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Abstract

Power deposition and consequences during short pulse operation t < 2 s, on non-actively cooled limiter (low ®eld

side) and large actively cooled inner-wall limiter (high ®eld side) of Tore-Supra as well as long pulse operation t > 20 s

(plasma limited by the inner wall) are reported. Infrared surface temperature measurements, thermocouples and

Langmuir probes are used to diagnose the inner wall front face. They are presented for the ®rst time and are com-

plemented by measurements of a reciprocating Langmuir probe located at the top of the machine. A diagram of injected

energy versus power shows how di�cult it is to run high power long pulses in steady state conditions, which is one of

the main goals for the next step fusion machine. An uncontrolled density rise is observed during long pulse operation

(PLHCD < 2.5 MW, time duration > 20 s). It is believed that it is due to recessed elements heated by plasma or due to fast

particle losses due to the ripple. The CIEL project will implement in Tore-Supra a set of actively cooled plasma facing

components so that the performance of long pulse, high power shots should be improved. Ó 1999 Elsevier Science B.V.

All rights reserved.
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1. Introduction

The increase in auxiliary heating power in present

day machines has led to the use of a large wetted area to

reduce the heat ¯ux, by tilting the ®eld lines with respect

to the normal of the surface. The particle and heat load

on nearly tangent surfaces are still di�cult to model. For

toroidal limiters having a large poloidal extension with

almost grazing angle of incidence, the usual power de-

position equation must be modi®ed to include a large

local perpendicular heat ¯ux [1]. Here we analyse a se-

quence of shots to understand the consequences of ad-

ditional power (up to 11 MW) or long pulse operation

(up to 120 s) and their e�ects on the main plasma pa-

rameters. Two con®gurations have been used: plasma

leaning in one case on the large inner-wall (weakly in-

clined ®eld lines) and the other case on the outboard

limiter (®eld lines perpendicular at the leading edge).

The inner wall has a faceted geometry with ¯at tiles on

¯at segments which have a general poloidal (r � 0.82 m)

and toroidal (R� 2.376 m) radius of curvature. The

main di�erences between these two plasma facing ele-

ments are (1) the large active area (12 m2) and (2) the

active cooling of the inner-wall, compared to the small

(0.3 m2) uncooled outboard limiter. The latter is a

`conventional' roof type pump limiter with two leading

edges at the throat entrances on the ion and electron

sides. These leading edges are close (0.015 m) to the last

closed ¯ux surface (LCFS), since the distance has been

optimised for particle pumping, leading to large power

heat ¯ux densities >10 MW/m2. The inner ®rst wall is

used for powerful and long duration discharges up to 2

min, despite being partly damaged (broken tiles due to

pre-existing cracks // to the surface) by more than 10

years of operation [2]. A 60° sector of it was replaced by

a new design using CFC cladding which proved to have

Journal of Nuclear Materials 266±269 (1999) 272±279

* Corresponding author. Tel.: +33 4 42 25 42 04; fax: +33 4

42 25 62 33; e-mail: guilhem@drfc.cad.cea.fr

0022-3115/99/$ ± see front matter Ó 1999 Elsevier Science B.V. All rights reserved.

PII: S 0 0 2 2 - 3 1 1 5 ( 9 8 ) 0 0 5 7 8 - 9



much improved bonding to the cooling structure com-

pared to the previous using ®ne grain graphite. The

radiation heated recessed plasma facing components

seem to be the main limitation during long pulse oper-

ation. An uncontrolled electron density increase is ob-

served after one minute operation (Ip� 1 MA,

áneñ� 2 ´ 1019 mÿ3, PLHCD� 2 MW). This is neither

correlated with the main gas injection nor with the main

inner ®rst wall surface temperature which is steady state.

One observes however an oxygen contamination of the

plasma presumed to be due to desorption of water from

remote uncooled elements present in the machine, like

ports, ¯anges [3] or ripple loss protections.

