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Long pulse operation requires high input power to generate the
non inductive current and heat the plasma up to the high
temperatures of interest. On Tore Supra, the input power is shared
between four systems. A lower hybrid current drive system [3a,b,c],
composed of 16x500kW klystrons at 3,7GHz, whose power is coupled
to the plasma through two launchers ("grills"), is intended to provide
the largest fraction of the non inductive plasma current. An ion
cyclotron heating and current drive system [4] is composed of
3x4MW tetrodes delivering the RF power (30-100MHz) through
three antennas located on the low field side of the machine.
Deuterium neutral beam injection is under preparation at a level of
6-8MW with six beam lines at an energy of lOOkeV and at an
incidence of 30° with respect to the normal to the toroidal field
direction. Finally, an electron cyclotron system is being implemented
(f=H8GHz) at a level of 3MW.

The total input power that will ultimately be coupled to the
plasma amounts to roughly 25MW. This power will have to be
removed permanently since long pulse steady state operation is
considered. A cooling water loop at a pressure up to 4MPa and a
temperature up to 230°C has been designed and has presently the
capability of removing 25MW over 2 minutes. Most challenging
issues, as regards power exhaust, are the conception and the
realisation of a "plasma facing component" scheme (PFC) able to
tackle this large amount of power steadily and to resist off-normal
aggressions like e.g. forces and thermal shocks associated to plasma
current disruptions.

Not only PFCs have a key role for power removal but also
particle exhaust requirements have to be incorporated from the
beginning for the purpose of helium removal (in a reactor or a next
step device) and also for plasma density control (burn control,
transport, stability,...) or current profile control.

It is one of the aims of the present paper to give an overview of
the results obtained between 1990 and 1994 on Tore Supra with the
"first generation" of PFCs. Basically three schemes have been
implemented in this first generation of experiments [5,6] (figure la
and lb):

-an inner bumper limiter; a large area (12m2) of graphite
brazed over a stainless-steel substrate, on the inboard side of the
tokamak, with a maximum capacity of lMW/m2. A discharge
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duration of one minute, at a power level of 3MW, has been
presently obtained with this configuration,

- a modular pump limiters set; small area modular limiters
(six 0.16m2 bottom and one 0.36m2 outboard) made of graphite
tiles brazed on a hardened copper substrate with a maximum
capacity in the range 10MW/m2. In addition to a 6MW heat
removal capability, this set of limiters was considered initially to
control particle recycling and to balance particle source terms.
Discharge duration in excess of thirty seconds at a power level of
3MW have been presently achieved,

-an ergodic divertor configuration; i.e. a set of six coil modules
distributed around the toroidal direction, consisting each of six
current bars distributed along the poloidal co-ordinate, oriented
in the direction of the magnetic field lines.

It is also the aim of this paper to give an overview of the
work carried out by the Association Euratom-CEA in the frame of
the European programme, to contribute improving plasma facing
components and processes, initially in the perspective of NET, and
presently ITER. Progress in material and processes, accomplished in
this area is also considered for building new components for Tore
Supra.

Carbon based front materials (graphite, carbon fibre
composites) have been selected because carbon has the crucial
advantage of getting sublimated instead of melting, an essential
feature as far as surface alignment issues are concerned. This is
particularly important for exploratory studies, like on Tore Supra,
where the occurrence of off-normal events is frequent or extreme
performances of the components are tested, and where the large
probability of water leaks can raise some safety constraints in
addition. Also, carbon is a potential candidate for future
applications in next step devices [7]. Several bonding techniques
and several geometries have been investigated dedicated each to
different edge plasma and heat flux conditions at the wall. The
oldest scheme relies m flat tile brazed on hardened copper; it has
been considered for the NET/ITER divertor plates and also for the
toroidal bottom limiter of the "Tore Supra continu" project [8]. The
more recent "macroblock" geometry has also been studied to
promote a solution with large carbon surfaces, offering good
mechanical properties with no use of hardened copper substrata.

These flat tiles or macroblock geometries have to be designed
with a sufficient margin to off-normal thermohydraulic conditions.
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Therefore critical heat flux measurements have been carried out in
relevant moderate or high heat flux conditions [9]. Finite element
thermohydraulic calculations have been performed on both
geometries, using the CASTEM2000 code. Mechanical stresses have
been computed in the thermoplastic domain in 2D general plain
strain conditions or in 3D. "Multiple" materials were simultaneously
used with temperature dependent properties.

The quality and reliability of the bonding process of the
carbon based material to the metallic substrate (or tube in the case
of a macroblock) are shown to be essential for the success of any
heat exhaust scheme. Specific efforts have been undertaken in two
directions: accurate technical specifications were imposed to the
industrial companies involved in the bonding process and also non
destructive tests of the bond quality were developed and
systematically used (hot water/lR imaging). Depencing on the level
of heat flux contemplated, different material arrangements have
been investigated. Flat CFC tiles brazed on a stainless steel water
cooled structure for the inboard wall of Tore Supra [10] (<lMW/m2
see section 4) or CFC tiles brazed on hardened copper for the
toroidal belt limiter [11] (<10MW/m2).

It should be stressed that the different PFC schemes
developed for Tore Supra could apply, or are considered sometimes,
for future projects like ITER and also the LHD and W7X stellarators
or the TPX tokamak. Indeed, developments of carbon/stainless steel
brazing technology with the purpose of controlling power flux
values up to lMW/m2 are relevant for controlling radiated and/or
charge exchanged power fluxes in any of those machines (0.1-
0.5MW/m2). Also, developments of carbon/hardened copper brazing
having the capability of removing up to 10-15MW/m2 are
important in view of controlling the convected power onto divertor
plates or limiters. Carbon as facing material is also relevant, being
an alternative choice for future devices, among several other
candidates, like beryllium or high Z metals.

In the last part of the paper, the approach towards a sec >nd
generation of plasma facing components is described. This effort
includes developments of specific components based on the most
recent progress in technology and also on a more mature approach
of the physics involved in heat and particle control.

A toroidal sector of the inner wall, 40° wide, has been rebuilt
in 1994, and will be tested in 1995. Many small modifications have
been introduced in the design and the brazing process has been
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supplemented by a rigorous quality control procedure and
systematic testing. Also, heat flux and thermohydraulic modelling
have been worked out more thoroughly.

An upgrading of the ergodic divertor is in preparation, in
order to extend its operation to larger input power levels. Actively
cooled, boron carbide coated copper neutralises between the
current bars have been redesigned with a more optimum shape. The
front face is covered with CFC tiles, whose thickness is sufficient to
insure 30 seconds pulses at 12MW at least. This new project should
demonstrate the viability of highly radiating scenarios, compatible
with high power wave coupling before being used as a basis for
designing a full power actively cooled ergodic divertor for Tore
Supra.

Another option which has been proposed for controlling the
25MW of input power on Tore Supra consists of an actively cooled
bottom toroidal limiter. The project relies on the assumption that as
low as 40% of the input power are radiated in the bulk plasma. The
remaining 15MW of convective power at the edge translate into an
average power density on the limiter of 2.5MW/m^. The elementary
components of the front face are made of CFC brazed over
strengthened copper, presently under qualification tests.

The next section starts with a description of the water loop
used for power removal and of the calorimetric system
implemented on Tore Supra to determine the overall heat exhaust
balance. The infra-red measurements used during plasma operation
or on test stands for plasma facing components characterization are
also described. The inner bumper limiter, the modular pump
limiters and the ergodic divertor of Tore Supra are described as well
as the main results obtained with these devices regarding heat
exhaust. The behaviour of ion cyclotron and lower hybrid wave
launchers is also addressed and a subsection is dedicated to the
water leak issue. In section 3 technological developments carried
out in our laboratory for plasma facing components and processes
are reviewed as well as test procedures which have been developed
for qualification and series production. In section 4 ?Te presented
the ongoing developments and designs for the next generation of
plasma facing components on Tore Supra, namely the new inner
wall technology, the ergodic divertor upgrading and the toroidal
bottom limiter.



2. First Generation of Plasma Facing Components on
Tore Supra

2.1 Cooling Water Loop and Calorimetry

The total input power that the plasma will receive ultimately
amounts to 25MW, although the maximum value achieved so far
amounts to half this value. For long pulses, this power has to be
removed as the plasma loses it to the facing components. A
pressurized water loop is used to exhaust heat from these
components. Water quality standards for PWR have been applied
(All Ventile Treatment). The characteristics of this cooling loop are
summarized in table 1. The loop is also used for baking the torus at
230°C, using an auxiliary electrical heater.

For pulses shorter than a few tens of seconds, the loop works
in a semi inertial way. Water flows at full speed during shots and
heat is stored in water enthalpy. During the dwell time between
shots, the flow is reduced and heat is removed in a cooling tower
by a 5MW capability. So far, the energy delivered to the plasma
and the pulse repetition rate were not high enough that they
exceed the natural loop heat losses. Instead, the electrical heater
had to be used to keep the torus temperature constant. Extension of
pulse duration up to 1000s has been considered and is possible
with minor modifications.

Internal components are connected in parallel to the water
loop. Thermocouples and flow-meters have been installed at the
outlet tube location of the different plasma facing components. A
single thermocouple and flow meter provides the inlet temperature
and the total flow rate in the loop.

Using these temperature and flow measurements, a dedicated
effort has been made to perform a calorimetric balance of the
overall energy received by all actively cooled components of Tore
Supra during a single shot or during a series of shots. The inner
bumper, the outer wall, actively cooled limiters, the ergodic
divertor are all equipped for this purpose. The results of these
measurements can be compared to the input energy from ICRH or
LHCD systems. The machine is divided into 6 toroidal sectors so that
the toroidal uniformity of the power sharing can be checked. This
possibility was useful for monitoring the realignment of the inner
wall panels and can reveal non uniformities associated to LHCD or
ICRH antenna locations.
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Particularly important is the knowledge of the fraction of the

radiated energy to the input energy for all experimental conditions,
because it fixes the remaining fraction of energy to be convected at
the edge on limiters or ergcdic divertor plates. Calorimetric
measurements complement more local determinations of the
radiated power like spectroscopic methods or bolometry.

Due to the large capability of the loop: 35MWx60"=2GJ, only
the most performant shots achieved so far (60-150MJ) allowed for
sufficiently accurate measurements. A typical situation, which has
been studied, corresponds to a LHCD/ICRH coupled experiment
where the fractions of input power were: 17% ohmic, 13% ICRH and
70% LHCD. The pressurised water loop collected 56% only of the
total input energy. The inner vessel (located beyond the outer or
inner walls, see figure lb) receives a fraction of the order of 12-
20% of the input energy, which will have to be reduced by proper
screening in view of very long or high power shots.

In all cases studied so far, the fraction of the input energy
recovered by the water loop was less than 2/3. Up to 25% fall on
the uncooled vacuum vessel and are radiated to the 80K screen of
the toroidal magnet which surrounds the vacuum vessel or
conducted to air through the ports. The fraction of radiated flux is
evaluated from the energy recovered on large components far away
from the plasma, such as the outer wall; global radiated flux
estimates match the power received by localized bolometers within
a factor <2. Taking into account weakly cooled areas submitted to
radiation (ports for example), the total amount of identified plasma
losses to the components remains smaller by 10-20% than the input
energy. Investigations are still in progress to find the missing
fraction.

