling for long pulse
duration is also employed. This paper summarizes the experience gained in the
large machines with respect to material selection, component design, problem areas,
and plasma performance.

1. INTRODUCTION

The large tokamaks, JET, TFTIR, JT-60, DIII-D, and Tore Supra, are capable to sustain
plasma currents of several million amperes (MA), up to seven for JET. The pulse
durations last from a few seconds up to a minute for Tore Supra and JET albeit at
reduced plasma current and for JET also at reduced toroidal field.

TFTR and JET are designed to employ a deuterium tritium mixture as working gas
to study the plasma behaviour with alpha particle heating in order to allow
predictions for burning tokamaks. The total amount of D-T neutrons produced will,
however, be in both machines only of the order of 10 22 to 1023. For all present day
large machines material deterioration under neutron bombardment is not expected
and therefore not taken into account for the material selection. Consequently high
thermal conductivity graphite can be selected as plasma facing material for high heat
flux (HHF) components in present day devices.

Tritium retention in wall materials has already to be considered for TFIR and JET.
In both cases it could be shown that there do not exist major problems, because of
their comparatively small size, the limited tritium operation scenario and the
possibility to deplete the tritium wall inventory by conditioning discharges. For the
next generation of machines, however, which may employ graphite as wall armour
large inventories might be expected especially due to trapping of tritium at neutron



produced damage sites inside the plasma facing materials or in co-deposited layers of
tritium and graphite.

Presently all machines, with the exception of Tore Supra, employ cooling techniques
for high heat flux components which are of little relevance for the Next Step
machines like ITER. Inertia cooling is used in most cases where the energy
conducted to limiters or divertor plates is stored in the materials during dlscharges
and is conducted to cooled support structures or radiated to cooler vessel
components in the time intervals between discharges. Tore Supra uses for some
wall components stationary cooling were the conducted energy is transferred to the
cooling water during the discharges so that the surface of the high heat flux
components is in thermal equilibrium with the plasma after a few seconds and the
surface temperature becomes constant. This type of cooling will be employed for
Next Step devices.

The design of components facing the plasma (walls, wall armour, protection of the
vacuum vessel, internal structures as for example limiters, divertor dump plates,
launchers for plasma heating and current drive etc.) requires the knowledge of a
variety of data. The main ones are related to plasma edge parameters, machine
configuration and operation modes, abnormal operating conditions, and materials
data.

Tokamaks employ limiters and/or divertors in a variety of configurations and the
plasma facing components-will have to be designed for the respective configuration.
Compromises will be required due to access restrictions for installation, the required
compatibility with remote maintenance, possible interference with diagnostics, and
the need to install sufficiently large surface areas to reduce thermal loads to
acceptable levels.

The knowledge of plasma edge parameters is essential for the design of high heat
flux components because particle fluxes and energies and their spatial distribution
define the power loads, impurity release rates and thus the life time of HHF
components. This will become of particular importance for the next generation of
machines where plasma burntimes of tens of minutes are envisaged. The data for
the plasma edge are normally not well known and show a strong dependence on
configurations and global plasma parameters. Accordingly the design has to
incorporate adequate safety margins.

The materials data required include, among others, thermomechanical properties,
fatigue behaviour, outgassing rates and data on physical and chemical sputtering. In
the present day machines, data on radiation damage are of minor importance.
Fatigue data are normally not available, especially not for the advanced materials as
carbon fibre composite (CFC) graphite. Therefore component tests are mandatory
and form an integral part in the development of HHF components. The material
selection normally is only one of the facets of a successful design. It is not only
required that the components can sustain the conducted power from the plasma
without damage, but that on the other hand the plasma properties do not degrade
by interaction with the component and the release of wall material. Therefore, as it
is for example is the case in JET, wall components can sustain high loads without



damage, but plasmas degrade and become useless already at much lower power due
to accumulation of impurities released at hot spots.

Besides graphite, being used extensively in all tokamaks as fine grain graphite and
carbon fibre composite, a variety of other materials have so far been employed for
plasma facing components. They range from nickel base alloys (JET), titanium
carbide (TiC) coatings on molybdenum (JT-60), TiC coating on graphite (TFTR) and
boron nitride (DIII-D) to beryllium (JET). The experience obtained in the large .
machines is summarized in the following paragraphs.

2. OPERATIONAL EXPERIENCE IN JT-60

JT-60 (major radius of 3.03 m and minor radius 0.995 m) could be operated as limiter
or divertor machine with Neutral Beam power up to 25 MW. It was found that wall
materials consisting of TiC coated metal plates are superior to carbon tiles as far as
control of plasma density and impurity content is concerned. Problems using metal
plates were related to bursts of metallic impurities in high power heating discharges.
Therefore carbon tiles were installed as replacement. The carbon wall showed very
high tolerance against heating experiments with powers of up to 25 MW. Following
this experience the wall for JT-60 upgrade was designed to utilize carbon fibre
composites for the divertor and isotropic graphite for the other regions. The
divertor tiles are cooled by the forced circulation of water or nitrogen gas, while the
other regions are cooled by conduction to the vessel wall.

JT-60 began its operation with titaniumcarbide (TiC) coated molybdenum as first
wall material. The TiC surface was used for two years operation with ohmic, neutral
beam and lower hybrid heating (LHH). During this period no deterioration was
observed in the coated TiC films, in contrast to findings of TFTR [1] on their
coatings. The use of TiC allowed JT-60 to produce clean, low density plasmas. With
these plasmas high T; [2] and confinement experiments in lower hybrid current
driven plasmas [3] could be performed. The divertor plasmas showed low radiation
losses of only 10% with beam heating and the convective power flow to the
divertor plate amounted to 70% [4]. However, the limiter plasmas suffered radiation
losses as high as 60% of total input including beam power, hence the beam heating
period was limited due to build-up of high-Z impurities resulting from such metals
as Ti and Mo. Due to these impurities the plasma current was also limited to values
below 2 MA.

In order to avoid the plasma contamination by high-Z materials and to obtain high
current discharges in the limiter configuration, the TiC coated Mo plates were
replaced with graphite tiles. With this wall the concentration of metals was
suppressed and high current limiter discharges became possible with beam heating
of up to 25 MW. Values of Z¢s are compared in Fig. 1 for high power beam heated
discharges as a function of the line averaged electron density [5]. Impurity
concentrations are also summarized in Table 1 where TiC coated walls and graphite
walls are compared as well as two divertor configurations. The value of Z¢ff was
lowest in the closed divertor plasma with TiC walls and was highest in the open



* divertor plasma with the graphite walls. It is noticeable that the oxygen levels do not
change much.

Density limits are compared in Fig. 2 for ohmic plasmas with TiC and graphite walls
[6]. Because the recycling coefficient for the TiC wall was estimated to be 0.8 to 0.98,
the plasma density was highly reproducible with only simple adjustments in the gas
puffing rates required. This was also marked for low density discharges where the .
recycling rate decreases with density. In contrast to these observations the graphite
wall exhibited varying recycling rates shot by shot. Because the wall tended to be
saturated with gas particles after a sequence of plasma discharges, low density
plasmas became more difficult to be produced and were obtained only after special
conditioning discharges [6].

The divertor heat flux is given in Fig. 3. It was measured by an infrared camera
system. Asymmetry of the heat flux in the inside and outside regions of the
divertor was observed, which was reversed with the change of ion VB drift
direction.