A large variety of plasma parameters have been an-

alysed, 1 < Ptot < 11 MW, 2 < Zeff < 5, 1 MW <
Prad < 5 MW, 1.5 ´ 1019 mÿ3 < áneñ < 3.5 ´ 1019 mÿ3,

10 s < duration < 120 s.

In the ®rst part of the paper we study during short

pulse operation (2 s during the heating phase) the dif-

ferent responses of the main plasma parameters in two

di�erent cases, one when the plasma is limited on the

low ®eld side by the outboard uncooled limiter and the

other case when the plasma is limited on the high ®eld

side by the cooled inner wall. The second part is devoted

to long pulse operation and the third part is a discussion

of the experimental results. Finally we present brie¯y the

CIEL project which is aimed at solving the di�culties we

are facing so far during long pulse, high performance

plasmas.

2. Experiment

Tore-Supra has a major radius of 2.4 m, a minor

radius of 0.78 m and an almost circular plasma cross-

section. The maximum power capability of the addi-

tional power is currently 6 MW for lower hybrid current

drive (LHCD) and 10 MW for the ion cyclotron reso-

nance heating (ICRH). So far the maximum power

coupled to the plasma Fig. 1, is 11 MW total

(PICRH� 6.51 MW, PLHCD� 4.66 MW) during very

short pulses of <2 s and 1.9 MW LHCD during long

pulse operation of 117 s yielding 210 MJ of injected

energy (1.8 MW on average during the whole discharge).

Tore-Supra is equipped with a large number of core

plasma and edge diagnostics: infrared thermography,

reciprocating Langmuir probes and ®xed Langmuir

probes on the face of the inner wall.

3. Power scan during short pulse operation

An analysis of the Zeff and radiated power is done to

compare two situations, one where the plasma is leaning

on the outboard limiter and the other one on the inner

wall. In the latter case, Zeff is slowly rising to 2.4 when

the additional power is increased to 9 MW for D2

plasmas with áneñ� 2.5 ´ 1019 mÿ3 (consistent with the

radiative scaling law [4]). The radiated power ranges 1±5

MW when up to 9 MW of auxiliary heating is used. On

the other hand, when the plasma is leaning on the small

uncooled outboard limiter, Zeff and radiated power in-

crease rapidly (more than linear) when the auxiliary

power is increased, Fig. 2. This behaviour is not ac-

ceptable for long pulse operation since it leads inevitably

to a core plasma contamination and eventually to

plasma disruption. When the plasma is leaning on the

inner wall the average electron density and radiated

Fig. 1. Energy injected as a function of injected power. Less and

less energy can be coupled to the plasma as the power is in-

creased.

Fig. 2. Zeff variation when ICRH power (D2 plasmas) is in-

creased in two di�erent con®gurations: open circles when the

plasma is limited by the uncooled outboard limiter; ®lled circles

when the plasma is limited by the cooled inboard limiter.
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power increase (compared to the preceding ohmic phase)

with the total power. In this latter case, during long

pulse operation, Zeff stays low and constant, except at

the very end, where we observe an electron density in-

crease. Fig. 3 shows results from ®xed Langmuir probes,

located poloidally on the front face of the new CFC

inner wall sector (located +10°, ÿ15°, ÿ25° and ÿ45°
from the equatorial plane). The e�ect of large additional

power is to increase locally the recycling of particles, as

indicated by a large increase of the density pro®le, while

we observe a small modi®cation on the temperature

pro®le which is slightly increasing but stays below 15 eV.

The reciprocating Langmuir probe located at the top of

the machine indicate the same trend. This later shows

large electron temperature and density e-folding lengths

(�0.05 m) as indicated in Fig. 4. This behaviour is

similar to what is observed on TFTR [5], a similar ma-

chine which has also a large graphite surface in contact

with the plasma.