2.2 Infra-red Measurements

Heat deposition on plasma facing components is monitored
with infrared cameras. Tore Supra is equipped with one periscope
every 120° in the toroidal direction, with one IR camera (3-5n.ni)
per location. Two sets of lenses can be used (of different focal
length). In port antennas or limiters can be observed (60x60cm2)
with a relatively poor spatial resolution (0.05m) and smaller
regions as well (O.lmxO.lm) with better spatial resolution. Sets of
12 and 6 ZnS and CaF2 lenses are respectively used with a
bandwidth 3-12u.m. Part of the visible light is transmitted. The
overall transmission of the optical system (lenses, sapphire
windows, mirror) is 45%. A front-end mirror is located 5cm away
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from the plasma boundary. Remote selection of the observation
region can be made by rotating the front-end mirror from the
control room. Tore Supra is equipped with 6 IR references (resistors
heated up to 1000°C), located at the bottom of the machine to check
the overall transmission of the system on a regular basis. No
degradation of the optical properties in the IR domain has been
observed over a full year of operation in contrast to the visible
spectrum region where an attenuation by more than 30 is observed
(0.45nm) over the same period.

Safety interlocks have been successfully used, based on the
detection of a maximum pre-programmed IR temperature level,
which automatically switches off the input power delivered by the
ICRH/LHCD system and/or the plasma current (a time response as
low as 20ms is possible).

Infrared imaging has been used also for material testing
outside Tore Supra. On the e-beam facility, at Le Creusot, the IR
camera was used to determine surface temperatures and critical
heat flux occurrence (see section 3.2.2.). Recently, a hot water test
stand has been installed at Cadarache to control series of brazed CFC
components due to replace a 40° toroidal sector of the inner wall
(see section 4.1.).

2.3 Heat Exhaust Devices

2.3.1 Inner First Wall

2.3.1.1 Description and Technological Issues

The inner bumper of Tore Supra [5,10,12] is a modular brazed
graphite wall capable of sustaining up to lMW/m2 continuously.
This inner bumper covers 360° in the toroidal direction and 150° in
the poloidal direction. It was initially intended to remove a
maximum power of 12MW. The cooling structure is composed of
squared cross section stainless steel tubes with circular inner
channel as shown on figure 2. The pressure of the cooling loop is
3.5MPa, the water temperature 150°C and the velocity 3.5m/s. The
total area of graphite (5890PT from Le Carbone Lorraine) is 12m2

(8600 brazed flat rectangular tiles). The tiles are 10mm thick. They
are brazed on the stainless steel sink through a multilayer brazing
joint. A 0.5mm Mo sheet (with a thermal expansion close to that of
graphite) was used in contact with graphite, to reduce stresses in it.
Also, an OFHC copper 0.5mm thick compliant layer was placed in
contact with stainless steel to compensate the brazing mismatch of
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the thermal expansion between these materials. Prior to the
installation in Tore Supra, a sample of the inner wall was tested on
an electron beam test facility at Sandia (Albuquerque). Fatigue tests
were performed at l,75MW/m2, consisting of 30 seconds pulses,
every one minute, during which the surface temperature reached
600°C. After 1300 cycles, a hot spot developed, resulting from
fatigue induced cracks propagation.

This first generation of first wall was built in 1986 and this
early realisation was subject to a certain number of difficulties,
associated to the quality of the brazed joint. Over the 8600 brazed
tiles, about 2% exhibited flaws and the quality of the brazed joint
was identified as the leading difficulty in the process. Indeed, the
continuity of the brazed joint is very difficult to test and non
destructive methods had to be developed at that time and have still
to be improved today for controlling it after manufacturing (and
heat load tests). The main non destructive tests used were transient
IR hot water tests (see section 3.2.3) sensitive to metal/joint defects.
Unbrazed areas, localised cracks, propagated cracks and deformed
tiles were the most frequent defects identified by destructive tests
on samples and by postmortem examination.

The number of identified damaged tiles has grown with time
from 2% in 1988 up to 7% in 1994, probably due to the degradation
of preexisting defects. This supports the idea that an extremely
rigorous quality control must be implemented from the beginning of
the fabrication until the installation in the device, with accurate non
destructive tests of the brazed joint. This aspect of the problem is
discussed in section 3.2.1 and 4.1 where the fabrication of a "second
generation" inner wall for Tore Supra is described.

A complete classification (tile by tile) of the tile status has
been made in Tore Supra. It allows a categorisation of the identified
defects: (i) ruptures due to residual stress relaxation in the graphite
(108 tiles), (ii) defectuous brazing and tile detachment (545 tiles).

When disruptions occur, the plasma mov,s rapidly inward,
due to the plasma pressure loss, and runaway electrons (in the
range 50MeV in Tore Supra), created during this phase, impact in
the equatorial plane of the inner wall [13]. Localised tile cracks do
appear in this plane, particularly where the wall is misaligned with
respect to the toroidal field configuration. A radioactivity signature
of this phenomenon is observed. A full description of it is difficult,
because runaway electrons penetrate deep in carbon and also
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because they impact tangentially to the wall, making a 3D
calculation necessary to predict the damages to brazed joints.

2.3.1.2 Experimental Results

A large number of shots has been operated with the plasma
leaning on the inner wall. The time constant for the inner wall
thermal equilibration is of the order of 15 seconds, so that among
the 16,000 shots presently achieved on Tore Supra, only a very
small number has significantly exceeded this duration. Therefore, no
strong experience has been gained in terms of wall components
fatigue. Mostly results regarding heat deposition patterns and
plasma wall interaction issues have been obtained.

One of the most encouraging results on Tore Supra in the
domain of power exhaust is the one minute discharge obtained with
3.2MW of LH power, corresponding to 150MJ of heat exhausted by
the inner wall [14], as shown on figure 3. In this shot, the total
plasma current is Ip=lMA and the volume average density is
<ne>=2xl019m-3. All plasma parameters are constant throughout the
entire discharge. The average wall temperature remains rather low,
in the range 400-600°C due to active cooling and the peak power
flux density is of the order of 0.3-0.4MW/m2. However, pre-existing
localised braze flaws and/or tile cracks produce overheated localised
spots (surface temperature in excess of 2000°C. These high
temperature areas are small and do not lead to plasma
contamination by carbon, even over long discharges. Indeed, no
"carbon bloom" (i.e. large flux of C entering the plasma bulk) has
been observed, in contrast to other non actively cooled machines,
but the input power has to be increased further to make proper
comparisons.

An evolution of the hot spot location has been observed with
the IR camera, corresponding to a deterioration of the tile status.
Small cracks probably degenerated into larger ones and ended in
many cases in a tile detachment and fall, generating often a plasma
disruption. The most severely damaged tiles have been eliminated
by this process.

First wall alignment

Early results, showed that some toroidal sectors of the inner
wall were not sufficiently well aligned and leading edges (steps)
appeared at the poloidal boundary of these sectors while the total
heat removed from the sectors most ahead was larger by some tens
of percent. Also damages due to runaway electrons impacts
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produced during disruptions were more severe on ingressing
sectors. A realignment of the toroidal sectors, in the equatorial
plane, was made by an optical triangulation method leading from a
maximum eccentricity of 5.8mm between the most misaligned
elements, down to a fraction of a millimetre [15]. Subsequently, a
good sharing of the heat on the different sectors was obtained as
indicated by calorimetric measurements (see figure 4). The
evolution of the inner wall status has been monitored, at least
locally, by infra-red thermography during successive experimental
campaigns.

Consideration has been given to the consequences of finite size
tiles and the existence of gaps in the poloidal and toroidal directions
on the heat deposited on a single tile. Due to the helical shape of the
field lines, they can penetrate into the gaps and generate extra heat
load on single tiles, even when the alignment of neighbouring tiles
is perfect (in the frame of the "cosine" model which supposes that
the heat flows along the field lines). This effect can produce large
surface temperatures on the tile sides. For geometrical reasons, the
local heat load varies beyond the confined plasma boundary with
the gap interval, the local safety factor and the scrape off decay
length Xq. The effect is equivalent to a tile misalignment, and a
rough approximation, in the case of the Tore Supra inner wall, is to
consider that a gap length of 1 is equivalent to a misalignment of
10-2. Due to the generally small gap interval between neighbouring
tiles, of order of l-4cm, local misalignments remain the dominant
cause of extra power deposition on tile sides, except at the port
locations where spaces as large as 30cm exist, corresponding to
misalignments in the range 0.3mm. Lateral chamfers on the tiles
mitigate the effect of high surface temperatures.

It is also expected that local recycling, surface evaporation,
impurity and hydrogen radiation or ionisation, charge exchange are
all mitigating factors which reduce significantly the heat load values
derived from the conventional cosine model, and even more the
ratio of the peak to average heat load. However the brazed joint
temperature (determined by the total heat flux on a tile) remains
the actual limit of the single tile integrity and therefore of the
overall inner wall. Thermohydraulic calculations have shown that
2.5kW heat load on a single tile, corresponding to a heat flux
density of 1.9MW/m2, leads to a brazed joint temperature of 650°C,
a hard limit for the inner wall concept. Present estimates of the
inner wall capability rely too accurately on local heat flux
deposition considerations and are too much scattered to allow a
reliable statement. Further experiments are required.
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Power deposition

A study of the power deposition from the plasma to the wall
has been undertaken with CCD cameras equipped with interference
filters at 890nm (lOnm wide) [16]. It is expected that in this region
of the spectrum, no optical line perturbe the recorded signal and
that it provides an indication of the wall temperature and therefore
of the heat flow pattern to the wall. The observed image is
extremely broad and does not fit results from the most naive
picture where the heat is supposed to flow along the magnetic field.
In particular, the latter model predicts no flow in the equatorial
plane and this does not correspond to reality as it has also been
shown on TFTR [17]. The image brightness extends far towards the
top and bottom in the poloidal direction.

A first explanation to the interaction of the plasma with the
inner wall over a broad poloidal area is connected to the natural
outward (Shafranov) shift of the centres of successive magnetic
surfaces when going from the last closed flux surface to the
magnetic axis. This effect makes wider the intersection of two
neighbouring flux surfaces with an inboard wall as compared to
outboard. Indeed, scrape off e folding lengths for heat flow are
found experimentally to be Xq=l-2cm on the low field side and
Xq=3cm on the high field side[16].

Another important effect is associated to the fact that the
magnetic field lines when they pass on the inboard side of the torus,
travel tangent to the wall in the equatorial plane region over a
significant fraction of their total length. The diffusion approximation,
generally considered to calculate the scrape off depth for heat
penetration beyond the last closed surface Xq is no longer valid. The
elementary radial step at the origin of the radial heat flow must be
considered instead. It has been shown by a Monte Carlo procedure
that considering this process could easily "fill the gap" in the region
of the equatorial plane, consistently with the diffusive picture, still
valid for the rest of the wall [16, 17].

In addition, some other efficient physics prtcesses can spread
the heat throughout the wall surface, over a more or less broad area:
radiation by chemically or physically sputtered carbon atoms and
ions, recycling of deuterium atoms which can experience charge
exchange reactions, carbon evaporation, radiation from the main
plasma etc [18] These processes can contribute significantly to share
the power over larger surfaces than predicted by the conventional
"cosine" model, i.e. that model which considers the heat flow
directed along the magnetic field. Some authors consider [16, 17]
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large values for the ratio of the parallel to the perpendicular heat
flow at the plasma boundary (i.e. IQ///Qils 2.5 ) which could also be
associated to the sum of the previous effects.

