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The elements of the Tore Supra ICRH antennas interacting with the edge plasma consist of the Faraday shield 
and the lateral protections. The surfaces seen from the plasma are protected with low Z materials. 

Two generations of Faraday shields are presented. The last one, using a film of boron carbide as protective 
material performs well, proving the relevance of this technique for in vessel equipment submitted to low power 
fluxes. 

The different lateral protections used on Tore Supra are submitted to high power fluxes. Finite element 
calculations allow to assess their performances. One type, using Boron Carbide, can be used to measure the 
local heat flux. The estimation of this flux confirm the specificity of the edge/RF interaction, which is more 
than one order of magnitude above the exponential decay observed in ohmic plasmas. 

1. INTRODUCTION 

The Tore Supra Antennas feature 2 identical 
electrical circuits (Résonnant Double Loop) [1]. 
This configuration uses 2 variable capacitors, at 
each end of the current straps to match the 
impedance of the antenna at the feed point to the 
impedance of the transmission line. These 
capacitors are remotely controlled and will be 
included in a closed loop for automatic matching 
[2], The system is tunable between 40 and 80 MHz. 

Compared to other types of antenna, the résonnant 
part of these antennas is restricted to the current 
strap connected to the 2 capacitors. As a 
consequence, the whole transmission line, including 
the vacuumtight feedthrough and all the ceramic 
supports are working very near matched conditions, 
and RF voltage and current are low enough to get 
rid of breakdown and overheating problems in the 
line. 

Tore Supra is equiped with 3 antennas, powered by 
6 tetrode amplifiers of 2MW RF power each [3]. 

2. ANTENNA PERFORMANCES 

The Tore Supra Antennas have been used for 
several years on different experimental schemes. 
With the last evolution of these antennas, in 
minority heating, routine use at levels of 3,5 to 3,8 
MW/antenna was performed, with RF pulse length 
of 2 to 4s[4]. The nominal power for our present 
amplifiers, 4MW, has been coupled to the plasma 
with a single antenna, corresponding to a power 
density through the Faraday Shield of 16 MW/m2 
[5]. At these power levels, the RF voltages in the 
résonnant part reach 30 to 45 KV, depending on the 
plasma loading, which has been found to be 
typically between 2 and 6 0/m in limiter 
configuration and up to 12 Q/m with the ergodic 
divertor. The RF currents in the matching 
capacitors are, for the worst conditions, close to the 
thermal limit for long pulse operation. Increasing 
the coupling to the plasma can release this 
constraint by lowering the current, but for long 
pulse operation, another limit is observed [6] : 
overheating of the antenna plasma facing parts, 



especially the lateral protections. It is clearly this 
phenomenon that will limit the perfomances in long 
pulses, and even the lifetime of the antennas 
themselves. 

3. PLASMA FACING COMPONENTS 
DESCRIPTION : 

3. I.Faraday shield r 
Two types of shields have been used on Tore Supra. 
Both of them are protected on the outer surface with 
a low-Z material : 

- the first type, [1\, was using graphite tiles 
brazed on the plasma side of the tubes. These tubes 
were then welded to a stainless steel box to form the 
shield. With this method, it was not possible to 
cover all the surfaces seen from the plasma. RF 
pulses were limited in length by overheating of 
some defective tiles and metallic impurity 
contamination was observed in the plasma during 
RF shots, probably due to excessive heating of the 
septum separating the 2 RF cavities. This shield had 
2 layers of horizontal tubes, 

- the second type is a stainless steel 
structure which is first completely fabricated, then 
copper coated to reduce the RF losses on conducting 
surfaces, and finally completely covered on the 
outer surface with a film of Boron Carbide (B4C), 
which is applied by plasma spraying technique [8]. 
It was possible with this fabrication technique to tilt 
the tubes along the local magnetic field, and to 
provide a better cooling of the septum which 
separate the 2 RF cavities. 
This second type has been used very successfully on 
all the high power shots. The boron carbide film is 
adequate for use on Faraday shields where the heat 
and particle fluxes are low. However, some damages 
have been observed when these shields have been 
used with a resonant layer close to their faces : 
impacts have been found on the septum surface, 
suggesting very localised heat deposition, due to 
resonant species, with which a stainless steel 
structure cannot perform well. 
An alternative design of Faraday shield is being 
build at Oak Ridge National Laboratory : It will 
have a recessed septum, with which the directivity 
should be enhanced, and will also use a Boron 
Carbide coating on the outer face. 

3.2. Lateral Protections : 
Three types have been used on TS : 

- the first type P], was using graphite 3D 
contoured tiles brazed on molybdenum blocks, 
themselves brazed on copper tubing. This staged 
brazing process is very delicate, and many trials 
were necessary to obtain acceptable items. Cracks 
developing in the graphite restricted the use of these 
elements. In addition,, water leaks have been 
observed on the copper tubing, due to stresses and 
deformation produced during the last stage of the 
brazing process -.these elements are not used any 
more considering the risk of water leaks. It should 
be noted that the ORNL antenna protections, using 
this process, but with a different copper alloy 
(Glidcop), are more reliable. 

- the second type is using flat graphite tiles, 
in order to ease the brazing reliability (2D 
interface). These tiles are brazed on a cooled copper 
alloy profile. A 0.5mm molydenum foil is placed 
between the copper and the graphite to reduce the 
stress in the graphite due to differential expansion 
during the brazing process. However, the outer 
contour of the protection is showing flat surfaces 
with which it is difficult to even the thermal flux in 
the shadow of the limiter. To provide a good 
coverage of the copper alloy, the tiles are 
overhanging outside the centrally brazed surface 
(see fig.l). High temperature gradients are observed 
in these areas, and cracks are developing when the 
plasma and RF load is cycled in the machine. When 
used on the machine, a few (1 or 2) tiles did fly off 
after a while. In addition, some strong erosion 
areas, 1 to 2 mm deep, very localised poloidally 
have been observed on the 2 protections which are 
toroidally on each side of the 2 LHCD launchers. 
Despite these problems, these protections have been 
widely used on Tore Supra, and a repair process 
allow to replace the broken or cracked tiles. 