A di�usive 3D Monte-Carlo code THOR has already

been used [1] to describe the di�usion of heat and hy-

drogenic particles across the last closed ¯ux surface to

the limiter located in SOL. A 3D ®eld line tracing code

taking into account the re®ned geometry is also used to

understand such a power deposition pattern [6]. BBQ-

code calculates impurity production and tracks impurity

particle transport in the scrape-o� layer, and as it pen-

etrates, via radial di�usion, to ¯ux surfaces 1 cm inside

the LCFS [7,8]. It calculates the expected power de-

pendence of impurity emission from a `normal' inner

wall due to physical sputtering. By `normal' is meant the

inner wall without defects or leading edges. Two se-

quences in which the power is steadily increased have

been chosen: the ®rst varying ICRF power from 2 to 6.5

MW, the second increasing LHCD power from 2 to 5

MW.

In the code the detailed geometry has been used (to

the level of individual tiles). The plasma con®guration

shows a slight non-circularity (increasing ellipticity with

power) and this has been accounted for. The energy and

particle ¯ux dependence for the physical sputtering rates

which are used have been taken from the formulae of

Roth et al. [9], but increased in magnitude to ®t the

values measured by Mech et al. [10]. The scrape-o� layer

parameters have been taken from mobile probe mea-

surements. Local ¯ux ampli®cation at the inner wall is

assumed to increase from 1.5 to 3.0 as power increases.

This is the level suggested from coupled B2±DEGAS

calculations of the similar inner bumper limiter geome-

try in TFTR by Stotler et al. [11]. For some values in

which mobile probe values are missing the scrape-o�

layer density and temperature have been interpolated

between the higher and lower points in the power scaling

sequence. Fig. 5 shows the radial pro®les in the scrape-

o� layer for the carbon density from neutral carbon (C0)

through C3� for the ®ve cases in the ICRH power se-

quence.

For each sequence (ICRF, LHCD) the impurity

generation due to physical sputtering of carbon by in-

cident D� ions increases by up to 40% when the net

(after radiation) incident power increases by greater

than twofold, a trend which agrees with the observations

of slowly rising core Zeff . In all cases 60±65% of the

generated impurities are re-deposited, and 35±40%

penetrate deeper than 1 cm in the core plasma, where the

BBQ calculation ceases to follow them. A notable trend

as power increases is the increased density of the higher

charge states (C3�). These densities increase linearly with

power, even though the neutral carbon density is

roughly constant. This is due to the small increasing Te

Fig. 3. Fixed Langmuir probes (located on the high ®eld side at

10°, 15°, 30° and 45° from equatorial plane) pro®les during the

ohmic phase (stars) and when 6.5 MW of ICRH is injected in

the plasma. Note the board pro®les extending at least to the

farthest probe located 7 cm in the scrape-o� (45°).

Fig. 4. Reciprocating Langmuir probe data (#22104). Note the

broad electronic density and temperature pro®les during long

pulse operation (PLHCD� 2 MW, áneñ� 2.5 ´ 1019 mÿ3, Ip� 1.2

MA, time� 14 s).
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in the scrape-o� layer as the power increases, which

leads to a shorter lifetime for neutral carbon, and a

higher scrape-o� layer con®nement time for the high

charge states before the impurity ion either strikes the

wall or enters the core plasma inside the LCFS. The

central Zeff is determined, subsequently, both by this

impurity in¯ux and by the core impurity con®nement

time. This, in turn, is determined by radial impurity

transport: anomalous di�usivity, pinch (convection)

terms, and sawtooth behavior. Thus, as long as con-

®nement conditions (Ip, qw, BT) are kept ®xed and we

can expect tp
Z to be roughly constant, the scaling of

central Zeff with applied power should be proportional

to product of the calculated impurity in¯ux and the

screening e�ciency. Since the screening e�ciency is 35±

40% for all these cases, central Zeff should scale directly

as the impurity in¯ux.