2.3.2 Modular Pump Limiters

2.3.2.1 Description and Technical Issues

A set of modular pump limiters has been installed on Tore
Supra with the aim of achieving simultaneously heat and particle
exhaust. Indeed, density control can be achieved only if an efficient
particle exhaust takes place, an important feature as far as helium
exhaust or plasma stability and transport are concerned. Two
different solutions have been considered.

In a first approach, six bottom limiters (0.4mx0.4m) have
been built, starting from "Y shaped" counter flow tubes as indicated
on figure 5 [19]. Hardened copper tubes (Cu-Cr-Zr), 12mm in
diameter have been used, covered with brazed graphite 3mm thick.
Heat transfer is enhanced along the tubes by swirl tapes. On the
leading edges, semicylindrical caps of CFC (A05 from Le Carbone
Lorraine) are used. A maximum heat flux density of 10MW/m2 at
the leading edge, considered as the most critical zone, was
estimated, for 700kW removed by each limiter. The braze material
was TiCuSil. As in the case of the inner wall, the quality of the
brazed joint has been the most concerning achievement and it has
not been possible, at the time of this realisation (1988), to achieve
sufficiently reliable bonding of all the carbon tiles. Tests on the
electron beam facility (EBTS) at Sandia (Albuquerque) showed
however that average heat flux density of 4MW/m2 and peak values
of 8MW/m2 could be removed from well bonded parts on the tubes
sides whereas the leading edge caps could withstand up to
14MW/m2at a surface temperature of 1500°C.

In a second approach, an outboard pump limiter (low field
side) was built under the responsibility of SNLA-Albuquerque
within the frame of a CEA-US DOE agreement [20-22]. The limiter
(0.6mx0.5m) had 14 water cooled copper tubes, poloidally oriented,
covered with a thousand of brazed pyrolitic graphite tiles (figure 6).
In contrast to the bottom limiters, the front face has been accurately
machined so as to spread the heat load uniformly across it,
accounting for the local ripple corrections of the toroidal magnetic
field. The steady state heat removal design value was estimated to
be 1.5MW for the overall limiter (6MW/m^ on average). Local
power flux as high as 30MW/m^ on the leading edge and of the
order of lOMW/m^ on the front face were expected, on the basis of
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geometrical optimisation of particle extraction for a SOL decay
length A.q=2cm). The cooling circuits of the leading edge (<50°C,
>8.5m/s) and the front face (<120°C, >7m/s) are separated. A
maximum temperature difference of 80°C is tolerated between the
inlet and outlet temperatures at the leading edge to avoid critical
heat flux. Ten flowmeters and 34 thermocouples provide extensive
calorimetry. Some residual local braze flaws or cracks within the
pyrolitic graphite were identified prior to the installation of the
limiter on Tore Supra in spite of efforts. They were accepted on the
basis of extensive analysis of the impact on performance of various
braze defects.

2.3.2.2 Experimental Results

Bottom limiters

A maximum power of 0.6MW has been removed by a single
bottom limiter during 6 seconds (this duration was not a limit) close
to the design value of 0.7MW. Steady state surface temperature was
reached after 2 seconds due to the small thickness of the carbon
coverage, as shown on figure 7. The average power density was
4MW/m2 whereas peak power densities of 8MW/m2 were reached .

Using three of those bottom limiters together allowed to
remove 1.2MW during 25 seconds (again not a limit for those
limiters), corresponding to an average power density of 2.5MW/m2

As indicated earlier, each of the 6 bottom limiters suffered from
generic braze flaws and/or cracks within graphite tiles. A careful
selection, on the basis of hot water-IR tests, of the best individual Y
tubes without defects allowed to reassemble a "high standard"
limiter which was used on plasma (see photograph on figure 7). All
local hot spots previously observed were suppressed by this
procedure and the limiter worked pretty well within the range of its
design parameters. This underlines the importance of a severe
quality insurance control during the manufact' ring process to reject
unacceptable braze defects.

Local temperature excursions

Generally, stable steady state surface temperature conditions
are reached with these actively cooled limiters. However, above a
certain incident power thershold, it has been observed that fast
(20ms) local surface temperature excursions could suddenly take
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place at the ridge, leading to a final surface temperature of more
than 1600°C (starting from 400-600°C). This phenomenon is shown
on figure 8 where it appears that the final state can be maintained
steadily for a long time. The temperature excursion starts at some
point of the ridge and extends to a broader zone rapidly. The high
surface temperature (which is confirmed by the observed growth of
the visible light continuum) indicates that the local heat flux has
suddenly more than doubled locally. It is expected that this
phenomenon takes place due to a sudden reduction of the local
sheath potential due to thermoelectronic emission and/or secondary
electron emission from the surface [23, 24]. It must be noted that in
spite of the high surface temperatures observed at the leading edge,
thermal excursions are never observed at that location, suggesting
that the electron temperature is an important parameter in the
process. The surface of the limiter is marked (erosion like patterns)
where hot spots are observed and after the first occurrence, the
event can be triggered at lower input power. Modelling of this effect
is in progress. The choice for a PFC candidate as well as the
geometry of the PFC geometry could depend crucially upon this kind
of limitation

Outboard limiter results

The maximum power presently extracted with the actively
cooled outboard limiter is 0.73MW (design value 1.5MW) during 9
seconds, with an averaged temperature of 850°C on the leading
edges (maximum 1500°C), corresponding to a peak power density of
17MW/m 2 [22] (critical heat flux 40MW/m2) and to an average
power density of 3MW/m2. Infrared images have been made,
similar to those of the bottom limiters, showing that the time
constant to reach steady state is five seconds and also that some
localized hot spots are present on the leading edge, corresponding to
the preexisting braze flaws or cracks in the tile material. These
defects are smaller than single tiles area to allow the heat to be
removed through the remaining bond and steady state to be
reached. The maximum temperature on the front face is 550°C.

Three values of plasma current 0.8, 1 and 1.5MA were used to
test the limiter in ohmic conditions, for which the extracted power
at steady state was 220, 270 and 720 kW i.e. 34, 35 and 52% of the
input ohmic power respectively. The observed dependence is
consistent with earlier experiments with bottom limiters where the
e-folding length for heat on the SOL was found to scale as Xq~ Ip"1/2

[25], meaning that when the plasma current increases, not only the
input power increases but also the heat load concentrates on the
front face of the limiter. A toroidal asymmetry (by 12-18%) of the
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power deposition onto the ion and electron drift sides of the limiter
is found, the latter being colder. Preliminary experiments with ICRF
and LH power were started when the outboard limiter was pierced
by runaway electrons.

runaway electrons events

In Tore Supra, disruptions produce generally a large runaway
electron population with energies in the range 50MeV [261. In
many cases, they are subject to a fast inward motion and hit the
inner wall, producing hard X rays and photoneutrons in addition to
residual radioactivity. In some cases, however, this fast motion does
not take place and the runaway electron population has another
fate. Two particularly critical situations were experienced on Tore
Supra which both led to actively cooled limiter destruction and
water leaks.

One of the bottom limiters was pierced by runaway electrons.
The sequence of events was: (i) the occurrence of a plasma
disruption, resulting in the creation of runaway electrons, without
any fast inward motion, and (ii) a slow motion of the plasma and
thus of the relativistic electrons downwards. Due to the extremely
small carbon thickness (3mm) and to the design of the limiter, the
copper was melted at the ridge and a water leak occurred.

The actively cooled outboard limiter was also prematurely
destroyed by runaway electrons in a rather similar way. In this
case, the limiter has a rather thick carbon coverage on the front face
(lcm) and in spite of a strongly eroded area at the ridge, obviously
due to runaway electron impact (as confirmed also by time resolved
IR imaging), the copper was not pierced at this location. Instead, the
copper was melted 2.5cm further away radially in the scrape off
layer from the last closed flux surface (at the leading edge, on the
electron drift side). This implies that runaway electrons have drifted
radially by this amount over a single or a small number of toroidal
turns. An interpretation has been proposed for this event [27]. The
sequence starts with a plasma disruption, creation of runaway
electrons and no fast inward motion of the discharge. A steady state
plasma current of =400kA is sustained for as long as 250ms, where
the runaway electrons are accelerated in ti.e 40MeV range and drift
outwards accordingly. When the plasma current damps away, this
runaway current shifts further outwards and hits the outboard
limiter front face very superficially. This holds until the plasma
cuirent has decreased sufficiently for the poloidal motion of
runaway electrons to compensate strictly their vertical drift, which
occurs at a current of 150-250kA on Tore Supra. Then an X point
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forms inside the plasma at the outermost location and the closed
drift surfaces open (see figure 9). The electrons experience then a
radial motion which can explain the- location of the impact deep in
the limiter shadow. This explanation is supported by the
photoneutron bursts which occur, synchronised with this enhanced
runaway loss and the IR image signature.

Certainly, a toroidally symmetric limiter and a thicker carbon
coverage would have been much more robust against this kind of
events (like e.g. the inner wall). However, the penetration depth of
relativistic electrons into carbon is very large (tens of centimeters)
and their slowing down occurs mainly in the higher Z elements like
copper or stainless steel, which carry the water. Therefore, leading
edge problems could still occur (although to a lesser extent) with
toroidally symmetric plasma facing components. A comprehensive
description of the post-disruptive relation between the plasma
equilibrium and the poloidal field system is required.

2.3.3 Ergodic Divertor

An original heat exhaust scheme, the "ergodic divertor",
where a large fraction of the input power is removed as radiation,
has been proposed for Tore Supra [28],

2.3.3.1 Conceptual and Technical Aspects

An ergodisation of the magnetic field lines is created at the
edge by a multipolar magnetic perturbation, over a region 0.1-0.2m
wide, resulting in a low temperature, high density, highly radiating
plasma. This region, ten times broader than the conventional scrape-
off depth, has favourable properties like neutral particle (impurity)
screening, highly radiating rate, low sputtering and peripheral MHD
mode stabilisation. The plasma core remains unaffected by the
perturbation. This scheme is expected to lower the fraction of the
input power convected between the divertor bars where neutraliser
plates are located. Until now, the ergodic divertor scheme has been
considered as a tentative experiment and has not been designed for
long pulse steady state operation.

Figure 10 is a general view of one among the six divertor
modules [29]. Each module consists of 8 current bars distributed
poloidally on the outboard side of the tokamak and directed along
the magnetic field direction (qy=3). These current bars are located
in a stainless steel casing, covered with bolted flat graphite tiles lcm
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thick. In between each pair of current bars is located a neutraliser
plate which collects the particles and heat flux along the magnetic
field where it is strongly deflected due to the ergodic divertor local
perturbation. These neutralises are OFHC copper boxes covered
with brazed semicylindrical or flat graphite tiles (5890PT), 4mm
thick, to cope with the high heat flux concentration at these locations
(expected capability 10MW/m2 peak). They were tested and
withstood an incident flux density of 9MW/m^ for a surface
temperature of 1200°C, Particle control is ensured by titanium
getters located behind the neutraliser plates in a closed area.