2.1 FIRST WALL DESIGN FOR JT-60 UPGRADE

The first wall design for JT-60U was based on the experience of JT-60. Since high
power heating experiments are expected to be a top priority, graphite was choosen to
cover the wall: isotropic graphite for the area other than the divertor and carbon
fibre composite in the area of the divertor. The vacuum vessel has a double skin
made of thin plates of Inconel 625. The first wall armour, in form of tiles, is fastened
to the wall near the cooling channels to increase the thermal conduction from the
tiles to the coolant gas. The double walled vessel is mechanically strong against
disruption forces, but not very well suited for heat flow across the wall due to the
low thermal conductivity between the two skins. Therefore the divertor plate was ,
provided with cooling channels so as to protect the vessel wall from high heat
fluxes emanating from the divertor armour. The armour is fitted to the cooled base
plate by a backing plate. The design is shown in Fig. 4. The divertor plate has a
simple structure but the cooling tubes between the plates are much more
complicated because a fraction of the eddy currents, induced in the vessel skin by the
disruptive plasma motion, circulates in the tubes. Therefore the tube has many U
bends which are carefully attached to the vessel so as to minimize the amount of
eddy current circulating in the tube. The divertor plates are also carefully aligned so
that the height difference between neighbouring plates is kept below 0.5 mm. The
distance between the vacuum vessel and the armour was kept below 6 to 8 cm for.
the divertor and to 4 to 5 cm for the other areas. These distances were minimized
in order to maximize the plasma cross-section which then enables JT-60U to sustain
discharges with plasma currents above 6 MA.

The maximum heat flux to the divertor was estimated to be 20 MWm-2 assuming
that

(1) the convective power loss is 70% of the total heating power of 40 MW,

(2) the effective width of the strike zone is 4 cm

(3) the asymmetry in the heat flux between inner and outer strike zone is 2:1.



The convective power loss of 70% was obtained in JT-60 with the TiC wall in a clean
discharge of low radiative loss. The characteristics of the divertor plasma will be
measured in this years experimental phase using of Langmuir probes, thermo-
couple arrays, infra-red cameras, divertor bolometers, and Hy diagnostics.

The armour in the areas other than the divertor is fitted to the vessel wall by a
single bolt in order to avoid sharing of induced eddy currents between the tiles and
the vessel walls. Fig 5 shows across-section of the JT-60U vessel. The surface is
divided into different areas, wall (A,B) and divertor (D). The design heat flux on
areas A and B resulted from equilibrium calculations of the plasma configuration.
The heat flux for the region A was found to be 3 MWm-2 and that for region B to be
1.5 MWm-2. The tiles in region A were adjusted in such a way that steps between
adjacent tiles are below 1 mm in order to avoid damage on the edges. The heat flux

for these regions was estimated according to measured data for the scrape-off layer
thickness [7].

2.2 MATERIALS AND SELECTION FOR JT-60

Since large quantities of the different materials are required for the first wall
armour, the material types should range over several brands so as to be produced
within a limited period. The selection of materials was based on an examination of
their properties such as thermal and electrical conductivity, thermal expansion
coefficient, Young's modulus and mechanical strengths [8,9]. Test results for the
thermal conductivities are given in Fig. 6. for ambient temperature.The brands from
A to C denote isotropic graphites and D to G carbon fibre composites. It is remarkable
that these brands have conductivities higher than copper. The temperature
dependence of the thermal conductivity is shown in Fig. 7. While the values
decrease with an increase of the temperature, most of them still have considerable.
conductivities at 900 K. Considerable anisotropy for these data was observed. The
mechanical strength was found not to be higher than the one for isotropic graphites,
and also showed some anisotropic characteristics. From these results and from the
sizes that can be produced, the tile shapes and tile arrangements, as shown in Fig. 8,
were determined.

2.3 FUTURE PLANS FOR JT-60

In the short term, it will be necessary to adjust the height difference of internal tiles
after some period of operation. Following the experience at the original JT-60, the
adjustment over a considerable area might be required. The surfaces of the divertor
tiles are planned to be shaped to have a slight inclination towards the direction of
the incident plasma so as to prevent plasma particles from directly impinging on the
tile edges. This is an experimental test to suppress excessive sublimation of carbon
during long periods of high power heating experiments.

For a middle term plan, boronization of the tiles and the use of boronized graphite
are considered. The material studies have just started. On the other hand the



divertor might be changed to a closed configuration which was originally included
as an option in the new vessel design. This option aims to improve the plasma
purity. If this is adopted limiter discharges become much more difficult to set-up,
therefore the wall armour, other than for the divertor,would be changed to
materials like TiC.

In a long term plan, JT-60U would introduce high energy negative neutral beams
[10]. This system would enable us to produce high temperature diverted plasmas at
high density. In such a case the experimental plan will concentrate on the divertor
plasma with closed configuration and we could abandon high power limiter
discharges. As an option the divertor plate could be changed to a metal plate with
forced cooling in order to cope with the high heat flux of the plasma. The technical
problem of introducing water cooling lines into high temperature vessel will be
solved in an early phase of JT-60U.

3. OPERATIONAL EXPERIENCE IN DIII-D

The DII-D tokamak has a '‘Dee’ shaped cross-section with minor and major radius of
0.67 and 1.67 m respectively and a toroidal magnetic field £2.2 T. DII-D is a versatile
device capable of producing many plasma discharge shapes including upper null,
lower null, or double null poloidally diverted discharges, inside wall limited
discharges, outer limiter discharges and biased diverted discharges. Biasing is
accomplished with a toroidally continuous insulated ring (installed in 1990) which
can induce poloidal currents in the outer region of the plasma discharge. Auxiliary-
heating power includes neutral beam injection (NBI) with hydrogen, deuterium, or
helium atoms, PNp1 < 20 MW, electron cyclotron heating (ECH), PEcH < 1.7 MW, and
ion cyclotron heating (ICRH), PicrH <€ 2 MW into hydrogen, deuterium, or-helium
plasmas. A detailed description of the DIII-D tokamak is presented in reference 11.

Plasma discharge durations of ~ 10 s have been obtained [12] and auxiliary heating
energy up to 50 M] has been applied on a single pulse. Both average power density,
Paux/ Vplasma S .95 MWm?3, and ratio of auxiliary power to wall area, Paux/ Awall <
0.25 MWm-2, are comparable to, or higher, than other large tokamaks presently
operating, e.g. JET, TFTR, and JT-60.

3.1 DESCRIPTION OF DIII-D WALLS

DIII-D began operation with 7.5 m2 of graphite corresponding to 9% of the plasma
facing surface area. These graphite tiles were located in regions of high heat flux; the
floor (for lower single null diverted discharges) and areas exposed to neutral beam .
‘shinethrough'’. In addition two graphite limiters were located at the outboard
midplane and spaced 180° toroidally. Graphite was chosen for these high heat flux
regions because of its low atomic number (Z = 6) and its ability to withstand high heat
fluxes and thermal stresses. POCO AXF-5Q graphite was,initially used primarily
because of its high coefficient of thermal expansion which was compatible with the
brazing process used to fasten the graphite tiles to the Inconel base [13]. However
several of these tiles exhibited graphite fracture or separation from their metal



substrate and in one case this*failure occurred during a'machine opening with no .
external heat or mechanical loads on the tile. In order to reduce tile failure and
expand the operating parameter range of DIII-D, graphite coverage was increased to

31 m2 or ~ 40% of the plasma facing surface including the top, inside wall, and floor of
the vacuum vessel as shown in Fig. 9 and the method of attaching the graphite tiles
was changed from brazing to mechanical clamping.

All areas of DIII-D which can be exposed to high heat flux are now covered with
graphite tiles. The armour consists primarily of ~ 1600 graphite tiles, Union Carbide
type UCAR TS-1792. This type of graphite was selected based upon its low thermal
expansion coefficient, high thermal conductivity, resistance to thermal and
mechanical shock, and availability. Before selection, seven candidate graphite
materials were tested at high heat flux in the Sandia National Laboratory
Albuquerque (SNLA) ion and electron beam high heat flux facility and 3-D analysis
was performed on the tile design to ensure that they would not fail due to localized
thermal or mechanical stress [14].

