
PLASMA EDGE CONTROL IN TORE SUPRA

A. Grosman, T. E. Evans1, Ph. Ghendrih, M. Chatelier, P. K. Mioduszewski2,
H. Capss, C. DeMichelis,T. Fall,.C. Foster2' A. Geraud, C. Grisolla,
D. Guilhem, G. Haste2. L. Horton2, T. Hutter, T. Loarer, M. Mattioli,

P. Monier-Garbet, A.-L. Pecquet, B. Pegourié, A. Samain, J.-C. Vallet.

Association EURATOM-CEA sur la fusion contrôlée
C. E. N. Cadarache

13108 Saint-Paul-lèz-Durance (FRANCE)

ABSTRACT

TORE SUPRA is a large superconducting tokamak designed for sustaining long
inductive pulses (t - 30 s). In particular, all the first wall components have been
designed for steady-state heat and particle exhaust , particle injection,and
additional heating. In addition to these technological assets, a strict control of
the plasma-wall interactions is required. This has been done at low power :
experiments with ohmic heating have been mainly devoted to the pump limiter,
ergodic divertor and pellet injection experiments. Some specific problems arising
in large tokamaks are encountered ; the pump limiter and the ergodic divertor yield
the expected effects on the plasma edge. The effects on the bulk are discussed.
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INTRODUCTION

TORE SUPRA is a large size tokamak (R-2.37 m;a=0.8 m), the specificity of which is
its 18 superconducting toroidal coils in which the Nb-Ti superconductor is cooled
by pressurized superfluid helium at 1.8 K. (TORE SUPRA, 1985). The first plasma was
obtained at the beginning of April 1988 (Equipe TORE SUPRA, 1988) and the design
values of the toroidal field (B1 = 4.5 T) and of the plasma current (Ip =1.9 MA)
were reached in December 1989 (J.C. VALLET and TORE SUPRA team, 1990).

The emphasis in the machine design has been put on achieving quasi steady-state
discharges; eventually,with auxiliary heating the pulse length is expected to reach
30 s, i.e. a time duration superior to any time constant, dictated either by the
power exhaust or by plasma physics. This implies that very long additional heating
phases will be necessary in the future and that the complete wall system should be
able to exhaust the full power during steady state operation. This is why all these
elements are actively cooled by pressurized water continuously as described in the
first section. Continuous particle exhaust will be achieved with a complete set of
pump limitera. Plasma fueling will be obtained either by gas or repetitive pellet
injection (100 pellets, 30 Hz) or Neutral Beam Injection (NBI). In addition to
these technological requirements, a prerequisite of any long pulses operation is
the ability to control the plasma wall interaction, i.e. controlling the power and
particle exhaust,' minimizing the intrinsic impurity production in the plasma edge
and the transport towards the bulk.

1 General Atomics,POB 85608,San Diego,Ca. 92186-9704, USA
2 Oak Ridge National Laboratory, POB 2009,Oak Ridge,Tn. 37831, USA.
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averaged Zsff measured from the visible Bremsstrahlung radiation; it decreases for
instance from 2.2 to 1.7 for a single pellet.This corresponds quantitavely to the
expected impurity dilution due to the d The replacement time tr for the deuterium



TORE SUPRA has a conventional circular configuration. Plasma-wall interaction
control is mainly based on the use of pump limiters and an ergodic divertor system.
A large part of the first experiments have been devoted to the study these
configurations (A. GROSMAN et ai, 1989b ; M.CHATELIER et al., 1989 ; I.E. EVANS et
al-, 1989 ; D. GOILHEM et al., 199Oa).

The emphasis has been to study the major effects in ohmic plasmas, at low power
(BT < 2T, Ip é 1.2 MA) i.e. essentially the particle exhaust efficiency with the pump
limiteri the power loading on the various wall components and the confirmation of
the expected resonant effects of the ergodic divertor such as recycling and power
load spreading and edge transport enhancement. As such, this paper describes the
general set-up installed in TORE SUPRA to control the plasma-wall interaction
problems. Specific attention is devoted to an analysis of pump limiter operation for
both helium and hydrogen plasmas, including the essential question of power sharing.
The ergodic divertor experiments will then be described thoroughly. The direct
effects on the heat and particle transport in the edge stochastic zone will be
stressed. Finally, we will discuss the occurence of MARFES (B. LIPSCHULTZ, 1987) and
detached plasmas and some of the first observations made during pellet injection.