After several years of operation at low (ohmic, 1MW) or
moderate (ohmic+ICRH and LHCD, 4MW) power, considerable
progress has been achieved in the understanding of the physics
involved in the ergodic divertor concept. A review of the physics
results obtained with the ergodic divertor may be found in [30,31].
However, the shape of these neutralisers was originally chosen so as
to create a throat channel for ions and neutrals towards the titanium
getters located behind the ergodic divertor casings (figure lia). As a
consequence, the total area was small and the angle of incidence
with the field lines was large, particularly at the neutraliser tips.
Therefore, only moderate power exhaust experiments could be
undertaken in these conditions, limited by the maximum power load
of 10MW/m2 on the neutraliser plates.

2.3.3.2 Heat deposition on the ergodic divertor

A first impressive result is obtained when the current is
progressively increased in the ergodic divertor bars. Two effects are
evidenced. A broadening of the scrape off decay length Xn by a
factor 3-5 as evidenced by calorimetric or Langmuir probes
measurements and also by IR imaging [32-34]. Also, a progressive
decrease of the power on the outboard limiter front face, located
3cm in front of the ergodic divertor bars and an increase of the
power conducted to the neutraliser plates are observed. These two
results prove that heat transport is strongly modified at the edge.
Langmuir probe signals and visible light imaging show rather
systematic modulation patterns at the edge which indicate the
existence of small scale structures. Wall temperature patterns are
indicative of an inhomogeneous power deposition. Their location and
shape are very sensitive to the exact magnetic field and connection
to the wall, and slight changes in plasma current or plasma position
influence them significantly. This may be used for sweeping hottest
regions by small modifications of the plasma equilibrium.
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2.3.4 Outer Wall

The outer first wall is intended to remove the radiated and
charge exchange fluxes emitted by the plasma. Located further
away from the plasma boundary than the inner wall, it is made of
stainless steel wafer plates, actively cooled by pressurised water
[35]. The surface of the outer first wall is 62m2 out of the 80m2 of
the total surface. The average power density received by these
elements is 0.3MW/m2 when the overall input power is radiated.
There is presently no particular technological problem associated
with this kind of actively cooled elements. Carbonization or
boronization have been used to avoid bare metal surfaces in front of
the plasma.

2.4 Lower Hybrid and Ion Cyclotron Frequency
Launchers

2.4.1 Technical and Design Considerations

For plasma heating and non-inductive current drive, 3 Ion
Cyclotron (IC) frequency in-port antennas (Figure 12) and 2 Lower
Hybrid (LH) frequency in-port grills (Figure 13a) have been
installed on Tore Supra [36,37]. These systems, which can couple up
to 3x4 MW at the IC frequency and 2x3 MW at the LH frequency,
are designed for CW operation. For this purpose, all the components
of the antennas are actively cooled: the guard limiter but also the
Faraday shield (IC antenna) or the wave guides (LH grill). For good
RF coupling, the antennas have to be sufficiently close to the
plasma, typically 1-3 cm for the IC antenna, 2-5cm for the LH grills
behind the last closed flux surface.

In such conditions, the guard limiter of the grills was designed
to handle a heat flux Qo=5MW/m2 at the leading edge, along the
field lines, and a total power of 75kW/antenna, assuming an e-fold
decay length Xq=1.5cm for the flux. For the ICRH antennas, the
design values are higher: with Qo= 10MW/m2 and Xq=1.2cm,
0.12MW can be extracted by each antenna. For the LH grills, the
guard limiter is a frame made of rather thick graphite tiles
(e=8mm) brazed on water-cooled flat Cu-Zr bars. The tiles are
shaped in order to have well-spread normal heat flux Qj.: for the LH
grills Qi=Qo/3. 2-D simulations (Castem 2000 code) indicate, for
these prescribed conditions, a maximum surface temperature of
600°C (see figure 13b) with a rise time constant of 2 seconds. Above
this heat flux, critical flux conditions may occur.
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For the IC antennas (Figure 13), the same technique is used

with thinner graphite tiles (e=3mm). Due to the small front area
devoted to these elements, it is difficult to spread the heat flux on a
large surface, and finite element calculations predict a maximum
surface temperature of 1000 °C [38].

This frame is poloidally and toroidally shaped to fit the
plasma boundary for plasma major and minor radii of respectively
2.34 m and 0.78m. The mouth of the LH waveguides ir< shaped with
the same radii of curvature and the field line connecting both
leading edges of the guard limiters is at a distance of 2 mm of the
tip of the waveguides. When the plasma size is changed, this
distance varies between 0 and 4 mm. For the ICRH antennas, the
screen is V-shaped insuring a maximum distance of 6mm with the
grazing field line .

A power of 6 MW has been coupled for 2-3 s, independently,
with each of these systems. During combined experiments of ICH
and LHCD [38, 39], 10 MW were launched into a 1.3 MA plasma for
2s [39]. As far as long pulse operation is concerned, a one minute
discharge was achieved by injecting 3 MW of LH waves during the
entire flap top [14]. The ICRH system has succeeded to inject 2MW
for 30 s [40].

For the LH guard limiters, one single tile was debrazed during
the 4 last campaigns (1991-1994) which counted more than 2,500
plasma exposures, from the original installation of these
components. Local erosion of some tiles, observed after low plasma
current operation was suppressed by a proper reshaping, insuring a
better cooling of the tiles.

For the IC antennas lateral protections, hot spots were
observed on the lower corner of the ion side. At this point the
corner tile is presenting to the plasma a face toward the electron
side as well as a face to the ion side. In addition efficient cooling is
hard to be brought to the extreme end of this piece, resulting in
excessive temperature gradient in the graphite tile. Hot spots are
also observed on the protection whnh are located on the side of the
antenna, magnetically connected to the LH grills. Local erosion is
enhanced very locally on these areas, and again some tiles have
suffered from an excessive temperature gradient.
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2.4.2 Power Loading Experiments

2.4.2.1 Lower Hybrid Grills

The power loading on the guard limiters was deduced
from calorimetric measurements [41]. For a grill-plasma distance S
of about 3 cm, the power load scales linearly with the input power
(figure 14) and does not exceed 20 kW at 4 MW. As expected, this
loading is very sensitive to the relative position of the grill with
respect to the plasma: for each grill, the ratio of the power removed
by the guard limiter to the input power decays exponentially with
5, according to a characteristic length of about 1 cm (Figure 15).

With typical conditions for long pulse operation (3.2 MW,
grill-plasma distance of 3 cm), the surface temperature of the LH
frame, measured from an IR camera, does not exceed 450°C (Figure
16a). On the ion-drift side limiter, the temperature is fairly
homogeneous along the poloidal direction and the equilibrium
temperature (420°C) is reached, as expected, in less than 5 s.
However on the electronic side, localised power deposition (hot
spots) is observed on the inner side of the frame where much
lower heat flux value is expected, if convective flux only were
considered. For some plasma and grill positions, these hot spots are
obtained on the 2 guard limiters, with the same period as the wave
guides array. It was found that this heat flux depends on the
localised launched power and scales quasi linearly with the safety
factor q of the discharge. The resulting overheating of the carbon,
especially in high q discharges, may induce RF breakdowns at the
wave guides aperture [42]. The reshaping of the carbon tiles has
lowered the surface temperature and improved the power level
capability of the LH grills.

Localised erosion has been observed on the thin walls of the
wave guides (e=2mm) which are located only 2mm behind the field
line connecting both leading edges of the guard limiters,
preferentially at mid-height of the wave guides where the RF
electric field is maximum. A thin layer of boron carbide (100 \im)
was deposited on the tip of the wave guides. This layer showed
good adhesion during plasma exposure but was not successful to
prevent the RF breakdowns which, locally, blew the deposited layer
off.
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2.4.2.2 Ion Cyclotron Antennas

The heat load on the ICH antenna lateral protections is
strongly enhanced by direct interaction of the RF power with the
local boundary plasma [43]. In these conditions, the conventional
SOL decay model which was used to design the protections is no
longer applicable: the heat flux on the surfaces, measured by IR
cameras, is in the range of what was expected with the SOL model
for 15MW input power, although only about one quarter was
delivered to the plasma (Figure 16)

The ICH Faraday shields are shadowed by the lateral
protections so that they are mainly exposed to radiated flux from
the plasma (< 0.5MW/m2). The latest version is a structure made of
stainless steel covered with copper on the surfaces carrying RF
current and protected on the plasma side surface by a thin layer of
boron carbide. This version performed extremely well during the
last experimental campaign, allowing up to 4MW per antenna,
corresponding to about 16 MW/m2.

2.4.2.3 Ripple Losses

The rather large value of the magnetic field ripple of Tore
Supra (8B/B=7% at r/a=l) is expected to induce significant losses of
fast particles, trapped along the banana orbits and drift upwards
for the ions (ICH ) and downwards for the electrons (LHCD) [44]. To
prevent damaging the wall, 2x18 thick, uncooled graphite plates
have been installed in the predicted critical areas. One of these
plates has been recently changed into a water-cooled version, made
of boron carbide coated CuCrZr, which was successfully tested at
7MW/m2[45].

The power loss due to these unconfined electrons, not larger
than 5 % of the injected power, scales roughly as Plh/<ne>^ , where
Plh is the injected LH power and <ne> the volume averaged plasma
density . For the more severe conditions with respect to this scaling
(Plh=3.7MW for 15s, <ne>=1.5.1019m-3), no limitation due to an
overheating of these plates was observed yet.

During minority heating experiments with IC waves, the ion
losses are sensitive to the IC power and the plasma density but also
to the minority concentration and the LH power in case of combined
injection. Taking advantage of the water-cooled protection, the
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losses were estimated by calorimetry (figure 17). Even at low
density (ne= 2.5xlO19m-3), with injection of IC and LH waves, the
heat due to the ripple losses (20 %) could be removed when the full
heating power (12 MW) was coupled.

2.4.2.4 Heat Load on the Neutralisers of the Ergodic
Divertor during LHCD

During LHCD experiments, the heat load on the neutraliser
plates of the ergodic divertor is very sensitive to the radial distance
between the plasma and the divertor modules [46]. When this
distance is small (<5cm), a specific additional heat flux to the
neutraliser plate, magnetically connected to the grill, is found. This
produces an overheating of this component (S<50cm^): in the worst
case, only 5 % of the power was lost by this mechanism (Figure 18),
but a local temperature exceeding by far 1000°C was measured by
IR thermography. With the present day technology for these plates,
the LH power is thus limited to 2-3 MW in this divertor
configuration.

2.5 Water Leaks

Certainly, Tore Supra has had and has still a pioneer position
as regards active cooling of a fusion device, with the unpleasant
consequence of water leaks and their deleterious consequences on
the environmental hardware. It is a matter of ongoing discussions
to propose technical solutions for avoiding water leaks and also
minimising their consequences.

Since 1988, thirteen circumstances have been reported of
more or less severe water leaks in Tore Supra. A Classification of
these leaks leads to consider five more or less independent
categories of events.

Micro leaks were due to faults in welds which were not
properly tested before assembly (3 leaks).

The electromechanical forces due to current disruptions were
underestimated in the particular case of long cooling pipes located
close to the plasma boundary. One major leak (6501iters through a
5mm2 aperture) occured due to the bending and rupture of such a
pipe.

In the same category, electric arcs on poorly protected
resistive bellows (2 leaks) and possibly fatigue associated to
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disruption forces on weldings (2 leaks), after many disruptions,
have led to more or less severe leaks.

Another cause of leak is an incorrect analysis of safety
systems and interlocks. An error on the positioning of an ICRH
antenna led it to an unprotected radial position with respect to
limiters (1 leak). Also the detection loop indicating the presence of a
water flow was not appropriate in the early version of the interlock
software for the Sandia actively cooled limiter and a plasma shot
could occur without water circulating (1 leak).