For the large area graphite coverage shown in Fig. 9 the graphite tiles are secured to
the Inconel 625 vacuum vessel with Inconel studs welded to the wall. The method of
attachment is depicted schematically in Fig. 10 a. The graphite tiles are mechanically
secured to the Inconel wall. Tile edges are overlapped to shield the metal components
from direct plasma exposure (Fig. 10 b). The vessel wall has water cooling channels
and thermal contact between the wall and the tiles is maintained with a copper foam
material. The thermal limits for vessel wall stress, tile stress, and tile surface
temperature of 2200 C is shown in Fig. 11. For the heat flux test performed at SNLA,
TS-1792 exceeded the flux limits shown in‘the cross-hatched region shown in Fig 11
with no mechanical failure [14]. The operating region shown in Fig. 11 is compatible
with DIII-D operations although the heat flux to the divertor tiles is localized and not
evenly distributed over the surface of the tile. For example, a 20 MW diverted
discharge with 30% of the input power conducted to the inner and outer divertor .. .
strike points would produce a power flux of 10 MWm-2. It is assumed in this example
that the heat flux peaks at the centre of the strike point and the strike points consist of
'stripes’ toroidally symmetric on the floor. The width of these stripes is assumed to be
2 cm at full width half maximum of the heat flux, which is consistent with
experimental observations. Because this heat flux is localized, and not distributed
over the entire surface of the tile, 3-D calculations show that the tile can sustain a flux
of 10 MWm-2 for 10 s, or more than 4 times as long as the 2.4 s which would be
estimated from Fig. 11. The peak divertor energy and heat fluxes in DIII-D have been
measured with an infra-red camera and are < 6 MJm2 and < 5 MW/m-2 respectively
[15].

In addition to the graphite tiles described previously, boron nitride (BN) insulating
tiles were installed in 1990 as part of the advanced divertor project. These tiles
insulate a toroidally symmetric ring which can be biased with respect to the rest of the
vessel to drive poloidal electric currents in the edge region of the plasma discharge
[16]. Asshown in Fig. 12, flux surfaces from the scrape off.Jayer intersect the boron
nitride tiles and these tiles can be subjected to high heat fluxes. Boron nitride was
chosen as an insulating material over other candidates materials such as SiC because
of its non-catastrophic failure (sublimation) when subjected to high heat thermal



“fluxes. ‘The usual failure mode of SiC, on the other-hand, was cracking and shattering
of the tile during high heat flux tests at SNLA [17]. The versatile field shaping system
in DIII-D allows the positioning of the outer strike point or scrape-off layer either on
the biased divertor ring or near the aperture below the ring as shown in Fig. 12.
Plasma discharges are also routinely obtained with the outer strike point positioned at
a smaller major radius to minimize any potential interaction with the ring or
insulators.

Graphite and boron nitride tiles comprise 40% of the first wall area exposed to plasma
discharges. The remaining parts of the vessel are either Inconel tiles or the Inconel
vessel wall itself. All exposed metal surfaces are in areas of low heat flux where metal
sputtering is expected to be minimal. Metal contamination in the plasma discharge
can be a serious problem and, in fact, has been observed in DIII-D during high plasma
current (2 2 MA) high confinement mode (H-Mode) discharges [18]. The mechanism
for this metal influx has not been determined. Possibilities include direct sputtering
of the metal surfaces by charge exchange neutrals or transport of metal atoms to the
graphite tiles during events such as disruptions or glow discharge conditioning of the
vessel and the subsequent desorption of the metal atoms during a tokamak discharge.
The deposition of a thin carbon film of ~100 nm (carbonisation) on all plasma facing
surfaces has successfully reduced the metallic impurities as shown in Fig. 13. Nickel
and oxygen fluxes are reduced by a factor of 5 to ~ 30 after carbonisation when
compared to a similar plasma discharge before carbonisation. The fraction of radiated
power was also reduced for comparable tokamak discharges.

3.2 OPERATIONAL EXPERIENCE WITH GRAPHITE TILES IN DIII-D

Large area graphite coverage in DIII-D allows high power (< 20 MW) auxiliary heating
with significantly reduced high Z metallic impurity contamination. Carbonisation
further reduces metallic impurities. -As a result the following important plasma -+ .
parameters have been achieved: H-mode discharges up to 10 s duration, observation
of limiter and ohmic H-mode confinement, 2.5 MA divertor operation without
carbonisation and 3 MA divertor operation after carbonisation, more reliable low q
operation, and volume averaged beta of 11% {12, 19]. It should be emphasized that
this improved performance was accomplished only after careful conditioning of the
graphite, as discussed later in this section. There has been no evidence of carbon
blooms which have been observed in JET and TFTR. The maximum tile temperature
in DIII-D is estimated to be ~ 1500 - 1700 C and occurs at the edge of tiles near an
opening such as a port aperture [15].

One concern in designing high heat flux components for large tokamaks is that
currents can flow through these components. Current monitors have been installed
in DIII-D to measure currents conducted through the tiles both during current flat top
and during disruptions [20]. As shown in Fig. 14 the current flowing in the tiles
during a disruption can be a significant fraction of the total plasma current [21, 22]
before disruption. Calculated poloidal currents are in good agreement with currents
measured by tile Rogowski loops (from [22]). These tile currents create j x B forces
which can damage the tiles or tile support structures. However no structural damage
from disruptions to either the graphite tiles or their attachments has been observed in



DII-D. The currents flowing in the vessel structure-have been measured, and a
model has been applied to characterize the disruption forces [21, 23].

Conditioning of the graphite is critical in obtaining high performance plasma
discharges. Graphite is a reservoir for trapping hydrogen with concentrations of
hydrogen to carbon atoms, H/C of ~ 0.4. During a tokamak discharge some of the
particles in this reservoir can be desorbed from the walls. Hence even if the graphite
tiles are 'cleaned’, i.e. no oxygen or loosely bound carbon to contaminate the
discharge, there can still be a large and often unwanted fuelling source of hydrogenic
particles. DII-D has applied a technique of helium glow wall conditioning (HeGWC)
before every tokamak discharge in order to lower the hydrogen concentration in the
surface regions of the graphite The application of this repetitive HeGWC has been
successful in conditioning the graphite and controlling the wall fuelling [19].

Although auxiliary heating energies up to 50 MJ per discharge have been applied,
there has been no major damage to high heat flux plasma facing components since
the installation of large area graphite coverage. There have been small areas of
localized melting around the edges of some plasma facing Inconel surfaces and in the
neutral beam drift ducts which connect the neutral beam injectors to the main
vacuum vessel. The cause of this melting is not well understood, but substitution of
graphite for Inconel in some areas and changes in operating procedures such as more
time for drift duct conditioning of the neutral beam injectors has reduced the
incidence of this melting. The high heat flux boron nitride insulation tiles have not
shown any signs of damage in the first 6 months of operation. In general, the DIII-D
experience with graphite and boron nitride has been quite successful. However there
have been some ancillary problems. For example, copper 'bursts’ are periodically
observed in DIII-D discharges and these bursts can occasionally cause a deterioration
in plasma confinement (locked modes) or premature termination of the discharge
(disruptions). The source of this copper injection is the copper foam material used to
provide thermal contact between the tiles and the vessel wall (Fig 10 a). Small pieces
have periodically detached from the foam and fallen into plasma discharges. This
problem has been minimized by careful cleaning and substitution of a copper 'felt’
material whenever tiles are removed (primarily for diagnostic access) during a vessel
opening. The frequency of copper bursts has decreased in the three years since the
tiles were first installed and is not a serious impediment to operation.