In contrast with the situation for the inner wall,

where BBQ calculations indicate that more than 60% of

the sputtered impurities are redeposited back to the in-

ner wall, measurements and modelling of the outboard

limiter geometry [12,13] show that the situation is re-

versed in that case: typically 60% of the sputtered im-

purities reach the core plasma, and 20% are redeposited

on the limiter. Thus the screening e�ciency is greater for

the inner wall and we can expect roughly a 1.5±2 times

larger increase in Zeff for the same incident power ¯ux,

assuming `quiescent' conditions. However, since the

power handling capacity of the inner wall is higher than

that of the outboard limiter `non-quiescent' conditions,

such super-brilliance' events, can occur and the Zeff in-

crease can be even larger.

4. Long pulse operation

Fig. 1 presents the Tore-Supra achievements in terms

of energy as a function of power injected in the torus.

One can observe that less and less energy can be handled

when the injected power is increased. The pulse length

limitation has been attributed in the past to the damaged

inner wall tiles. The ®rst generation of the inner wall was

built in 1986, and this early realisation was subject to a

certain number of di�culties associated with the quality

of the brazed joint. Of the 8600 brazed tiles �2% ex-

hibited ¯aws, and the quality of the brazed joint was

identi®ed as the main di�culty in the industrial process.

The number of identi®ed damaged tiles has grown with

time from 2% in 1988 up to 7% in 1994, probably be-

cause of the degradation of pre-existing defects. Since

then, a 60° section of the wall has been replaced by a

new technology, where CFC is attached by metal casting

and electron beam welding on the cooled support

structure. Non-destructive tests have been extensively

used and only zero defect elements have been assembled.

This sector is radially ahead of the old generation and

did not su�er any damage so far. After realignment, a

residual `mechanical circle' shift of 1.8 mm of the inner

wall and the ``magnetic circle'' of the toroidal coils in the

equatorial plane, exist. Another di�culty we are facing,

is the ability to couple a high level of both ICRH and

LHCD power. We know that the antennas are inter-

acting by shadowing e�ects and through plasma modi-

®cation (mainly in the SOL) they induce. Strong toroidal

asymmetries in power deposition are observed [14,15]

during LHCD experiments. The experimental results

indicate that fast electrons (estimated to be up to 2 keV)

generated by the rf ®elds in the SOL in front of the

antennas are responsible for the localised heat loads.

They increase with both the edge density and the power

level (electric ®eld). The fraction of the injected power

stays below 2% of the total injected power but the lo-

calised heat loads can be as high as tens of MW/m2

(perpendicular to ®eld lines). Nevertheless the global

deposition heat ¯ux on the inner wall is proportional to

the total injected power which is consistent with modi-

®ed one dimensional model [1] of the heat ¯ux trans-

mission through the sheath i.e. Q � c ne T3=2 sin

(h + hmin). It is observed that Te (LCFS) � constant

(<15 eV), ne (LCFS) � Ptot with small pro®le modi®-

cation and so the inner wall heat ¯ux is scaling as Ptot

(when ne is not large enough so that the plasma does not

detach). Ion-neutral and charge-exchange collisions as

well as ionisation within the SOL and the sheath have to

play a major role here where probably neutral pressure

is high.

A ®xed infrared (3±5 lm) endoscope located on the

low ®eld side, measures the surface temperature map of

the new CFC 60° inner wall panel. Fixed Langmuir

probes are located on this sector. The system is cali-

Fig. 5. Calculated radial pro®les in the scrape-o� layer for the

carbon density from neutral carbon (C0) through C3� for the 5

cases in the ICRH power sequence ranging from 2 to 6.5 MW.
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brated from the ambient temperature of the cooled in-

vessel components (usually 150±180°C) up to 2500°C.