The three remaining leaks are connected with a proper use of
the plasma facing components and are due to two categories of
events: excessive local heat flux density or runaway electron
impacts. The early choice of actively cooled modular (bottom)
limiters for Tore Supra and of 2.5mm thick graphite as a plasma
facing material had the unavoidable consequence of a rather weak
design, to preserve a high heat flux removal capability. In
particular, the necessity to predefine a scrape-off depth Xq for the
parallel heat flow dictated a design where an electron beam weld at
the ridge remains accessible to allow a further modification of the
limiter angle in the toroidal direction (once an experimental value
has been derived for Xq). Therefore, the ridge of the 6 modular
bottom limiters was the most fragile, and thus the limiting region of
these limiters. In addition to the surface temperature excursions
reported in section 2.3.2.2., two water leaks originated from
problems at the ridge of one bottom limiter. A critical heat flux
situation occured, in conditions of relatively slow water velocity.
Another one occured due to the presence of runaway electrons
created at the occasion of a disruption as explained in section
2.3.2.2. Runaway electrons produced during a plasma disruption
were also at the origin of the leak on the actively cooled Sandia
outboard limiter.

There are solutions to the five categories of problems
encountered. A strict quality control during and after assembly
should improve welding reliability. More accurate consideration for
disruption and arcing consequences would eliminate the second
source of leaks. Safety analysis must not be underestimated and
"hardware" interlocks must be chosen as often as required (the
vacuum vessel of Tore Supra is protected against overpressure
accidents by a rupture disc allowing a maximum vapour pressure of
0.14MPa inside the torus). Finally, the large heat conductivity of CCs
and toroidally symmetric heat exhaust systems should eliminate
the intrinsic difficulties of the present generation of modular
systems of Tore Supra.
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Besides expected progress on water leak avoidance, some
work has to be made to minimise the consequences of a leak and to
recover as fast as possible proper operational conditions. Water
leaks which do not lead to a water pressure larger than 0.1 Pa have
only consequences on the reconditioning of the device (1/100 of a
water mole). Leaks with litres of water deposited inside the vacuum
chamber (100 moles) stop plasma operation for 4-5 weeks.
Condensation occurs at the coldest locations (e.g. ceramic feed-
throughs of ICRH antennas) and deteriorate some parts. Many
pieces have to be replaced, which suffer oxidation due to the
presence of water and air (aluminium gaskets, ultra vacuum
components, electrical feed-throughs,...). Several improvements are
presently discussed such as fast emptying of the cooling loop or
installation of a high capacity cold trap for the water vapour.

3. Technological Developments and Test Procedures

3.1 Technological Developments

3.1.1 Thermohydraulic Studies

The conception of high heat flux components for the NET/ITER
divertor plates, capable of removing at least 3-5MW/m^ on average
requires, as a first step, to develop efficient and reliable heat sinks.
Based on the experience at Tore Supra, copper based tubes and a
forced flow of water were considered for this purpose.

Between 1991 and 1994, series of heat transfer and critical
heat flux tests were achieved on bare tubes (not covered by CFC)
heated on one side with the 10MW NBI test bed at JET [47] and
with the 200kW FE200 electron beam facility at Le Creusot (France)
[48,49] (see section 3.2.2). Rectangular cross sections of hardened
copper were used with a stainless steel twisted tape mounted inside
a circular water channel (turbulence promoter). The sensitive
geometrical parameters in the problem are the internal diameter of
the tube (10, 14, 18mm tested), the twist ratio of the swirl tape
(only a ratio of 2 was tested), the width of the squared cross section
tube (between 15 and 27mm tested), the distance between the
front face and the water interface (1.5 and 2.4mm tested) and the
heated length (50-150mm). Detailed description of these tests is
found in [47-50]. At the end of these tests, a broad data base was
established with 63 values of critical heat flux obtained for a
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variety of geometrical and hydraulic conditions. Inlet water
temperature was varied from 50 to 170°C, water velocity from 3 to
15m/s and the pressure from 1.0 to 3.5MPa.

All the tests were accompanied by finite elements calculations
with CASTEM2000 in order to calculate the wall heat transfer
coefficient and critical heat flux. Several regimes or assumptions
have been considered for the variations of the heat transfer at the
water interface: the Dittus-Boëlter, Sieder-Tate and Petukhov
correlations for convective regimes and Thorn, Thom-CEA, Jens and
Lottes correlations for the subcooled boiling regimes. An iterative
method is required due to the temperature dependent properties of
the materials and heat transfer coefficients. Experimental tests,
carried out with a thermocouple array located inside the tube cross-
section were best simulated by associating the Sieder-Tate and
Thom-CEA correlations as shown on figure 19. On figure 20 is
shown a particular calculation made with CASTEM2000 and the
isothermal curves inside the copper tube. It is seen on this curve
that the subcooled boiling regime applies on that part of the tube
facing the heat flux, whereas the rear half is in the convective
regime.

Critical heat flux situations were experimentally determined
(pre-burn out detection) by an IR imaging technique on the e-beam
facility at Le Creusot. A comparison of the experimental data,
deduced from the e-beam parameters with critical heat flux
modelling with the Tong75 correlation ("near wall bubble
crowding") and the Celata 94 model ("drying out of a liquid
sublayer") was made with CASTEM2000. This comparison showed
that both models identically predict too small a critical heat flux
value. This discrepancy is maximum and reaches 60-70% for large
Reynolds numbers.

Dedicated experimental tests were also achieved to determine
the role of the thermohydraulic conditions in the occurrence of
critical heat flux events [48]. Three water velocities (5-16m/s),
three pressures (1.2-3.6MPa) and three inlet temperatures (30-
150°C) were used. This study clearly showed the importance of
working at high water velocity, low inlet temperature and also the
small effect of pressure.

A comparison of configurations with and without a swirl tape
inside the cooling channel has been • made for several water
temperatures [9,50]. As in previous experiments, the power density
on the tube at which critical heat flux conditions are reached on the
water is measured (e-beam) and calculated with CASTEM2000 for
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different water velocities. The result is shown on figure 21. On this
plot, the favourable effect of high velocity and small water inlet
temperature is confirmed. All the experimental measurements are
well reproduced by the thermohydraulic calculations with CASTEM.
The wall critical heat flux is found larger than the usual Tong75
correlation (xl.6 for swirl and xl.25 for smooth tubes). In
particular, the measurements at 100°C indicate a benefit of 20-25%
on the critical heat flux power density with swirl as compared to a
smooth tube.

3.1.2 Carbon Composite Developments

Carbon Composites (CFC) are preferred to graphite for their
better thermal conductivity and increased toughness. Good thermal
conductivity allows for either larger power density removal or
thicker carbon layers or both. Thicker C layers have advantages as
regards erosion or runaway electron scattering. High mechanical
resistance is important for limiting the consequences of thermal
shocks associated to disruptions or runaway electron impacts. Two
CFC materials have been developed in France particularly
interesting for fusion applications. "Aérolor A05" from Le Carbone
Lorraine is a random fibre composite (thermal conductivity K/,=285,
Kx=100W/mK at room temperature, tensile strength CT,/=5 4 ,
<Tj=9MPa). "N112" ( an improved version of "Nil") from Société
Européenne de Propulsion is made of woven layers, needled to each
other by polyacrylonitric fibres (thermal conductivity K//=280,
Kx=210W/mK at room temperature, tensile strength O//=6 5,
ax=35MPa). The material is densified by a chemical vapour
deposition process and graphitised at high temperature. N112 is
close to an isotropic material and its thermal conductivity remains
close to 100W/mK at 800-1000°C in the two directions.

3.1.3 Flat Tile Geometry

The flat tile geometry has been used for the inner wall of Tore
Supra and also for some antenna lateral protections. Based on this
experience, a design study for the divertor of NET/ITER has been
carried out in 1991 [7,51]. In this design, the cooling structure is a
square Glidcop AL25 tube, roughly 19mmxl9mm, with a cooling
channel, 14mm in diameter, equipped with a swirl tube (figure 22).
A compliant layer of OFHC copper compensates for the mismatch of
thermal expansion coefficients between the CFC (6mm thick) and
the Glidcop. The tubes are connected to stainless steel headers by
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friction welds. The brazing process for the CFC (choice for brazing
cycle and compliant layer) was achieved in the frame of a contract
with CEREM-Grenoble (CEA). Destructive (shearing test) and non
destructive tests (microphotography, ultrasonic and infra-red tests)
were performed to verify the tiles and joints integrity.

Thermohydraulic and mechanical calculations were made with
CASTEM2000, accompanying e-beam tests, for a target prototype
made of A05 tiles over dispersoid copper. The incident thermal flux
was chosen as 15MW/m2 on the front surface of the CFC. On figure
23 are plotted isothermal and isostress curves in this case. The
temperature at the braze is 320°C and below in the Glidcop tube.
The power flux density is 20MW/nr»2 at the water interface.

Fatigue tests were performed on a dedicated mock-up: 1000
thermal cycles at 10 and 15MW/m2; the surface temperature was
around 2000°C and no hot spot (no braze failure) appeared during
the test.

3.1.4 The Macroblock Solution

An alternative to flat tile geometry has been developed for
high heat flux components: the "monoblock" which consists of CFC
blocks, perforated and slipped on a circular copper or molybdenum
tube [7,52]. In the monoblock concept, the CFC blocks are short (few
centimetres) to ease the brazing process.

This concept has been reconsidered making use of the good
mechanical and thermal properties of CFC. Increasing the size of the
CFC block towards larger lengths (20-80cm) allows to rely on the
mechanical properties of CFC to sustain thermal and mechanical
stresses induced by plasma operation (normal operation and
disruptions). The so called "macroblock" can be machined and
directly attached to a support frame or a cooling manifold. The
internal cooling tube does not suffer constraints anymore and is
replaced by a thin copper liner on the CFC. A cross-section of a
macroblock developei for the NETATER divertor is shown on figure
24 with the geometrical dimensions (length 188mm). The material
used is N112 of SEP. The CFC thickness between the water channel
and the surface in front of the heat flux is 5.35mm.

High heat flux tests were achieved on the e-beam facility up
to 14MW/m2. Temperatures at the monoblock surface and at three
locations within the CFC have been measured with an IR camera
and thermocouples. The temperatures are plotted on figure 25
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together with results from CASTEM2000. In the model, the Dittus-
Boëlter correlation is used for the heat transfer between the water
and the tube, in the convection regime and the Thorn correlation in
the subcooled boiling regime. On figure 26 is also shown the
temperature distribution at the water-copper interface, for an
incident flux density of 15MW/m2. In these conditions, a large
fraction of the tube is in the subcooled boiling regime and the heat
flux at the interface reaches 26.4MW/m2 very close to the critical
heat flux of 27MW/m2 calculated with the Tong75 correlation. The
maximum wall temperature reaches 260°C (cooling loop: 0.7MPa,
inlet temperature: 60°C, lOm/s).

After 1000 cycles of 30 seconds, no crack or failure was
observed on the monoblock. A localised peak heat flux experiment
was also carried out, with a peak value at 30-34MW/m2 over 6-
12cm (10MW/m2 on average). The surface temperature was larger
than 2000°C. After 300 cycles, only erosion due to carbon
sublimation was observed. Calculations with CASTEM2000 indicate
a maximum heat flux of 39MW/m2 at the water-copper interface,
close to the incident peak value, demonstrating the efficient heat
spread in the macroblock volume. Also, the maximum temperature
of the copper tube is 300°C, a low value which explains the good
behaviour of the brazed interface during the cycling tests.