In conclusion, graphite has been successfully used as the primary high heat flux
material in DIII-D. Boron nitride insulating tiles have also been installed in DIII-D to
insulate a biased divertor ring used to drive poloidal currents in the scrape-off layer of
the plasma. Conditioning of the graphite tiles, consisting primarily of HeGWC, has
allowed routine operation with heat fluxes as high as 6 MWm-2 and has expanded the
the parameter space in which DIII-D can operate.

4 OPERATIONAL EXPERIENCE IN JET

The Joint European Torus (JET) is the central and largest project of the fusion
programme of the European Community. This programme is coordinated by the
European Atomic Energy Community (EURATOM).



The JET objective is to obtain’and study a plasma in conditions and with dimensions
approaching those required in a thermonuclear reactor [24]. Deuterium tritium (D-T)
mixtures will be used to study the production and confinement of alpha particles
generated by fusion reactions and the subsequent heating of the plasma. Technical
aspects of and progress towards D-T operation at JET have already been reported [25,
26, 27).

4.1 WALL MATERIALS USED IN JET

Since the start of JET operation in 1983, a large effort has been made to reduce plasma
impurities and their impact on plasma performance [28]. The first wall consisted
initially of high-Z material (Nicrofer 7612 similar to Inconel 600). After frequent
damage of the high-Z material by runways the walls were protected by graphite tiles
and remaining metallic surfaces were covered with hyrogenated carbon films
(carbonisation). Graphite tiles were also used for limiters and X-point target plates
[28,29]. Operation with a carbon first wall was successful. The plasma current was
raised to 7 MA, at low plasma current (3 MA), quasi steady state operation was
achieved with T; and T, above 5 keV for 20 seconds and in H-mode discharges a value
of 2.5x 1020 m-3 keVs was obtained [30] for the fusion parameter (npTitp).

With a carbon first wall, performance was limited by impurities, mostly carbon and
oxygen, coming from the walls. This is reflected by the plasma dilution (ratio of
deuterons to electrons) which will be about 0.6 even with moderate heating power in
the range of 5 to 10 MW. Carbon impurities coming from the graphite walls decrease
the fusion yield by diluting the the fuel, increasing the radiated power, and decreasing
neutral beam penetration. The carbon influx increases rapidly as soon as the surface
temperature of graphite elements in contact with the plasma reaches 1200-1300 C This
is mainly due to radiation enhanced sublimation and self-sputtering which can
increase the carbon influx in an avalanche-like process [31]. This effect, called at JET
the "carbon catastrophe", results in a sharp decay of the fusion parameter.

Beryllium was then proposed to replace graphite as a first wall material because of its
lower atomic number, its chemical resistance against hydrogen and its gettering
properties for oxygen. A comparison between carbon and beryllium is given in [32].
Also preparatory experiments in ISX-B [33] and UNITOR [34] indicated that beryllium
was a viable limiter material. Beryllium was first introduced into JET in 1988 and has
been used with great success since.

Physics results and technical aspects for the beryllium operation are given in
references 35-37. The main effects have been the reduction of plasma dilution, the
enhancement of wall pumping the increase in sustainable density and the absence of
density limit disruptions. From the improved plasma purity, an improvement of
nearly all plasma parameters ensues and the fusion parameter increased to values of
9x1020 m-3keVs. This is very close to breakeven in a deuterium tritium plasma.

The effect on impurities is demonstrated in Table 2 which. gives typical impurity
concentrations and the dilution for the carbon phase (carbon first wall), the Be/C
phase (beryllium evaporation on graphite walls and limiter), and the Be phase ( Be
limiter, graphite wall, graphite X-point tiles, Be evaporation).
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A schematic of JET is shown in Fig. 15 for a Double Null X-point discharge with the
strike zones on the upper and lower X-point tiles. The toroidal limiters [38], which are
not used in this configuration are at the outboard side of the vessel. The inner wall
shows a discontinuity above and below the equatorial plane because internal saddle
coils which will occupy this space, have not been installed yet They will be used for
the stabilisation of plasma disruptions [29]. Installation is planned for 1992.

The inboard wall is covered with graphite tiles. In the equatorial plane over a height
of £1 m where the heat load is highest during normal operation and plasma
disruptions, the tiles are made of CFC. They have been aligned within + 2 mm and
can act as an inner bumper limiter with a power handling capability of 400 M]J. Useful
plasma discharges with an acceptable plasma dilution can, however, only be sustained
at much lower levels. Observations of the tiles showed that even though most tiles
remained at temperatures below 600 C, some were heated sometimes up to 3000 C.
Carbon sublimation often leads to increased impurity influxes and plasma
disruptions. Energy inputs above 20 MJ] were sufficient to produce this effect.

Then X-point protection consists of 32 poloidal rows of CFC tiles which were shaped
and aligned to minimise local hot spots on the tiles. The leading edge of each tile is
shadowed by the adjacent tile. Sweeping of the X-point has been carried out in order to
increase the effective area. With sweeping and injection of gas into the X-point region
the carbon influx could be delayed, 5.3 s long H-mode discharges could be sustained
and 30-40 M]J per pulse could be deposited on these tiles before the onset of the "carbon
catastrophe”.

After a temporary replacement of the bottom protection by beryllium during 1990,
presently new continuous X-point dump plates [29] are being installed with graphite
fibre tiles at the top and beryllium tiles at the bottom of the machine. It is expected
that the impurity ingress will be delayed during operation with the new X-point
dump plates. They have a much larger surface than the existing X-point tiles and will
follow very closely the theoretical shape of the torus in both the toroidal and poloidal
directions. Toroidal steps on the beryllium plates are smaller than 0.1 mm. This is
achieved by shading leading edges with the penalty of reducing the power handling
capability.

The belt limiter forms toroidal rings above and below the equatorial plane of the
machine, at the outboard wall [38]. Tiles in contact with the plasma are radiatively
cooled and are held in watercooled supports. They can be easily exchanged. The
beryllium employed is S-65B, cold pressed and sintered. The front face of the
beryllium tiles is castellated in order to avoid the deep propagation of surface cracks.
The belt limiter was designed with a power handling capability of 40 MW for 10
seconds. The design value of the peak heat flux was 5 MWm-2- The observed peak
heat flux in operation was more than one order in magnitude higher due to uneven
loading between the top and bottom belts, scrape off thickness smaller than assumed
and edge loading of the tiles. This resulted in localized melting and thermal cracking
of about 5% of the plasma facing area [39].
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Melting of beryllium tiles was only superficial and did not affect the tile integrity or
operation although surface unevenness of about 1 mm was observed in some areas.
The energy deposition on the belt limiter has generally been kept well below the
design value of 400 MJ. With a careful selection of the plasma shape so as to maximise
the plasma foot print on the limiter and tailored gas feed during discharges it has been
possible to apply in the best cases 180 MJ of heating energy at Zq¢s values of 1.5.

4.2 PROBLEM AREAS FOR JET

The operation with high-Z walls showed runaway damage which occurred during .
disruption at runaway energies of about 30 MeV and currents in the MA range [28]..
‘Protection of the affected areas with fine grain graphite resulted in an improvement,

but still the material failed occasionally. Replacement by carbon fibre reinforced
graphite eliminated the problem and runaway discharges of several seconds
durations at energies in excess of 50 MeV at currents of several MA can be sustained
without gross mechanical failure.

Eddy current forces due to the current quench during disruptions have never been a
problem. Their impact on first wall components was analysed during the design phase
of these components and resulting forces and moments and were taken care off in the
design.