DESCRIPTION OF THE PLASMA-WALL INTERACTION CONTROL METHODS AND OF THEIR
IMPLEMENTATION

The first wall of TORE SUPRA and its conditioning procedure?

The superconducting character of TORE SUPRA involves some constraints (P. Deschamps
et al., 1984). In particular, the apparatus includes two separate vacuum vessels ;
one "for the cryostat and the other for the plasma chamber. The latter is made of 18
sectors (12 "observation" sectors equiped with ports and 6 "junction" sectors)
connected through bellows. This stainless steel chamber can be baked up to 25O0C by
resistors. This vessel is entirely covered by the plasma-facing components :

- an "inboard" first wall made of 1 cm thick isotropic graphite brazed on stainless
steel tubes covering the high fiald side part of the torus (P. CHAPPUIS et al.,
1988a)

- an "outboard" first wall made of stainless steel panels, having a total area of
about 60 m2.

These two systems are cooled by pressurized water (4 MPa) at a temperature close to
20O0C. Their heat removal capabilities are respectively 1 MW.m"2 and 0.15 MW.m~2. It
is important to notice that the whole plasma chamber is thus kept constantly at a
temperature larger than 15O0C. Calorimetry is provided by the water-cooling required
by these systems. Despite its very poor time resolution, the calorimetry
measurements are used to estimate the balance among the energy flows to the
different components.

The inner first wall can be used as a toroidal bumper limiter. Nearly all the other
limiters are pump limiters. They will be described below as well as and the ergodic
divertor modules.

Special attention has been given to avoiding metallic impurity contamination. This
in particular implies the quasi-absence of metal as a direct plasma facing
component. Consequently, the tokamak was carbonized even prior to its first shot,
following the experience gained by the Jtilich group (J. WINTER, 1987) . This is of
course one of the major steps of the conditioning procedure. (A. GROSMAN et al.,
1989a ; E. GAUTHIER et al., 1990), Its major characteristics are :

- constant baking of the plasma chamber at a temperature superior to 15O0C and
inferior to 23O0C.

- after venting, the machine is conditioned by H2 glow discharges The tokamak is is
then recarbonized somewhat and then He glow discharges allow a partial
deshydrogenation of the wall. It has been shown that the Hj exhaust in such
discharges follows a law :

qo 1'" (D
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where q is the exhaust rate, T the time and a = 0.35 - 0.4. The total amount
desorbed in a reasonable time {- 10 hours) is about 2.1022 H atoms.

The total procedure requires 3 to 4 days and reliably insures a quick recovery of
the plasma shots .

In addition, the plasma chamber is reconditioned by He glow discharges every night
(p - 0.3 Pa, I - 2-4 A) .As already shown by H. F. DYLLA et al. (1989), this results
in conditions where a large area limiter such as the inner first wall acts as a
pump, the lower limit of the total capacity being estimated to be at least 2.1022 H,
i.e. enough to fuel completely 10 standard TORE SUPRB. shots.

Pump limiter set:

3OS to 324 cm from center
(238 • 75 -313 cm standard position)

Dump limiter,
nead

One of the major constraints in the implementation of the pump limiter modules stems
from the availability of ports in TORE SUPRA. In fact most of the large
(70 x 70 cm2) horizontal ports are devoted to additional heating (7 out of 12) and
some others to diagnostics or plasma chamber pumping. Consequently, the system is
composed of only one large horizontal outboard limiter (Fig. 1) and 6 bottom
limiters. A complete description of the latter ones, which were not used till now ds
pump limiters could be found elsewhere (P. CHAPPUIS, 1988b). The outboard limiter
was used in its semi-inertial configuration which means it is cooled between shots.
The limiter has two throats, one on each side. The throat openings are recessed 3 to
5 cm radially behind the plasma tangency point and have a radial width of 2.4 cm,
and a poloidal width of 60 cm. Large ducts on each side lead to the pumping chamber.
Pumping is achieved through titanium
pumps, the pumping speed of which can
beas high as 100 m3s~1. This speed is
measured several times during each
experimental sequence. In fact, the
effective pumping speed at the
neutralizer plate is reduced due to the
duct limiting conductance of about
9.4 Hi3S"1 for molecular hydrogen at
473 K. The throats are equipped with
asymmetric double Langmuir probes (T.
Uckan,1987) and two flaps allow the
insulation of the plenum from the
titanium pumps. The limiter can also be
used as a particle scoop without Ti
pumping where the 3.5 m3 volume of the
limiter box is used as a transient
reservoir for exhausted neutral
particles.