Further tests were carried out with four 6cm long N112
blocks, of cross sections 25x25mm2 and 28x28mm2 with diameters
12.7 and 16mm diameter copper tubes. Incident power densities of
18MW/m2 (12.7mm diameter) and 23MW/m2 (16mm diameter)
could be sustained with a maximum surface temperature of 1600°C
without any hot spot. The distance between the front face and the
water channel was 6mm. One thousand cycles were performed at
20MW/m2 without any failure.

3.1.5 Mechanically attached carbon protections

For moderate heat fluxes like those which will be encountered
in the case of highly radiating plasma conditions (0.2-0.4MW/m2),
at least when this power is shared rather uniformly over large
areas, mechanical attachment of CFC tiles on metallic heat sinks can
replace brazing techniques [53]. Continuous heat flux density up to
0.6MW/m2 can be achieved with this technique which has been
studied in the frame of a NET contract.

The CFC flat tiles (20mm thick) are mechanically attached to a
flat Glidcop back plate (see figure 27) brazed to the Glidcop or
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stainless steel water tubes. A conductive and soft compliant layer is
enclosed between the tile and the heat sink, maintained in tight
contact during differential thermal distortions of the component
with a spring attachment.

The pressure distribution at the contact of bolted tile over
back plates has been calculated for different materials, without a
compliant layer. For a given loading, and material thickness,
differences are observed between materials, but for all of them, the
contact pressure distribution drops dramatically beyond the loading
area. This is the reason why a compliant layer has to be inserted
between the tiles and the back plate, to restore a good thermal
contact between them.

Several compliant material candidates have been studied with
respect to their heat conductivity and elastic modules to keep good
heat transmission properties of the bolted bond, in spite of the
differential component deformations under heat flux. Exfoliated
graphite has been doped (Le Carbone Lorraine) with fibres of
different lengths (l-20mm) and different concentrations (10-20%).
Compliant layers (papyex) of thickness 1.2mm have been tested
under pressure contact (0.5MPa). All elastic modules lay in the
range 8-llMPa. Thermal excursions to 400°C and baking at 800°C
do not modify these values. However, 200 hours of contact pressure
at 0.5MPa and 400°C induce an irreversible layer compression of
0.1mm.

All the tested compliant layers, 1.2mm thick, had a heat
transfer coefficient in the range 4.5-5.5kW/m2K, much better than
all metallic layers whose compliant behaviour is insufficient at low
bolting pressure.

2D and 3D thermohydraulic/thermomechanic analyses have
been performed for a 115x78x20mm3 tile (N112) considering a
thermal contact resistance Hc=1.5kW/m2K and an elastic module
lOMPa of the 1.2mm thick compliant layer. The temperature
distribution in the PFC was calculated. These calculations showed
that up to 0.6MW/m2 can be removed permanently with a CFC
surface temperature less than 1000°C.

Two mock-ups and a prototype have been tested at Sandia
and Framatome respectively. Two designs have been selected: a
cylindrical cross section Glidcop cooling tube, brazed on a Glidcop
back plate and square cross-section Glidcop or stainless steel.
Steady state was reached 250 seconds after e-beam start up for
Glidcop. The surface temperature of the Aerolor tiles was 750°C at
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0.6MW/m2 of incident flux coolant temperature 100°C). For the
stainless steel version, the steady state was reached 400 seconds
after beam switch on and the surface temperature was 800°C at
0.3MW/m2 of incident flux, suggesting some loss of thermal contact
in that case.

3.1.6 Boron Carbide Coatings

Plasma sprayed boron carbide (B4C) coatings of thickness up
to 200u.m have been used on actively cooled components on Tore
Supra. Boron carbide coatings are interesting in spite of their
reduced life time due to erosion (physical sputtering), because they
allow a cheaper and faster solution for testing "experimental"
components, without embarking in the heavier and more expensive
realisation of brazed components. This is the case for Faraday
screens of ICRH antennas, wave guides mouths of LH couplers,
top/bottom port ripple protections and more recently neutralises
of the ergodic divertor. The coatings have been realised by the
company SNMI (Avignon) [54]. Some work has been done to
measure the properties of this material [45]. Among others, the
thermal conductivity of the coating is more important: 0.8W/mK is
found by a laser flash method for a thickness of 210|im (to be
compared to the 30-40W/mK for the bulk material).

This plasma spray technique has been used to realise a
top/bottom port ripple protection, where power densities in the
range 7MW/m2 are expected locally. One of these elements (60u,m
B4C over a copper substrate) has been tested on the FE200 electron
beam at Le Creusot. An incident heat flux of 9MW/m2could be
sustained (over 100x70mm2) with a surface temperature of 460°C.
A fatigue test was also carried out (1000 cycles at 7MW/m2, one
30s pulses per minute) and no modification occured of the
properties of this element.

More recently, tests have been performed with a neutraliser
of the ergodic divertor, made of actively cooled copper alloy
(CuCrZr) covered with 150u.m B4C [34]. The expected nominal power
flux being 5MW/m2, the tests have been performed at 13MW/m2.
After 500 5s on/5s off cycles (over 100x30mm2), the mock-up did
not show any visual damage and the IR response did not change
from first to last exposure.

An interesting feature of thin coatings is the very short time
response to a given power flux which makes the surface
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temperature distribution a direct signature of the incident power
flux. Provided the thickness is kept below 200|im, the power
exhaust capability is not limited by the coating but rather by the
thermal gradient in the copper or critical flux at the water interface.
An R&D programme is underway, to increase the thermal
conductivity of B4C coatings from around 0.8 up to 3W/mK a value
already obtained with samples prepared at CEA, and to transfer the
process to industry. This would allow to increase the thickness and
therefore the lifetime of such components.

3.2 Test Procedures

3.2.1 Braze Joint Tests

The brazing procedure of graphite or CFC on metallic
substrates still remains one of the major difficulties in the
development of medium or high heat flux exhaust devices. One of
the essential steps in this process is the quality control and more
precisely destructive and non destructive tests during and after the
braze process.

Among destructive tests are: cut view micrographs which
allow to check braze penetration in the C compound and local crack
formation or propagation; shear stress measurements at the braze
joint to determine its overall strength and integrity. These tests
have been extensively used during the development phase of the
braze process and allowed finding unbrazed areas and localised or
propagated cracks in the braze plan. They are particularly
appropriate for the development and test of compliant layers and

"also for assessing the braze quality.

Non destructive tests are more adapted for the systematic
check of individual brazed components, as commissioning tests,
before they are assembled and installed in the fusion device. These
tests are crucial as far as large series of brazed elements are
concerned, since the ultimate limit of a brazed assembly is
completely vJetermined by the weakest individual element. Among
these non destructive tests, the most commonly used are visual
inspection, sound testing for the most obvious large defects on
graphite brazed tubes and infra-red imaging or focused ultrasonic
probing for smaller flaws.

Infra-red imaging has been extensively used in our laboratory
with the FE200 electron beam facility or a hot water test stand
which has been installed for controlling the production of a large
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piece of "2nd generation" inner wall on Tore Supra (see section 4.1).
In these tests, braze defects appear as overbright (e-beam) or
darker (hot water) zones and the minimum detectable flaw size has
to be determined for every new element.

3.2.2 The e-Beam Facility

A 200kW electron beam gun has been built by CEA,
Framatome and the NET-Team for testing plasma facing components
under high heat flux conditions [55]. The device is in operation since
1991 at Le Creusot (France). Mock-ups with a length up to 2m could
be tested with calorimetric, thermographie and extensiometric
measurements. A pressurised water cooling loop can be used to
allow for thermobydraulic simulations and studies in the subcooled
regime (as for Tore Supra and NET/ITER). The installation has been
used to test flat tiles and macroblock arrangements (see section
3.1.4) and heat sink mock-ups for the NET/ITER divertor. The
electron beam facility is shown on figure 28.

The electron beam is a 200kW-lA (SCIAKY-gun) equipped
with focalisation coils to decrease the beam divergence. The
maximum gun power is 180kW steady state. The beam diameter
can be changed from 2-10mm depending on the gun power, the
focalisation coil current and the distance between the mock-up and
the gun.

A sweeping of ±10° can be produced by a quadruoole magnet
at 10kHz (±23° at 3kHz). Mock-ups of 600mm can be tested normal
to the beam, (2m mock-ups when inclined). Disruptions can be
simulated by a single sweep procedure (0.1ms) in the X direction
while the width of the beam in the Y direction can be changed from
0.5 to 20mm. Fatigue tests can also be easily performed. The beam
velocity along X can be monitored to get any power deposition
shape on the mock-up.

The pressurised water loop, used for cooling down the mock-
up has the following characteristics: <3.9MPa, 50-230°C, <6kg/s. A
maximum power of 200kW can be removed in steady state. For
critical heat flux tests, an adjustable by-pass circuit allows the
mock-up vapour exit to condense at the output of the mock-up.

Many controls and measurements are provided, in particular
an IR camera records real time temperature points and profiles on a
video display, calibrated up to 2000°C, 20 thermocouples, 2 optical
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pyrometers, 8 strain gauges and two displacement sensors are used
for the mock-up.

4. Second Generation of Plasma Facing Components
for Tore Supra

Since 1992, it was clear that the plasma facing components
installed on Tore Supra at the beginning would not be sufficient to
handle the overall input power foreseen for this device. At that
time started new studies for the conception of a second generation
of plasma facing components, following three lines of research.
These three lines concern the inner wall technology which had to be
significantly improved to reach full performance conditions, the
ergodic divertor whose good achievements have to be extended at
larger input power and a project of a bottom toroidal pump limiter
expected to provide a consistent solution to heat and particle power
exhaust for Tore Supra. These three lines are described hereafter.

4.1 New Inner Wall Technology [12,56,57]

The decision to replace a 40° toroidal sector of the inner wall
was taken in early 1994. The choice for 40° was dictated by the
necessity to prove a significant progress in conceptual and
manufacturing aspects of the first generation inner wall before
making decisions about the change of the overall 360°. Many
modifications were introduced in this new sector. Carbon fiber
composite was chosen (Nil from SEP, see section 3.1.2) as facing
material, due to its higher heat conductivity and good mechanical
properties. Particularly, it is expected that this will avoid tile crack
propagation to occur under thermal stress. It was also decided to
build a more modular inner wall to ease the replacement of any
part. Therefore, elementary heat sink elements were designed,
consisting of three parallel rectangular stainless steel cooling tubes
(3°20* wide along the toroidal co-ordinate), welded together,
oriented in the poloidal direction, on which the CFC tiles (6.5cm
long, 2cm wide, lcm thick) are brazed (see figure 29). Every four
tiles, the square tubes are machined into cylindrical portions 2cm
long, to make them thinner , allowing to bend the tubes in order to
fit with the expected poloidal shape of the inner wall. There are
three different lengths for the elementary elements: 7x6tiles
(90cm), 3x6tiles and Ix5tiles (20cm), and a complete poloidal sector
consists of a sequence 1-3-7-3-1, of these elements welded
together. The CFC tiles are brazed flat, in a horizontal position, prior
to the bending operation. The toroidal sectors of 3°20' are
assembled in the machine. A 10° toroidal sector is shown on figure
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30. The toroidal gap between tile raws is 10mm, whereas it reaches
40mm between 3°20' sectors, at an angle of 70° above the
equatorial plane.