Lately, as the stored energy in the plasma increased, a new failure mechanism was
found, which leads to severe damage of inner wall components. The plasma can
move vertically as consequence of a vertical instability. Poloidal currents (halo
currents) can be scraped off by in vessel components which are touched by the plasma
when it comes into contact with the vessel. They flow through the wall protection in
poloidal direction. Their interaction with the toroidal field leads to high forces and,
depending on the design, to huge moments. Fig. 16 shows an example of damage to
the inner wall protection where a carbon fibre reinforced graphite tile was ripped off
its support. The area of this tile is about 0.15 x 0.15 m2 and the force required to cause
this type of damage was in excess of 500 dN as evaluated from a post mortem analysis
of the tile. Presently the design of all components built or going to be built into the
vessel is undergoing a review with the aim to eliminate possible damage due to halo
currents.

4.3 FUTURE PLANS FOR JET

The results described above were only achieved in transient conditions. The high
quality period of a plasma pulse lasts only for a second or less, and the D-D neutron
count, which is a measurement of fusion performance decays rapidly as impurities
penetrate the plasma. Even if this time can be increased with the new dump plates,
this approach is not relevant for the machines of the next generation which will
operate for'long pulses, a few 100 to a few 1000 seconds, and therefore require steady
state conditions for the plasma and active cooling of the HHF components.
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- It is“also necessary to obtain more data on the operation of divertor systems required
for the next step devices. The problems of controlling the back-flow of impurities
from the divertor target to the plasma and of the target plate erosion have never been
studied experimentally with plasma parameters and pulse durations which are of
some relevance for next step machines. Due to its size, plasma performance and long
pulse capability, JET is in a unique position to carry out such studies and the
installation of a Pumped Divertor is proposed .

The basic aims [31,40] of the Pumped Divertor are to reduce the power load on the
divertor plates by increased radiation from the divertor throat, to screen the target

' plates from energetic plasma particles and therefore to decrease the impurity
production and to impair the impurity transport into the plasma.

Technical aspects of the Pumped Divertor are given in [41]. Fig. 17 shows an example
of a configuration of the JET Pumped Divertor for a Single Null plasma with 5 MA
current. The main components are:

- The divertor coils which produce the required magnetic configuration.

- The target plates.

- The cryopump which will help in controlling the main plasma density.
The target plates are made up of three parts. The horizontal plates intersect the heat
flux conducted along field lines while the vertical side plates receive the radiated
power from the divertor target plasma. The plates are segmented toroidally into 384
elements.

* Initially the plasma facing material will be radiation cooled beryllium with a capability
of handling about 100 MJ. At a later stage actively cooled target plates for a total steady
state conducted power of 40 MW will be employed at the bottom. The average power
flux density will be about 12 MWm- 2 when sweeping of the X-point is taken into
account [42]. Peak loads are in the range of 50 MWm-2. These power densities require
the use of highly efficient heat sinks. Hypervapotrons are selected which have been
used extensively for the JET Neutral Beam systems and can cope safely with steady
state heat fluxes up to 25 MWm-2. The side plates may receive up to 5 MWm<2 in case
the full power is radiated by the divertor plasma.

The hypervapotrons, consisting of a copper-chromium-zirconium alloy, will be clad
with a 3 mm thick beryllium layer. The choice of beryllium is supported by the results
achieved with a beryllium first wall in JET. It is not ideal since beryllium in the
divertor plasma will only radiate a negligible fraction of the incident power. The
choice of another material with a higher Z (e.g Silicon) would however entail the risk
of high-Z impurities migrating back to the vacuum vessel walls and wipe out the
benefits of a beryllium first wall.

The bond strength between the beryllium cladding and the hypervapotron is critical.
Silver brazing at about 650 C is a preferred method of joining but the strength of the
bond is strongly reduced when the operating temperature exceeds 350-400 C. An active
braze is'presently under investigation and shows so far. promising results.

Analytical studies have shown that an average flux density of 12 MWm2and a
sweeping frequency of 4 Hz give acceptable temperature excursions for both the
beryllium surface and the beryllium copper interface. To avoid hot spots, particularly
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at the edges each segment is tilted so that the edge is shadowed by the adjacent
segment. All segments will have to be aligned with respect to each other within £0.25
mm. The beryllium layer should be castellated to minimise the plastic strain. This can
be achieved by brazing small tiles with dimensions of 6-10 mm.

Large forces can act on the hypervapotrons due to currents flowing during
disruptions. Some eddy current paths have been eliminated by a careful design of the
mechanical attachments. During vertical instabilities halo currents could be shared
between the vessel and the hypervapotrons. Forces of up to 2 tons per metre could be
produced on each of the 384 toroidal elements, which, to resist these forces, are firmly
clamped onto steel beams which themselves are attached to the lower divertor coils.

4.4 OUTLOOK FOR JET

Impurity control at JET has so far concentrated on the development and use of passive
elements such as low Z materials for wall protection, limiter tiles and X-point target
plates. Graphite and more recently beryllium have been used with great success but
impurity influxes prevent the attainment of higher performances and steady state
conditions.

A new Pumped Divertor configuration is proposed for JET which would address the
problem of impurity control in operational conditions close to those of the next
generation of machines. The construction and operation of the JET Pumped Divertor
requires an extension to the JET Experimental Phase. It is planned that installation
would take place in 1992 and operation with the Pumped Divertor would start in 1993.
This extension if approved will allow essential data to be obtained on the operational
domain of next step machines, the physics of the divertor and technological aspects .
such as the choice of materials facing the plasma.

5. TFTR OPERATIONAL EXPERIENCE

TFIR is a tokamak with a circular cross-section. The major and minor radii are 2.45 to
2.62 m and 0.80 to 0.96 m respectively with a current capability of up to 3.0 MA. Its
main aim is to investigate reactor like operation regimes and to produce a level of
fusion power output comparable to the heating power input. The heating methods
applied are Neutral Beam (36 MW maximum) and Ion Cyclotron Resonance heating
(ICRH, 14 MW maximum). The maximum pulse duration of the heating power is
two seconds.

5.1 DESCRIPTION OF THE DESIGN OF THE TFTR PLASMA FACING MATERIALS

The TFTR bumper limiter is a toroidally axisymmetric structure that subtends 120" in
the poloidal direction. It is located on the small major radius side of the torus. The
surface area-of the bumper limiter is about 20 m2. The surface is composed of about
1928 graphite tiles mounted on Inconel 718 backing plates. The backing plates are
cooled by water. The limiter is divided into 20 assemblies (bays) arranged in groups of
3 (upper, lower and centre plates, see Fig. 18). The centre plate subtends 60° in the
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poloidal direction while the upper and lower plates subtend only 30°. Because of
disruption induced eddy current forces, the backing plates had to be cut as shown in
Fig. 18. The cuts increase the electrical resistance of the plates and thereby reduce the
maximum value of the eddy currents. This reduces the stress in the backing plates,
but increases the deflections of the individual tile mounting sections. The location
and number of cuts in the backing plates were determined from a compromise
between reducing the stress and limiting the deflection. The left and right halves of
the backing plates are electrically isolated but structurally connected using a bolted
joint incorporating Mica Mat insulators and Macor bushings. This also reduces the
magnitude of the eddy currents due to disruptions. Even with these measures, it was
still necessary to invoke the affect of magnetic damping to obtain an acceptable design
[43]. Magnetic damping is the reduction of the deflections and dynamic stresses, due
to the motion of the facets of the backing plate, caused by the poloidal field eddy
currents, resulting in a toroidal field eddy current, which damps the poloidal field
induced motion.