• the third type is using a film of B*C as 
low-Z material coverage. The protection itself is 
made from massive Copper-Chromium-Zirconium 
alloy, which is machined to the final 3D shape, and 
then coated by plasma spraying. The erosion of the 
protective layer is certainly a limitation for this 
application : it is estimated to about 104 s, in the 
edge conditions measured during plasma operation. 
Nevertheless, this technique allows to fabricate 
easily optimized contours for heat flux removal, 
which can be tested quickly. 
One protection of this type was installed on an 
antenna. The surface temperature distribution 
observed during RF shots is much more uniform 
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figure 1.temperature distribution in lateral protection cross sections 

than for the previous type. There is no hot spots due 
to local overheating. However, after about 6 weeks 
of experimentation, the machine was opened, and a 
visual inspection revealed that the bottom corner 
was severely damaged : a melted area of 1 cm2, with 
sputtered copper around was found. After analysis 
of the comer geometry, it was discovered that the 
thermal path between the surface and the cooling 
channel was not compatible with the expected heat 
fluxes. The rest of this lateral protection did not 
show any other damage. This antenna was then 
retracted, and later refined with type 2 protections. 

4. MODELISATION OF THE LATERAL 
PROTECTIONS : 

Finite element calculations with CASTEM 2000 
code have been used to estimate the temperature 
distribution in a cross section of the last 2 types of 
protections. In both cases, the incident thermal flux 
used is of the form d>rjexp(-rAq), where <X>o is 
10 MW/m2, and Xq is 1,2 cm. This design flux was 
choosen from the total possible input power in the 
plasma (25 MW), assuming a standard exponential 
decay of the convected part in the SOL, as currently 

observed in ohmic plasmas, and antennas placed 2 
cm in the shadow of the horizontal limiter. The 
cooling fluid used in the thermohydraulic analysis is 
pressurised water (35 bars at 150 °C at the input, 
velocity 4 m/s). 
The figure 1 shows the temperature distribution in 
type 2 and type 3 protections. The maximum 
surface temperature is 1013°C for the type 2 and 
676°C for the type 3. For the type 2, the temperature 
gradient is mainly in the section protruding above 
the brazed joint For the type 3, the temperature is 
quite homogeneous in the copper alloy and most of 
the gradient is across the B4C layer. The shape of 
the external contour is lowering the flux through the 
surface to 2.5 MW/m\ thanks to the incidence 
angle. 
The margin to the critical heat flax is in favour of 
the last version (which has 2 cooling channels) : 5,2 
compared to 1,5. 

5. HEAT FLUX MEASUREMENTS : 

The interaction of the RF power with the lateral 
protections is responsible for a local heating, which 
cannot be explained by the total convected power 
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spread on the limiters and antennas. An assymetry 
has been observed both toroidally and poloidally. 
RF sheaths models can predict a local power 
deposition on antenna lateral protections. This 
interaction is now being studied on TS with 
dedicated diagnostics (RF probes, IR and visible 
light observations...) [9], [10J. 
It is important to find a way to measure this flux to 
validate the theoretical estimations. On the TS 
antenna equiped with the type 3 protection, the 
extra heat flux due to the RF can be measured by 
measuring the temperature gradient across the 
carbide layer. Since the characteristic time of the 
temperature change is in the range of 50 ms, the 
temperature drop measured by an IR camera during 
RF power modulation corresponds to this gradient. 
Then the power flux distribution can be estimated 
from the surface temperature picture given by IR 
imaging. The important parameters to compute the 
power flux are the thickness of the carbide layer and 
its thermal conductivity : 

-A thickness of 150 um of the carbide layer 
has been confirmed on a spare element by a 
destructive method. 

-To validate and characterize the coating, 
tests have been carried on FE200 test facility at Le 
CREUSOT, on samples in the same copper alloy 
covered with 150 um of B4C. The power flux is 
provided by a pulsed electron beam and was 
delivering an average power flux of 13 MW/m2. 
The thermal conductivity is found in this very 
comparable situation to be around 1,5 W/mK, 
which is a lower value than the bulk B4C (30-40 
W/mK) [II]. In parallel, fatigue tests (1000 shots : 
5s on/5s off at 13 MW/m2) have shown no defects, 
despite a slight change of surface color. 
A few shots could be analysed and a typical result 
on the hottest part of the protection is the 
following : in dipole configuration, when 2MW of 
RF power is switched off, a quick temperature drop 
of 400°C is observed. This corresponds to a flux of 
4 MW/m2 through the surface of the carbide layer. 
This value obtained with roughly 3,5 MW of input 
plasma power has to be compared with the one used 
in the above model, which was 2.5 MW/m2, with 25 
MW of input power. This shows that this specific 
RF/edge interaction is more than 10 times what was 
expected from ohmic SOL observations. 
For Tore Supra in the coming years, it is necessary 
to design new protections. These elements will have 
to cope with high SOL thermal fluxes during long 

RF pulses. It is now foreseen to increase their front 
area to reduce the surface fluxes. By the mean time, 
studies on Tore Supra may bring up some 
parameters on which one can play to reduce this 
interaction, and relieve the strain on theses 
components. 
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