A specific study has been made of the influence of the CFC
density on the performances of the material. The CFC material is
produced as blocks 200mm x 35mm x 28mm in size. The density
obtained for each individual tile varies between 1.68 and
1.85g/cm3. The lowest density is systematically observed for tiles
machined from the central part of the CFC block and could be linked
to penetration problems during the densification process. Variations
of 25% in heat conductivity are found (from laser flash
measurements) for density variations of 8%. Therefore a selection of
the highest density CFC tiles has been made for brazing.

The CFC tiles were laser treated to enhance the adherence of
the brazed joint, a process developed by Metallwerk-Plansee in
Austria, the contractor for this new inner wall piece. The tiles were
brazed by means of a TiCuSil filler metal onto a 2mm thick copper
compliant layer. Hard brazing specifications have been elaborated
in a common agreement with the brazing company. A minimum
brazing factor of 90% between CFC and copper and 75% between
copper and stainless steel had to be guaranteed. No flaw larger than
3mm was tolerated. The flatness of individual tile areas had to be
less than 0.5mm. Systematic characterisation by fracture shear
stress measurements and by destructive metallographic tests was
made on reference pieces accompanying each braze cycle to verify
the integrity of the CFC-Cu braze joint. X-ray radiography of each
tile attachment at Plansee and thermographie measurements either
at Le Creusot for prototypes (e-beam) or at Cadarache for the series
(hot water tests) were carried out.

During the development phase, it has been shown that the
brazed joint fracture shear stress depends strongly on metal
infiltration in the CFC material. Increasing the braze foil thickness
from 100 to 300u,m increases the strength from 27 to 43MPa.
Identical results are obtained with a laser treatment of the CFC
surface (40-50MPa).

The maximum tolerable flaw size of 3mm imposed by the
contractual control procedure was determined by the contractor
with reference samples obtained by X-ray radiography. Fulfilment
of the severe brazing specifications necessitated to reject one piece
over seven. In addition to these tests, CEA tested two qualified
module elements on the electron beam facility, at peak values of
2MW/m2 (surface temperature 700°C) and under fatigue conditions



39
at lMW/m^ (200cycles). Maximum average temperature
differences between two tiles was about 20°C. This value is much
below the specified maximum value of 80°C, calculated on the basis
of a thermohydraulic calculation. These prototype elements have
been considered as reference pieces for the IR inspection of the
series elements by means of hot water tests.

A systematic verification of the thermal continuity of the
braze joint for all individual tiles has been performed by CEA, by
transient thermographie measurements, supplementing the initial
X-ray radiographie procedure. This control aimed at an independent
control of the brazed joint integrity all along the different
sequences of the sectors assembly, until they were installed in the
machine. A hot water test stand was developed and set up at
Cadarache. The IR measurement of the tile surface temperature is
made during a thermal transient water flow (95°, 4m/s) in the heat
sink cooling channel. The surface temperature of each test element
is compared to the surface temperature of a reference element,
having been tested at the e-beam facility, connected in parallel on
the hot water circuit. The highest temperature difference between
the test tile and the reference one is determined and compared to a
specified limit. Calculations show that this measurement method
depends more on braze defect length than braze void area. A
minimum observable defect size of 30% for the CFC/Cu interface
and =10% for the Cu/SS one is found owing for the 1-2° thermal
resolution of the IR camera. For final acceptance of the elements, a
maximum tile surface temperature variation of 6° between the
reference module and the tested module has been considered
acceptable, corresponding to a brazing factor of 75% in the SS/Cu
interface.

Mechanical stresses were calculated with CASTEM2000.
Tensile stresses in a tile reach 150MPa at 0.7mm above the singular
point of the brazed joint, under 1.5MW/m2. A crack is expected in
this region, which is sometimes observed but does not extend
further away in the CFC. The plastic strain of the copper layer
reaches 6.5% under this heat flux density. The maximal Von Mises
stresses in the stainless steel are 152MPa under flux (258MPa after
brazing). The fatigue of the stainless steel tubes under cycling
thermal loading was calculated with the RCCMR norm, developed for
breeder reactors: a 10,000 cycles lifetime has been predicted for
1.5MW/rr»2 incident heat flux. This value is acceptable for an
experimental device like Tore Supra, for which it represents an
appreciable number of high performance discharges. Simplified
heat flux calculations, on the basis of the cosine model (see section
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2.3.1.2) predict that misaligned tiles by 0.5mm could limitate the
overall inner wall capability to about 4.5MW due to debrazing [57].

The new inner wall sector will be tested during the
experimental campaign starting in June 1995. In order to minimise
the limitations associated to the remaining 320° of the wall, some
modifications have been made. All graphite tiles have been
chamfered, to minimise the effect of local misalignments or shape
defects of the tiles. The most obviously damaged tiles have been
either removed or grinded so as to be recessed by 1 or 2mm with
respect to the surface of the inner wall. Finally, the top and bottom
parts of the inner wall have been carefully realigned in addition to
the previous alignment of the equatorial plane region (to +/-
0.5mm), which turns out to be important in view of the broad
poloidal distribution of the heat flux. An IR imaging of a portion
containing 50% of the new and 50% of the old wall will be achieved.

4.2 Upgrading of the Ergodic Divertor

Very encouraging results have been obtained with the ergodic
divertor, as described in section 2.3.3.2 and the achievement of
stationary highly radiating edge conditions with the injection of a
seeding impurity give the hope that a scheme for heat control can
be achieved with this device. However, the experience gained
during this experimental period is not firm enough to embark in an
actively cooled long pulse ergodic divertor, considered as a
subsystem capable to cope with a broad variety of experimental
conditions. Indeed, the ergodic divertor has been used primarily in
moderate input power conditions. Therefore, an intermediate step is
being proposed aiming at proving that steady state highly radiating
conditions can also be achieved at high input power in Tore Supra.
The neutralises geometry was the primary limitation to the
performance, as explained in section 2.3.3.1, due to their prominent
leading edge and small surface.

The features of the upgraded ergodic divertor rely on a
conservative technological approach, to give a better chance of
achieving reliably physics experiments. The current bars are
unmodified, since the multipolar magnetic perturbation was found
to be adequate from the origin. The front face of the modules are
covered with bolted CFC tiles, 2cm thick, semi-inertially cooled, to
remove lMW/m^ during 30 seconds (6m^ total) with a surface
temperature below 1000°C (figure 31). The most sensitive parts are
the neutraliser plates: they have an optimised shape with respect to
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heat deposition and they fill all the gap area between the current
bars (figure 31b). These neutraliser plates are made of CrZr copper,
covered with a BC coating and they are actively cooled, so that they
can work steadily. They are intended to remove an average power
density of 5MW/m2 o v e r o.ôrn^ (42 neutralisers). Critical flux
density limits are above this value, by at least 50%. The neutralisers
have a vented structure in order to allow particle exhaust based on
neutral particle collection (see [58]) in contrast to the early version
of the ergodic divertor which relied on ion collection. Titanium
getters, located behind the divertor modules, on each side, are
unmodified.

The total power that can be handled by the system, depends
on the radiated fraction of the input power. In conventional
experiments, 40-50% of the input power are radiated and the
fraction convected at the edge is shared about equally between the
front faces and the neutralisers, so that 12MW of power could be
handled (to keep an acceptable safety margin on the heat flux
density to the neutraliser plates). In conditions of a highly radiating
edge, the input power tractable will depend on the localisation of
the radiated power which could be either uniformly distributed
toroidally or more or less concentrated near the ergodic divertor
modules. In the latter case, the exhausted power limit would not be
much larger than the 12MW quoted previously except that the
limitation now comes from the surface temperature that can be
tolerated on the front faces of the modules (a smoother limit). For
uniformly distributed radiation, even a much larger input power
could be accommodated.

It is worth mentioning that radiating a large fraction of the
input power on Tore Supra means be able to create a large radiated
power density, of order of 2-4MW/m3, in a restricted region of the
plasma, at the edge. These conditions are reminiscent of the
axisymmetric divertor conditions although the geometry is much
different. However, the required radiated power density could be
somewhat less on a larger machine due to the relative increase of
the radiating volume with respect to the input power. Therefore,
Tore Supra could demonstrate the validity of the ergodic divertor
concept without having the possibility to use it properly at the
highest input power levels contemplated.
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4.3 Toroidal Bottom Pump Limiter [11]

An alternative to the ergodic divertor has been considered for
Tore Supra, which does not rely necessarily on the demonstration-
still uncertain- of highly radiating regimes. This alternative consists
of a toroidal belt pump limiter having the capability of removing
15MW of convected power permanently (25MW total, 40%
radiated). It is located at the bottom of the device, it has a surface
of 7m2 and a single throat located on the inboard side (see figure
32). Heat flux deposition calculations on the basis of the "cosine
model" show that the peak value on the front face is 4-5MW/m2,
i.e. twice the average value of 2MW/m2. The heat flux at the
leading edge can be feedback controlled by changing the plasma
major radius R. Since the limiter is flat and horizontal, this can be
achieved at constant plasma minor radius (an important feature for
antenna coupling). Particle collection and exhaust can also be
maximised by adjusting the heat load on the leading edge at the
maximum acceptable value. The position and width of the limiter
has been calculated to avoid any contact of the plasma boundary
with other plasma facing components, in order to maximise particle
collection [59] (Ri=2.22m, Re=2.71m, Ro=2.4m, a=0.72m).

The limiter is composed of 576 elementary components
assembled on a rigid structure. The whole limiter is isolated from
the vessel by ceramic rings, allowing polarisation up to 2.5kV.

Each elementary component, trapezoidally shaped as shown
on figure 33, 495mm long, 28mm thick and with a mean width of
25.7mm is designed to sustain a heat flux of 10MW/m2. CFC flat
tiles are joined on a hardened copper heat sink cooled by two
internal channels where the water flows back and forth. A 2mm
OFHC copper compliant layer is used between CFC and copper.
Thermohydraulic conditions are P=3.5MPa, T=170°C, v=10m/s.
Industrial contacts have been placed to develop the joining process
on either Glidcop or CuCrZr substrates and Nil CFC from SEP.

The limiter front face and the neutralisers are bolted and
hydraulically connected to a stainless steel support used as a
mechanical reference plane and manifold, designed to sustain
disruption forces (figure 32). The support consists of twelve 30°
sectors linked together by twelve isolated mechanical connections,
to form a rigid ring. Each 30° sector is linked to another twelve
isolated sectors forming a rigid ring outside the vessel. The position
of the overall assembly can be adjusted by three hydraulic jacks
allowing for a fine tuning of the vertical axis position and



43
horizontalness to fit with the plasma position independently of the
machine vessel.

Particle collection and exhaust are achieved with twelve
actively cooled neutralises (figure 34), regularly spaced toroidally.
Each of them is located above a vertical port. Each neutraliser is
made of four elementary components of the same kind as those
forming the limiter front face. These components are extremely
inclined along the magnetic field direction, forming one V-shaped
target above each port where particles are neutralised. Neutralised
particles flow through the flange towards mechanical pumps located
outside the device.