The shape of the plasma facing surface of the graphite tiles was determined by a desire
to prevent exposure of edges of tiles facing in the heat flux direction. To accomplish
this goal, the toroidal radius of curvature of each row of tiles was made slightly less
than the local major radius, i.e. the tiles at the edge of each backing plate are recessed
about 2 mm from a true toroidal surface. In the poloidal direction the tiles are flat,
which results in a shielding of the poloidal edges of the tiles from direct plasma
bombardment. These efforts to shield the tiles from near normal incidence of plasma
heat flux nearly double the peak heat flux, but avoid a peaking factor of about 100 due
to exposed edges. The poloidal faceting also simplified the tile machining since only a
cylindrical surface had to be made. The columns of tiles at the edges of the backing
plates overhang the Inconel plate to prevent line of sight along magnetic field lines
between metal surfaces. This was necessary because of the bellows (electrically
resistive sections) in the TFTR vacuum vessel, which have a resistive voltage drop of
about 180 V induced by disruption eddy current flowing the vacuum vessel. Studies
conducted on PDX showed that no arcing was observed between graphite tiles
separated by 3 mm toroidally with a bias voltage of 180 Volts [44]. There was not any
damage observed on the edge of graphite tiles due to arcing.

In order to protect the ICRH antennas from plasma heat flux a set of RF limiters was
installed. The RF limiter consists of two poloidal rings having a toroidal width of
0.5 m (see Fig. 19). Each ring is composed of 24 self-supporting (CFC) tiles made from
a BFGoodrich 2D material. The tiles are cooled only by radiation to the vacuum
vessel wall except at the outer mid-plane where there are water cooled radiation heat
sinks. The leading edges (where the tile becomes normal to the magnetic field) of the
RF limiter tiles in the toroidal direction are recessed 20 mm from the apex of the tile.

5.2 MATERIAL TYPE AND SELECTION FOR TFIR

During the design of the bumper limiter, TiC coatings were being seriously considered
as a coating for plasma facing surfaces. A graphite that was compatible with TiC
coatings was chosen for the bumper limiter tiles to allow for coating if TiC proved to
be useful. POCO graphite was the material judged to be most compatible with TiC

15



‘coatings. The results*of test of TiC coatings revealed serious plasma contamination
problems due to spalling of the coating [1]. The POCO graphite tiles were installed
without coating because of those results. Thermal analysis of the surface temperature
rise due to the expected heat flux showed maximum temperature of about 1200°C.
The energy from the plasma is stored in the heat capacity of the graphite during the
discharge. The heat is removed from the graphite tiles between plasmas by
conduction through the backing plates to water tubes on the back of the Inconel -plates.
The equilibrium starting temperature just before a plasma was calculated to be about
150°C for 100 MJ of heating. Equilibrium temperatures of about 80-90°C are observed
with up to 50 MJ of input energy.

Damage of the POCO graphite tiles due to disruptions has lead to the replacement of
about one third of the POCO tiles (see Fig. 20) with (CFC) tiles. These CFC tiles were
made from a 4D composite from Fibre Materials Inc. The shape of the tiles and the
backing plates was not changed when the CFC tiles were installed. The CFC tiles have
about 20% higher thermal conductivity and about 10% higher density than the POCO
graphite tiles.

The 2D CFC material was chosen for the RF limiter because it could be moulded into
nearly final shape. It could also be made self-supporting, which greatly reduced the
eddy currents and forces during disruptions. The elimination of the backing plate
made the cost per unit area of the self-supporting design similar to the POCO graphite
tile/Inconel backing plate design of the bumper limiter.

5.3 LIMITER PERFORMANCE IN TFTR

Alignment: When the bumper limiter was installed in TFTR, magnetic
measurements were made to determine the location of the tiles with respect to the
toroidal field. - The measurements were made using Hall probes. . An overall accuracy
of about + 2.5 mm was achieved. Only the centre backing plate was magnetically
aligned. The upper and lower plates were aligned relative to the centre plates by
mechanical means, but the alignment accuracy was not determined.

The RF limiter was aligned by mechanical measurements from the bumper limiter
and vacuum vessel. It is vertically centred about the mid-plate to an accuracy of about
+ 2 mm.

Erosion: Substantial localized damage of the POCO graphite tiles has been observed.
Six tiles were found to be broken after the first long neutral beam heating experiments
at high power. An additional 100 tiles were found to have surface damage. The
surface damage was either cracking or spallation. There was a strong correlation
between the tile damage and the high spots found in the limiter shape [45]. In several
cases the damage was on the edge of a tile facing the heat flux because of local
misalignment of that tile relative to its neighbours. The areas with the most severe
spallation -damage were found to contain Be7 made by (e,y,n,¢) reactions due to
impingement of run-away electrons created during disruptions. The erosion in the
disruption damaged areas was up to 1.5 mm. The edges of depressions in the limiter
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‘surface made for plasma ‘diagnostics also showed severe-erosion. *“No damage was .
observed on the CFC limiter tiles.

Surface Temperature: The maximum observed surface temperatures are about

3000 C. These high temperatures are limited to the disruption damage areas at the
high spots on the limiter, misaligned tiles, and the edges of depressions in the surface
made for diagnostics. The spalled areas on the surface of the tiles are observed to. . ..
reach temperatures of about 1800°C with 25 MW of neutral beam heating for 1 s. The
very high temperatures in the damaged areas cause a large influx of carbon into the
plasma, which has come to be called a "Carbon Bloom" [46].

Surface temperatures of up to 3000 C have been observed on the leading edges of -the
RF limiter tiles. This is primarily due to the vertical elongation of low beta large
major radius plasmas. At high beta the plasma becomes horizontally elongated and
the high temperatures are not observed. Carbon blooms are observed in large major
radius plasmas due to high temperatures on the RF limiter tiles.

5.4 PLASMA PERFORMANCE IN TFTR

The plasma performance was limited by "carbon blooms" at high beam power with
POCO graphite tiles as the plasma facing material. This was due to the high
temperatures in the disruption damaged areas and the exposed edges of misaligned
tiles. The details of the "carbon bloom" phenomenon are discussed in ref. 46 and 47.
Replacement of the POCO graphite tiles with- CFC tiles and alignment of the mid-
plane portion of the limiter resulted in elimination of "carbon blooms" except for
very large (>2.6 m major radius) or very small plasmas (<2.3 m major radius). In both
cases the blooms are likely due to the non-aligned regions of the limiter since high
temperatures are still observed at the edges of tiles. The change of tile material to CFC
" has eliminated the disruption damage. Alignment of the mid-plane portion of the, .
limiter has reduced the peak heat flux on the tiles. These two changes have
eliminated the carbon bloom except for transient events or high power small minor
radius plasmas and very large minor radius operation near the RF limiters [47].
Changes being made now will eliminate the problems in large and small major
radius plasmas.

Plasma performance has also been improved by reducing carbon influx with lithium
pellet injection. When a lithium pellet is injected after the beam heating in one pulse
and before the beam heating in the next pulse, the performance of the second pulse is
about 15% better than a similar sequence of plasmas without any lithium pellets [48].
The most significant change in the plasmas is a reduction in the carbon content of the
second shot in the sequence. Before lithium pellet injection, a correlation was
observed between plasma performance and the carbon content before beam heating,
but it was not possible to control the carbon content in a given discharge. The lithium
pellets have given partial control over the carbon content of the plasma. The reduced
carbon levels last for only about 2-3 shots after lithium pellet injection is stopped. The
mechanism responsible for the reduction in carbon content is not yet understood.
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5.5' PROBLEM AREAS FOR TFTR

‘The carbon content of the plasma before neutral beam heating is still limiting plasma
performance. This is due in part to the misalignment of the tiles on the limiter.
Temperatures of about 1500°C are observed on tile edges. This temperature is
probably only a lower bound because of the poor view of the edges of the tiles by the
infra-red television system. In addition, the upper and lower portions of the limiter
are not aligned to the accuracy of the mid-plane portion. This also leads to high
temperature regions.