Although not yet studied, the particle
exhaust sharing between various modular
limiters represents a difficult
challenge. The limiters have been
located so as to allow the best
efficiency (minimum shadowing) with the
usual simple assumptions for the
particle transport in the scrape-off-
layer (T. UCKAN et al., 1988).

>gas nozzle

Pressure gauge
tuoes

'Diagnostic flange

Fig. !.Schematic representation of the
outboard pump limiter module.

ErejQdiC divertor experiment rnnrgpt and implementation

The ergodic divertor concept provides an interesting alternative for coping with the
plasma edge and impurity control in the TORE SUPRA tokamak. By creating a diffuse
magnetic connection between the plasma bulk and the wall, the ergodic divertor
could, in principle, offer an alternative to the conventional poloidal divertor. It
has already been studied in smaller tokamaks such as TEXT (see e.g. N. OHYABU
et al., 1985) or TEXTOR (G.H. FUCHS et al., 1987). The radial component of the
magnetic perturbation that is created in TORE SUPRA can be written :
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8Br = X 8Brn>n [exp i (m9" + mp*) + C..C-]
(2)

where 9* and <p' are the poloidal and toroidal intrinsic coordinates respectively (A.
SAMAIN et al., 1990) . This perturbation can create magnetic islands chains around
the surface q = m/n. In our case, m = 18 ± 3, n = 6 providing a sufficiently broad
ergodic zone at the edge and a rapid spatial decay of the perturbation in the plasma
bulk. It should be noted that these conditions were not met together in the TEXTOR
experiment and were less pronounced for TEXT due to the small size of this tokamak.
In TORE SUPRA, the size of the ergodic zone is abcut 10 - 15 cm, i.e. less than 20 %
of the plasma minor radius. In this region, the field lines spread radially away.
For a large enough perturbation(magnetic islands strong overlapping), one may apply
the quasi-linear diffusion coefficient DQLithis coefficient depends on the square of
the magnetic perturbation amplitude It should be stressed that the connection to the
wall is accordingly tunable thanks to this dependence. Figure 2 indicates the value
of the field line diffusion coefficient for various values of Ip when the toroidal
field BT - 3.1 T and the total divertor current IED = 45 kA (i.e. its maximum value) .
It must be emphasized that DQL > 10~6 m should yield significant effect on heat and
maybe particle transport (for which higher DQL values such as 10~5 should be
necessary) and that this is obtained for low values of <|8Br|> (about 0.001 BT) .
In fact, a rough estimation of the ergodic
heat diffusion coefficient Xerg is Vthe DQL
where Vthe the electron thermal velocity, ^
the particle diffusion coefficient being fi^P
approximated as Derg ~

 vthi 0QI, where
is the ion thermal velocity.

conductors

The ultimate aim of this experiment is to
allow the creation of a dense and cold
edge region (A. SAMAIN et al., 1984) which
in turn has several assets : lower wall
sputtering rates, higher pumping
efficiency, creation of a radiating zone
to ease the heat deposition problem among
othe'rs. In fact, the large hydrogen
outflux could also in principle lead to
decontamination effects, based on the
friction force exerted on incoming
impurities and very similar to what is
expected from the conventional divertor
configuration (A. SAMAIN et al., 1982) .

In TORE SUPRA, the ergodic divertor was
installed as a set of 6 modules equally
spaced inside the torus. This has two main
advantages : the coils are closer to the
plasma and they can act as magnetically
assisted limiter themselves. On that
purpose they are equipped with neutraliser
plates between each bar. Behind the
plates, a duct can lead the particles to a
titanium pump. Their toroidal extension is
10° and their poloidal extension is 120°
for each of them. The design has been
already described by M. LIPA et al.
(1989) .

AB*

2a

9* field line.