The calibration consists of an absolute calibration of the

camera against a blackbody up to 2500°C and of an in

situ calibration of the global transmission (0.6) of the

infrared endoscope. This observed inner wall panel is

also equipped with a set of seven thermocouples sepa-

rated poloidally. They measure the temperature of the

compliance layer between the CFC tile and the stainless

steal heat sink. Finite element calculations allow to

correlate their signals to the site (140 mm ´ 20 mm)

averaged surface temperature, Fig. 6.

Apart from the peaking created by the ripple (<3

mm) the toroidal surface temperature pro®le is rather

homogeneous. This is con®rmed by the calorimetric

measurements. They show a distribution of the removed

power coherent with the relative positions of the panels

(6 ´ 60° toroidally): +22% for the most advanced panel,

ÿ16% for the most recessed panel and + ÿ5% to 10%

for the rest. The surface temperature pro®le in the po-

loidal direction shows a strong peak at the equatorial

plane, added to a rather broad background pro®le

(temperature between shots� 150°C). This broad pro®le

accounts for the majority of the power deposition. In-

frared and thermocouple measurements (at the compli-

ance layer) are coherent. The localised peak (kq < 3

mm) leads to a peak power density of 0.6 MW/m2 de-

position (which could be at least doubled without

damage for the wall). It may be explained by a direct

deposition of ions from the very edge of the plasma in-

side the LCFS, due to their ®nite Larmor radius (�0.3

mm for 100 eV protons and �1 mm for 1 keV protons).

This e�ect is strongest at the contact point of the plasma

with the wall. The broadness of the rest of the surface

temperature pro®le could be attributed to a large local

fraction of neutrals (no measurements there) and radi-

ated power since the ion conduction is low (as measured

by the ®xed Langmuir probes located on the wall face).

Two methods are used for the power balance analysis

[16]. The ®rst method uses the global measurements of

the input power Pin and the local measurements (a) of the

power ¯ux to the inner wall, (b) the local measurements

of the radiated power in 3 locations and (c) the charge

collected by a detector of fast particles trapped in the

magnetic ®eld ripple (arriving in the upper vertical

ports). Theses measurements are used to estimate the

associated global power losses Pdep, Prad and Prip. This

latter is assumed to be at least 20% of the ICRH power in

these discharges [17] and is assumed to a�ect the vertical

bolometers via charge exchange e�ects [18]. Since the

ripple losses occur without contributing to the heating,

the total power Ptot is calculated as Ptot�Pin ÿ Prip. The

power balance is then achieved according to:

Ptot�Prad + Pdep. The second method is to compare the

integral of the former quantities to global time-integrated

calorimetric data. As a general example of long pulse

operation, we have analysed (to within �20%) the steady

phase (after 6 s) for shot #23781 where PICRH� 3.84

MW, PLHCD� 2.00 MW, POhmic� 0.28 MW corre-

sponding to 6.12 MW total injected power. Total ex-

tracted power breaks into Prip� 0.85 MW, Prad� 1.87

MW and ®nally Pdep� 3.65 MW. The comparison with

the calorimetry suggests that the estimate of Pdep via the

power balance is rather an upper limit and the other two

estimates are close to the lower limit of their error bar.

During low power (P < 2.5 MW), low density (án-

eñ � 1019 mÿ3), long pulse operation (t > 40 s), an in-

crease in volume averaged electron density is observed

after 60 s, Fig. 7. This onset time before an uncontrolled

electron density increase occurs, depends on the absolute

radiated power: more radiated power (or áneñ core den-

sity) corresponds to shorter onset times. The carbon CVI

line decreases as the density increases, contrarily to the

oxygen OVIII line which starts to increase rapidly. One

possible interpretation of this time behaviour of the

electron density increase is that it is due to photon in-

duced desorption of water from the recessed elements

not in direct contact with the plasma, principally un-

cooled port sides, ¯anges [3]. Another explanation is the

large power heat load of non actively cooled ripple loss

protections. As the density increases, the radiated power

increases leading to the release of oxygen. This is an

unstable situation, which could lead eventually to

Fig. 6. Infared surface temperature and thermocouples pro®les

of a 60° section of the inner wall. Note the localised peak heat

¯ux and the toroidally modulated deposition pro®le.
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disruption. On the one hand, the main actively cooled