The hydrogen content of the TFTR plasma can be as large as 10% even after
boronization with deuterated diborane. This is probably due to either water vapour
influx from the neutral beam lines or diffusion from the bulk of the graphite (which
contains about one atomic percent H).

Large major radius plasmas (R > 2.55 m) are limited in performance by carbon bloom
effects and high metal content. The carbon blooms are due to the limited area of the
existing RF limiters. The metal content is due to the proximity of metallic vacuum
vessel structures to the plasma edge. Both of these issues will be addressed when the
RF limiter upgrade is installed in March 1991.

5. 6 FUTURE PLANS FOR TFTR

The limitations on plasma performance due to.the limited area of the RF limiter will
be reduced by adding 6 additional segments (covering 90° poloidally on both top and
bottom of the torus) of RF limiter. These segments will be installed during the winter
1990-91 opening. The new segments are identical to the existing RF limiter segments.
The upgrade will increase the power handling capability of the RF limiter from 25
MW for 1 s to 50 MW for 2 s. In addition, the new segments will protect the metala-
portions of the vacuum vessel from plasma bombardment. This should reduce the
metal content of the large plasmas.

The edges of the bumper limiter tiles that face into the heat flux will be tapered to
prevent exposure of the leading edge with the measured misalignement of the tiles
on a single backing plate. The taper is 5° with a depth of 1 mm. This will result in an
increase of about a factor of 2 in the surface heat flux compared to the ideal heat flux
with no tapering, but it will eliminate the peaking of about 100 in the heat flux due to
near normal incidence on an exposed edge.

A careful magnetic and mechanical alignment of the entire bumper limiter will be
done during the 1990-91 opening. This involves locating fiducial points in the vessel
to an accuracy of £0.1 mm using Nuclear Magnetic Resonance Probes. A measuring
arm will be placed on the fiducial points and used to measure the position of 4 points
on each (all 1928) bumper limiter tile. The arm has been constructed and found
accurate to about £0.25 mm. An overall alignment accuracy of better than 0.5 mm is
anticipated for each segment of the bumper limiter. The same system will be used to
align both the existing and the upgraded RF limiter. This alignment should further
reduce the peak surface temperature on the limiter tiles.
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Studies are being conducted to find methods of applying boron to the limiter without
using hydrogen containing gases. The methods being considered include boron
pellets, boron evaporation, and sputter sources of boron. It is hoped the boron film on
the limiter will reduce carbon erosion. Bulk boronized materials cannot be used
because of the reduction in thermal conductivity caused by the addition of even a few
percent boron to graphites. Boron is preferred to lithium coatings because of concerns
about hydride formation with lithium.

TFIR is considering changing all the tiles in high heat flux areas on the bumper
limiter to CFC. This would require changing an additional 630 tiles to CFC. Only
minor damage is observed on the graphite tiles in these areas because disruption
damage is concentrated at the inner mid-plane. Additional CFC tiles are not
considered to be essential at this time.

6 TORE-SUPRA OPERATIONAL EXPERIENCE

TORE-SUPRA is a tokamak with circular cross-section. Its main aim is to study
plasmas for pulse durations of up to one minute. Therefore superconducting toroidal
coils and active cooling systems are used. The tokamak has produced 5900 shots since
the start up in April 1988 and now operates routinely with plasma currents up to

1.8 MA at toroidal fields of 4 Tesla, electron densities from 1 to 5x101% m-3 additional
heating by ICRH of 4 MW for two seconds and LHH of 5 MW for the same time. Pulse
durations range from 10 s flat top for ohmic discharges to current driven plasmas with
- LHH at 1.5 MW and 20 s plateau. All the plasma facing components are actively
cooled for steady state operation and have been designed to remove additional power
up to 25 MW (50% convective) through a pressurized cooling loop (3.5 MPa) operating
with water at temperatures between 150 and 230 C. During operation all the different
components are successively monitored with three infra-red cameras and
continuously monitored with calorimetric measurements in the cooling loop.

6.1 WALL DESIGN FOR TORE-SUPRA

The inner part of the first wall is made of 36 independent sectors which are covered
with 9000 brazed graphite tiles (7 x 2 cm?). The 12 m2 plasma facing graphite surface
can sustain a steady state heat flux of 1.5 MWm-2 and remove up to 12 MW. After 3
years of mainly operating as a bumper limiter, less than 2% of the brazed tiles are
fractured, mainly due to the relaxation of brazing internal stresses (1.5% were already
fractured before the first plasma was produced). Plasma operation and disruptions
have only damaged further 30 of the tiles [49]. The measured maximum mean power
removed by this system is 1.5 MW. Separate calorimetric measurements have shown
a toroidally non-uniform power deposition (illustrated in Fig. 21) with a maximum
peaking factor of 2.4 in ohmic discharges. This misalignment results in heating
preferentially the leading edges with a corresponding maximum incident heat flux of
0.9 MWm-2 for ohmic discharges.. The additional power pulses are presently short
enough to allow for safe operation until the inner wall position is corrected which
will take place in September 1991. Power deposition during disruptions is often
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localised in the same sectors which are misaligned and is concentrated on the
equatorial plane

6.2 PUMPED LIMITER FOR TORE-SUPRA

Six pumped limiters of 3 different types are installed on TORE-SUPRA. They are
designed for a particle removal rate equivalent to 60 mbarls-! and for a power exhaust
of 5 MW at an energy scrape-off length of 1 em. One of the six limiters is instrumented
and is a semi-inertially cooled horizontal pumped limiter, built by SNLA. The head
(0.55 x 0.65 m2)is made out of pyrolitic graphite blades and can remove 2 MW during
a 7 s pulse. The throat entrance is located 35 mm behind the last closed flux surface.
This limiter was installed in September 1988 and has sustained, with no major
damage, plasmas with ohmic (1.5 MA, 2 x 1019 m-3, 10 s) and LHH heating (4 MW, 3 s).
Valuable information on recycling and the scrape off layer characteristics have been
obtained with this instrumented limiter [50]. The maximum heat flux on the leading
edge has been estimated to be 2.4 MWm2 with a surface temperature always below
600 C. Infra-red surface imaging confirms that the design of the surface shape -based
on calculated flux lines (including ripple) - was sufficiently accurate.

Two out of the six limiters are semi-inertially cooled vertical pumped limiters with
0.4 x 0.4 m2 heads built with fine grain graphite. Surface temperature profiles
measured during operation with ohmic and additional heated plasmas have shown
that the energy scrape-off thickness in the vertical plane was similar to that of the-
horizontal one and had values, depending on operating conditions, between 1.0 and
1.5 cm. A maximum energy deposition of 2 MJ during a 10 s plasma shot (200 kW) -
with 700 C maximum surface temperature, has proven that this type of limiter is safe
for operation during low power pulses.

The remaining three limiters are actively cooled vertical pumped limiters designed
for continuous operation at a load of 700 kW with a maximum surface temperature of
1400 C under a 15 MWm-2 incident heat flux on the leading edge. They have been
installed in the vessel and connected to the pressurized cooling lines in 1989. One of
this type of limiters has been damaged during its first exposure in the plasma, for two
reasons: Firstly a protruding part of a brazed tile cracked and the resulting loss of
thermal contact led to localized overheating (> 2000 C), however with no marked sign
of a carbon bloom. During the last vessel opening of the vacuum vessel, the
protruding parts were repaired and aligned and today no overheating is visible.
Secondly due to a lack of water flow during operation at 2 MJ the critical heat flux on
one of the cooling tubes was exceeded and a water leak in the vessel occurred. A
disruption followed and about a half litre of water was removed from the torus after
the vessel opening.