Disruption induced forces have been considered at a toroidal
field of 4.5T over a quench time of the plasma current of 5ms. The
width and the thickness of an elementary component have been
chosen so that the maximum Von Mises stress is 140MPa at the bolt
location, an acceptable value for Glidcop A115 (Yield strength
169MPa at 500°C). This stress reaches 133MPa in the isolating
connections of the mechanical support, acceptable for stainless steel
(yield stress 140MPa at 300°C).

In normal operating conditions, the leading edge of the limiter
raises up of 3.5mm whereas the internal radius Ri of the limiter
increases by 6mm. These displacements are due to the thermal
expansion of the whole structure at 150°C. Simultaneously, a slope
default of 0.5mm due to the thermal load appears on the
elementary components.

Finite element calculations have been performed in the
subcooled boiling regime of the temperature distribution in an
elementary component of the limiter under the hardest conditions
(15MW/m2 on the front face). The surface temperature reaches a
maximum value of 450°C for a power density of 3.5MW/m2 on the
front face and at the leading edge (the plasma major radius has
been adjusted for this: Xq=l.lcm, Ro=2.4m, a=0.72m). The limits of
the system in terms of local power density are imposed by the
critical heat flux and the braze temperature (<600°C) at the leading
edge: lOMW/m^ and 9MW/m^ respectively, corresponding to an
overall power handling capability of 23 or 21MW. Neither the
surface temperature of the CFC at the leading edge nor the rest of
the limiter are limitations. Therefore the 50% safety margin are
associated to the leading edge critical heat flux limit

Qualification tests of the different components are still
underway: CFC brazed on Glidcop and CuCrZr mock-ups are being
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fabricated and will be used for thermohydraulic tests. The
characteristics of the cooling loop will have to be reassessed. The
installation on, the machine is not yet decided and could take place
in 1997 or 1998 after the experimental campaign on the upgraded
ergodic divertor.

4.4 Progress in Antenna Conception

In the Tore Supra continu project [8], the plasma current is
expected to be driven at relatively large density (6 lO^m*^), in
order to ensure proper particle exhaust conditions [59], At such
high densities, two different approaches can be followed to drive
the current non inductively. Rely on a large bootstrap current
fraction at relatively low plasma current [60] or increase
substantially the LHCD power to compensate for the loss of
efficiency.

Achieving reliable launching conditions requires not exceeding
a maximum power density of 25MW/m2 at the grill mouth location,
a value easily achieved on Tore Supra after a quick conditioning. As
a consequence, the initial " in port antenna" concept will have to be
modified so that the active part of the launcher fills the overall
cross section and the guard limiters are installed from the inside of
the torus around the grill mouth. This power will be launched by 4
grills, having each twice as large a surface as the previous "plug in"
version.

With a convective power of 15 MW and the grills 3 cm behind
the separatrix, the heat flux Qo parallel to the field lines is expected
to be 5 MW/m2 at the leading edge of the guard limiter, assuming
an e-fold length of 1 cm for the heat. The guard limiter will use the
same base component (CFC tile brazed on strengthened copper) as
the toroidal bottom limiter. With the designed shape of this guard
limiter, the perpendicular flux does not exceed 1.5 MW/m^ and is
far bellow the maximum flux which can be sustained by this
component (see section 4.3).

For the tip of the wave guides, exposed to particle
bombardment and high RF electric field, low Z material is under
consideration: a CFC part might be brazed on the 2-mm thick walls
of the waveguides. The high RF attenuation of this carbon composite
(20 times the one of copper) is manageable thanks to its very good
thermal conductivity: with a radial extension of 5 mm, the thermal
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gradient in the CFC is less than 10°C. Development is undertaken to
assess feasability, in particular with respect to the high thermal
stresses at the CFC/copper interface.

This larger antenna in both toroidal and poloidal directions
will be more sensitive to geometric mismatch with the field lines
when the plasma size and position are changed and therefore its
shape has to be carefully designed.

An alternative antenna scheme is being studied, the reflector
waveguide an-ay antenna [61]: very thick walls including cooling
pipes are used to separate poloidally oversized waveguides. This
allows a very efficient cooling of the waveguides, in particular close
to the plasma. A good directivity and coupling of this type of
antennas are achieved by terminating the thick walls with short
thin walls acting as passive waveguides.

5. Conclusions

Tore Supra is presently the only fusion device world-wide,
having incorporated in its design active control of heat and particles
in a realistic environment, in view of high power long pulse steady
state operation. A first generation of plasma facing components,
installed in the early experimental phase of the machine, has been
tested, which provided with many physics and technology
informations, in addition to childhood operational difficulties.

The lOm^ inner wall was used to run a one minute steady
state discharge, although at relatively low input power (3MW). The
weakness of the brazing process adopted at the origin was revealed
by these experiments. A new inner wall technology has been
developed in 1994 which is to be tested in 1995 with a totally
rebuilt 40° toroidal sector on the basis of the newest brazing
technology and drastic quality control.

Modular pump limiters where used successfully over 30
seconds, also at moderate power (3MW). Very efficient particle
control was achieved. Power densities in the range 3MW/m^ could
be removed on average, however large peak/average ratios were
produced and thermal excursions of the limiters tip was evidenced.
The viability of the concept requires going to a large area, toroidally
symmetric limiter in order to cope with larger input power levels. A
design has been proposed for such a limiter, which is flat and
horizontal, having a single throat located on the inboard side. The
development of elementary components for the front face is
underway, using CFC brazed over strengthened copper.
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Experiments with the ergodic divertor provided encouraging
results as regards the formation of a high density, low temperature
edge plasma, appropriate for highly radiating conditions. These
results were obtained at relatively moderate input power and it
was considered important to confirm them at a larger value of the
input power and still large radiated fractions. This is the aim of the
upgrading of the neutraliser plates whose shape has been optimised
and of the improvement of the front face coverage of the divertor
modules. This new device will start operation in 1996.

The evolution of the plasma facing components of Tore Supra
have taken benefit of the technological developments in this area
for Tore Supra and also for NET/ITER.

Thermohydraulic tests of a variety of square cross-section
hardened copper heat sink elements have been performed, making
use of the FE200 electron beam facility and of the finite element
code CASTEM2000. Power flux densities in the range 20-40MW/m2

could be accommodated depending on the exact geometry.
Particular attention has been given to the occurrence of critical heat
flux conditions, which is a limit to heat exhaust performance.
Experimental tests on FE200 have provided a data base showing the
importance of high water velocity and low input temperature and
also the favourable effect of a swirl tape in the cooling channel.

Carbon composite arrangements like the flat tile brazed over
hardened copper (or stainless steel) and the more recent
macroblock concept have been studied in detail. The first concept
has been and is still being used on Tore Supra extensively. The
second solution is most appropriate for divertor plate geometry
and could well apply to ergodic divertor or "vented geometries.
Both concepts have shown remarkable heat exhaust properties and
have successfully passed cycling fatigue tests.

It has become more and more obvious that any good
performance obtained on mock ups is insignificant as far as a
drastic quality control is not applied to the entire series production.
This is the reason why a dedicated effort has been made to
improve all controls of plasma facing components: brazed joint
integrity (hot water/lR imaging, e-beam, radiography), systematic
high temperature, high pressure tests etc., during the fabrication
and assembly.

Alignment of the surfaces inside the tokamak need still to be
improved. This is also the case for feedback control of the wall
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temperature (imaging) and the mastering of off-normal plasma
events. Besides these issues, the development of a model containing
all physics and technology ingredients of the heat deposition
process onto the wall needs more involvement to describe in detail
and better understand the role of recycling, evaporation, chemical
and physical sputtering, impurity transport and radiation, charge
exchange reactions, sheath potential and so forth.

Finally, it should be stressed that it is most important for the
success of large power density and large power exhaust, that
technology and physics proceed in tight connection. It is recognised
that the best performances achieved so far in present day fusion
devices deteriorate as soon as long duration discharges are
foreseen. The most obvious reason for this is the extreme difficulty
to handle large powers over long times. In that respect the
development of robust technological solutions is not sufficient and
their integration in the real tokamak environment over long
durations should be considered essential for progressing in the
conception of next step fusion devices.
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Figure captions

Figure la General view of the plasma facing components in Tore
Supra

lb Geometrical position of the plasma facing components in
Tore Supra •

Figure 2 Elementary component of the inner wall (first generation)

Figure 3 One minute discharge driven by lower hybrid current
drive on Tore Supra

Figure 4 Power sharing between toroidal sectors of the inner wall
before and after realignment

Figure 5 Photograph and drawing of an actively cooled bottom
limiter of Tore Supra

Figure 6 View of the actively cooled limiter built by Sandia National
Laboratory (Albuquerque) for Tore Supra

Figure 7 Infrared picture of a bottom limiter and surface
temperature evolution during an ohmic discharge.

Figure 8 Surface temperature evolution during thermal excursion
and infrared image during "superbrilliance" event

Figure 9 Shape evolution of drift surfaces of runaway electrons as a
function of plasma current

Figure 10 Ergodic divertor module

Figure 11 View of the neutraliser plates of the ergodic divertor

(original version with collection channel)

Figure 12 General view of a ICRH launcher

Figure 13-a General view of an LHCD antenna
-b Temperature distribution in the guard limiters of a
LHCD launcher

Figure 14 Power load on a grill as a function of the input power
(grill-plasma distance : 3cm)

Figure 15 Ratio of the power removed by a guard limiter of a grill
to the input power versus the grill-plasma distance 5
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Figure 16 Time evolution of the temperature of guard limiters.
of a) : a LH grill, b) : an 1CRH antenna

Figure 17 Calorimetric determination of ion ripple losses Plost
versus volume averaged plasma density

Figure 18 Heat load on a neutraliser plate of the ergodic divertor
with 3MW LHCD power, versus divertor-plasma
distance. The grill was 30mm ahead of the divertor,
except for the case of the most outward plasma position
where this clearance had to be reduced to 10mm.

Figure 19 a- Heat exchange coefficient in convective and subcooled
boiling regimes

Experimental and calculated temperature distributions:
b- with Dittus-Boëlter and Thorn laws
c- with Sieder Tate and Thom-CEA laws

Figure 20 Isothermal curves inside the copper tube (CASTEM2000)

Figure 21 Comparison of thermohydraulic behaviour of copper
tubes with swirl tape or without (smoth tube), for
various input temperature

Figure 22 Flat tile mock-up for the NETATER divertor

Figure 23 Isothermal and isostress curves for a flat tile brazed on
dispersoid copper substrate for 14.4MW incident flux

Figure 24 Photograph of a macroblock mock-up developed for the
NET/ITER divertor

Figure 25 Surface temperature of a macroblock mock-up as a
function of e-beam incident power

Figure 26 Temperature distribution at the water-copper interface of
a macroblock at 15MW/m2 incident e-beam power (from

CASTEM2000)

Figure 27 Back plate for mechanical attachment of CFC flat tiles

Figure 28 Electron beam facility at Le Creusot

Figure 29 Elementary component of the inner wall (second
generation)
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Figure 30 10° toroidal sector of the 2nd generatiuon inner wall

Figure 31 a) Front face of the upgraded ergodic divertor modules
b) Prototype of neutraliser mounted on Tore Supra

Figure 32 The toroidal bottom limiter project for Tore Supra

Figure 33 Elementary high heat flux component of the toroidal
bottom limitei

Figure 34 View of a neutraliser of the toroidal bottom limiter
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