inner-wall limiter reaches steady state after a few tens of

seconds. On the other hand, the recessed elements are

heated continuously by plasma radiation (5 kW/m2

during 100 s on a thick stainless steel ¯ange leads to a

temperature increase of 17°C, large enough compared to

its 50°C normal temperature to lead to a large desorp-

tion) and are possibly responsible for the oxygen con-

tamination (water desorption). Another explanation

could be associated with the substantial ripple losses.

With 20% of the injected power being concentrated on

areas of typically 18 coils ´ 10 cm ´ 10 cm maximum,

with some peaking of a factor 2 in the middle (corre-

sponding to almost 10 MW/m2) one would expect a

large temperature rise and so a large desorption of any

gases contained in the CFC ripple loss protections. To

obtain a really steady state regime as is needed for

ITER, one has to cool all the vessel elements, i.e. ele-

ments in direct contact with the plasma (limiters) and

elements not in direct contact with the plasma but in

direct view of it (protection limiter and wall, ripple loss

protection elements, ports, ¯anges, etc.). This is why we

are preparing the CIEL project for Tore-Supra (imple-

mented during year 2000), which will provide an up-

grading of all the inner vessel components in order to

improve the heat and particle exhaust capabilities.

5. Discussion

As indicated by the ®xed and reciprocating Langmuir

probes, the infrared surface temperature and the ther-

mocouple measurements, the power deposition shows a

rather complex pattern. The infrared surface tempera-

ture measurements present a toroidal modulation and a

peaked poloidal pro®le on top of a broad one. The

maximum surface temperature and hence power depo-

sition are maximum at the toroidal locations where the

magnetic ®eld ripple is maximum, i.e. between coils. This

is not compatible with the simple picture of the model

taking into account the parallel heat ¯ux without a

minimum angle of incidence. This peak could be ex-

plained by direct deposition of ions from inside the

LCFS at a distance less than one Larmor radius. We can

also notice a modulation as a function of time, of the

surface temperature at locations where temperature is

maximum, correlated with the plasma current modula-

tion (DIp/Ip� 10%). This modulation is not observed at

locations where the surface temperature is minimum

(under coils where the ripple is minimum), locations

where ®xed Langmuir probes are located. Indeed these

probes do not show any electron temperature or density

modulation as a function of time. The poloidal tem-

perature pro®les present a peaked pro®le on top of a

broad pro®le which is responsible for the majority of the

power load. The toroidal distribution of the extracted

energy is measured by water calorimetry of the cooling

loop on six sections of 60° equally spaced toroidally (no

poloidal resolution since it is integrated on the 150°
poloidal extension of each section). These measurements

indicate a toroidal distribution variation, from ÿ16%

for the most recessed section, to +22% for the most

advanced section, compared to the averaged value. The

thermocouples poloidal pro®le is consistent with the

infrared surface temperature pro®le. This gives con®-

dence in the measurements which indicate that the broad

pro®le is responsible for the main part of the power

deposition on the inner wall.

Reciprocating Langmuir probe located at the top of

the machine away from the inner wall, indicates as well

broad electron temperature and density pro®les (e-

folding length � 0.05 m). The electron temperatures and

densities at the LCFS are measured to range 17±28 eV

and 5 ´ 1018±7 ´ 1018 mÿ3 when the ICRH is increased

from 2 to 6.5 MW. They range 24±37 eV and 1.5 ´ 1018±

4 ´ 1018 mÿ3 when LHCD power is increased from 2 to 6

MW.