Presently these pumped limiters are progressively moved inwards towards the last
closed flux surface and detailed thermal analysis is carried out by infra-red imaging.
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6.3 NEUTRALISER PLATES

Thirty actively cooled neutraliser plates are installed between the bars of the 6 ergodic
divertor windings. They can each support in steady state operation a maximum heat
load of 10 MWm-2 with a surface temperature of the brazed graphite tiles of 1000 C.
Ergodic divertor operation has proven to be satisfactory and a maximum of 100 kJ was
extracted by each of the neutralisers which corresponds to a 5 MWm2 incident heat .
flux. All these elements have been replaced during the last vessel opening due to a
generic leaking on a copper to copper electron beam weld. Since the restart of
operation one brazed tile (over 30 observed) shows signs of a brazing defect. This
should not have any impact on the divertor operation.

6.4 POLOIDAL LIMITERS IN TORE-SUPRA

Ten actively cooled poloidal limiters have been installed on the three ICRH antennae
and the two LHH launchers. They can sustain a 10 MWm-2 continuous heat flux
normal to the limiter surface at the tangential point with the plasma, resulting in a
surface temperature of 1100 C. During plasma heating the ICRH protection limiters
have removed over 150 kW with a surface temperature of 700 C. These values are
close to those expected for the nominal operation regime of this protection and no
abnormal behaviour has been detected up to now.

Due to the good behaviour of the plasma facing components, the upgrading of the
additional power of TORE-SUPRA to a value of 10 MW before the summer of 1991 .
could be carried out without the need for modifications of the present first wall
elements. A new generation of first wall and pump limiter elements are being
studied.

7 SUMMARY AND CONCLUSIONS

Plasma performance is strongly dependent on the wall materials employed in the
tokamaks. It became very early evident that for additional heated discharges only
low Z materials can be used. This was again again emphasised by the findings in
DIII-D before large area graphite coverage and more recently carbonisation, in JET
with Nicrofer walls and in JT-60 with TiC coated molybdenum walls where it was
found that high power high current discharges could not be sustained in a high Z
environment. There has, however, never been a sustained effort to overcome the
problems related to these materials. To make the use of high Z materials a viable
proposal, there is more effort required in present machines and JT-60U intends to do
research in this area.

Graphite is today the favoured wall material, in form of fine grade graphite for areas
with moderate heat loads, and as carbon fibre composite for.limiters or divertors.
The high thermal conductivity of these materials make them ideally suited for
coping with high heat loads in present day machines and operation benefits from
the fact that graphite sublimates and and does not melt if thermally overloaded. On
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' the other hand plasma dilution' by carbon (JT-60, TFTR 'and JET) is a serious
problem. The high hydrogen retention makes density control difficult and special
- conditioning methods are frequently required in present day tokamaks operating
with graphite walls (TFTR, DIII-D). For the Next Step devices with continuous
operation a large tritium inventory can therefore be expected if graphite at low
temperatures is used extensively. A further drawback is the fact that the thermal
conductivity of graphite degrades already at very low neutron irradiation so that its
use for high heat flux components in Next Step devices is restricted and
alternatives have to be found.

Beryllium has performed well in JET, giving excellent plasma performance , good
density control, low impurity content, and by using this material density limit
disruption do not longer exist. Operation with beryllium , however, is delicate
because it melts if overloaded. At high plasma densities melting does not lead to a
degradation in performance.

It was emphasised by all large tokamaks, but clearly demonstrated by TFIR, that the
alignment of the limiter surface is crucial and that steps have to be smaller than 0.5
mm. For divertor machines good alignment is as well necessary but due to impurity
screening it appears to be less important at least for the pulse durations of DIII-D or
JT-60. For long pulse machines alignments better than a fraction of a mm may be
required which becomes impractical considering the dimension of Next Step
devices. " Shadowing" of leading edges will have to be employed which requires a
reasonable angle of incidence of the incoming particles. This technique has its
disadvantages because it reduces the area in contact with the plasma and
simultaneously the power handling capability.

Abnormal operating conditions have not presented major problems with respect to
failure of wall components due to runaway damage or eddy current forces. Thermal
overloading of wall components occurred during disruptions mainly in misaligned .
areas. Early problems could be eliminated with the introduction of CFC graphites in
critical areas and improved alignment . There are, however, observations in DII-D
and JET which indicate that during vertical plasma movements during vertical
instabilities currents are introduced in wall components which can produce large
forces by interacting with the toroidal field. In JET poloidal currents of up to 1.5 MA
(30% of the total) were observed which led to damage of wall components. The
possible occurrence of such currents will have to be taken into account in the future
for the design of wall components.

TORE-SUPRA is the only one of the large machines which employs heat removal
systems which are relevant to Next Step devices. The surface temperatures of the
high heat flux elements are in equilibrium with the plasma during discharges and
stationary conditions can be achieved. In all other machines surface temperatures
change with pulse duration and therefore no true stationary condition can be
obtained.

Extrapolating from the results of the large tokamak to the Next Step devices, there

still remain some questions to be answered. The main ones are:
- Can graphite be used as high heat flux material due to degradation in
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thermal conductivity and the expected large tritium inventory? Can
beryllium be an alternative?

- So far no tokamak could produce high performance plasma with
high Z wall materials. Is such a scenario possible?

- During abnormal operation conditions, how is the power sharing
between walls and divertor during energy and current quench?

- Where do runaways strike first wall components? Is there an inherent
incompatibility with high-Z materials due to power deposition on their
surfaces and resulting surface melting?

Following the results and the experience of the large machines with wall materials
and designs there is now more confidence that the above questions can be addressed
properly and that a solution will be found for the high heat flux components of the
Next Step.
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Table 1

Typical impurity concentrations and radiation losses in JT-60 for divertor (outer X-
point and closed configuration) and limiter operation. The subscripts e, C, Ti and O
denote electrons, carbon, titanium and oxygen.

First Wall Metallic Wall (TiC-Mo) Graphite Wall
Configuration Divertor Limiter Divertor Limiter
Zeff 1.6 — 2.2 3-5
nc/ne (%) 0.2 -— 0.8 4-9
no/ne (%) 1 -— 2 1-2
nti/ne (%) 0.006 - 5X104 - 2x10-3
Radiation Loss (%) 10 > 60 15 20

(Main Plasma)

Table 2

Impurity content (%) and dilution (on axis density ratio of deuterons to electrons)
for typical JET discharges with different wall materials

C Phase Be/C Phase Be Phase

Limiter Limiter Limiter  X-point
Oxygen (%) 1 0.05 0.05 0.05
Carbon (%) 5 3 0.5 1.5
Beryllium (%) - 1 3 1

Dilution (np/ne) 0.6 0.8 0.85 09
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Table 1

Typical impurity concentrations and radiation losses in JT-60 for divertor (outer X-
point and closed configuration) and limiter operation. The subscripts e, C, Ti and O
denote electrons, carbon, titanium and oxygen.

First Wall Metallic Wall (TiC-Mo) Graphite Wall
Configuration Divertor Limiter Divertor Limiter
Leff 1.6 — 22 3-5
nc/ne (%) 0.2 — 0.8 49
no/ne (%) 1 — 2 1-2
nTi/ne (%) 0.006 — 5X104- 2x10-3
Radiation Loss (%) 10 > 60 15 20

(Main Plasma)

Table 2

Impurity content (%) and dilution (on axis density ratio of deuterons to electrons)
for typical JET discharges with different wall materials

C Phase Be/C Phase Be Phase

Limiter Limiter Limiter  X-point
Oxygen (%) 1 0.05 0.05 0.05
Carbon (%) 5 3 0.5 1.5
Beryllium (%) - 1 3 1
Dilution (np/ne) 0.6 0.8 0.85 0.9
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