Fixed Langmuir probe pro®les indicate at the inner

wall face, that the electron temperature is slowly rising

(from 10 to 15 eV) when the additional power is in-

creased from ohmic to 6.5 MW ICRH, contrarily to the

density pro®le which is proportional to the injected

power. The poloidal electron density pro®le is hollow in

the ohmic phase and almost ¯at when the additional

power reaches 6.5 MW. The modelling indicates that the

inner wall con®guration is much better at screening the

produced impurities (carbon assumed to be the domi-

nant specie), with 60% direct redeposition than the

outboard limiter con®guration where only 20% is

Fig. 7. Time evolution of the volume averaged electron plasma

in a serie of long pulse operation.
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re-deposited. This can be probably explained by the fact

that the inner wall is localised on the low ®eld side

where, due to the Shafranov shift, electron temperature

is lower (<15 eV) and due to the lower density and

power load, the impurity source is much lower.

6. CIEL project

The CIEL project [19] will provide an upgrading of

all the inner vessel components in order to improve the

heat and particle exhaust capabilities: a toroidal pump

limiter, a pumping system, vacuum vessel protection,

guard limiters Fig. 8 and later, protections for the rf

antennas. The toroidal pump limiter is an annular disk

(Ri� 2.2 m, Ro� 2.715 m, 0.51 m long in radial direc-

tion). It covers 7.5 m2 of the bottom area of the machine

(2.5 m2 will be wetted by the plasma r� 0.72 m, R� 2.4

m, kq� 0.015 m). This limiter has been designed to re-

move permanently a total convective power of 15 MW,

leading to a peak heat ¯ux of 10 MW/m2. Twelve of the

18 port locations are equipped with pumping throats

equipped with V shaped target plates which are con-

nected two by two to ®ve cryo-mechanical pumps ca-

pable to pump all gases (D2, He, Ne, Ar. . .). A total

particle exhaust e�ciency of �10% is expected.

An actively cooled inner wall protection will cover all

the rest of the inside vessel. Lots of e�orts have been

made to decrease to �2% the overall transparency of

this protection wall so that the vacuum vessel is entirely

protected against conducted (suprathermal electrons due

to LHCD, fast ions and electrons which are trapped in

the magnetic ripple) and radiated power (up to 1 MW/

m2), allowing plasma operation for several thousands

seconds per day.

Six actively cooled poloidal bumpers are placed on

the high ®eld side, equally spaced, for start-up and dis-

ruption protection. They are placed 4±5 kq in the SOL

and will receive only 0.5 MW/m2 (400°C steady-state)

corresponding to a scenario where 15 MW are con-

ducted to the toroidal limiter and where 10 MW is ra-

diated. They can sustain also the most severe disruptions

(500 kJ, 60 MeV).

7. Conclusions

High power (11 MW±2 s±33 MJ), long pulse (117 s±

210 MJ±1.9 MW or 272 MJ±113 s±PLHCD� 2.5 MW)

and moderate power with relatively long (7 MW±20 s±

150 MJ) pulse operation have been achieved in Tore-

Supra. The main limiter is a large (12 m2) actively cooled

inner wall, capable to extract up to 10 MW in a steady

state regime (time constant� 20 s). It has been shown

that Zeff is rising slowly as the injected power was in-

creased when the plasma was limited by the actively

cooled inner wall. We do not observe any Zeff increase

during the ®rst tens of seconds of long pulse discharges.

After this time, a plasma electron density increase is

observed, principally due to oxygen contamination

possibly due to water desorption. The main limitation

comes from the recessed elements not actively cooled

(ripple loss protections, protection limiter not in contact

with the plasma, ports, ¯anges, etc.) which heat up during

plasma operation. This temperature increase of remote

vessel elements leads to an oxygen contamination of the

core plasma, situation which can eventually lead to a

plasma disruption.

Taking into account these di�culties, we have de-

signed for the CIEL project new plasma facing compo-

nents. All the elements installed in the vacuum vessel

facing the plasma will be actively cooled so that suc-

cessful long pulse, high power operation can be expect-

ed.
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