10

10'

r(cm)

Fig. 2.Schematic representation of
the ergodic divertor in TORE SUPRA
and profile of the diffusion
coefficient for the field lines in
the edge region for different values
of the plasma curent Ip when the
toroidal field is set at BT = 3.1 T.
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LIMITER OPERATION RESULTS

cvhaiist bv one Dump limiter module

Two sets of experiments were performed: both were using the horizontal outboard
limiter. In the first one, shots were done in helium (BT = 1.85 T, Ip = 0.75 MA,
ne - 2.1O19 m~3) ; consequently, no pumping could be expected except the transient
one due to the filling of the pumping chamber with a time constant tscoop = V/C where
V is the chamber volume and C the conductance to this chamber. In our case
tscoop = 0 . 6 5 s.An horizontal outboard unpumped limiter could be used for comparison.
In fact, the time constant of the
pressure increase was proved to be
correct. The pressure at saturation
reached 0.03 Pa. This corresponds to a
total exhaust of about 5.1020 electrons.
In fact, the plasma electron content was
only decreased by 5.1O19

2 2

A second series of experiments were
performed on more performant plasmas
(B1 = 4 T, Ip = 1.2 MA) in hydrogen gas.
The pumping could then be usefully
activated. Both the pressure gauges and
the Langmuir probes were used. Two
typical sets of data were used with and
without gas fueling during the shot.
Typical shots of each series are 3126-
3127 and 3137-3138 respectively. In
shots 3126 and 3137, the flaps were
closed to nearly annihilate the pumping.
They can be analysed in two ways :
particle balance within the pump limiter
and in the plasma itself. In the shot
# 3127, the pumped flux rpDHp derived
from the pressure measurements p and the
pumping speed Seff yields :
TPUMP = P- S e f f - 9 . 6 7 . 1 O 2 0 (electron
equivalent) s~-. In fact the asymmetric
double Langmuir probes allow a
measurement of the plasma influx and of
the flux e - folding length Xf=O.02m. An
integration over the whole poloidal area
of the throat gives :

Tchcoac = 1.1 X 1021 S'1

This is in rough agreement with the flux
which can be estimated from the pressure
balance measurements within the pump
limiter {C. KLEPPER et al., 1990). A
similar integration over the whole
scrape-off layer yields:

FSOL = 9.1O21 s"1.
These numbers correspond to the expected
behaviour of the pump limiter modules.
In fact about 12 % of the scrape-off
layer flux enters the pump limiter
throats. A large part of this flux
(about 80 %) is actually pumped by the
titanium pump. This behaviour is very
similar to the one obtained previously
in the pump limiter experiments in
smaller tokamaks such as ISX-B
(P. MIODOSZEVSKI et al., 1984), TFR
(TFR Group, 1987) or TEXTOR (P.M. GOEBEL
et al., 1989). The titanium yielded a
large enough capacity to pump up to
5 1021 (electrons-equivalent) in one
shot and could be used during a
complete experimental day without

Fig. 3.

-0.05 -

-0.10

Evolution of the line-averaged
density and of the inverse of
the effective particle
confinement time Tp* in shots
3126 (flaps closed) and 3127
(flaps open). No gas is puffed
during the shot.

Fig. 4.

O.OL
4 B

Evolution of the line-averaged
density and of 1/Tp* in shots
3137 (flaps closed) and 3138
(flaps open). Gas puffing rate

presented.
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significant changes of the pumping speed.
Obviously, the role of the pump limiter is above all to control the plasma bulk
density. Figure 3 compares two typical shots # 3126 and 312\î and shows that, in the
absence of gas puffing, the plasma density can be reduced when the flaps are open.
The hydrogen pre-fill was about 3.6 1020. The global particle balance between gas
flow (rFuei) , plasma inventory (Ne) and recycling flux is conventionally written :

- IW - f- (1 - K)

where T is the global -particle" confinement time and R- the .global recycling "
coefficient. In the absence of gas puffing, equation (4) is written -very simply:
Tp*"=~Ne/(dNe/dt) '-where-Tp*- = -.-Tp/ (l---.-R)-_is . the _so-called effective particle

confinement- time. Figure 3 also displays the evolution of (Tp*)"1 which represents/
once normalized to Tp, the difference of the recycling coefficient ..to 1. In this
case, Tp* is decreased from 50 s to 20 s as the limiter is actually- pumped. The
effect is not very large. It is reduced to nearly nothing when gas is puffed in
during the shot as shown in Fig. 4.In this case, the density slightly increases from

shot to shot.

The major result of these initial experiments is that an adequate exhaust efficiency
of the pump limiter is not accompanied by a significant effect in the plasma bulk.
In fact, the exhaust is more than ten times larger than the total gas injection, A
straightforward reason is obviously outgassing from the wall, which plays a
prominent role in the particle balance. This suggests that pump limiter experiment
in tokamaks with large carbon wall have to be studied in a quite different way. In
particular, we certainly have to study the inventory of different reservoirs such as
the plasma bulk, the recycling zone, the scrape-off-layer and the wall itself . This
kind of analysis has already been developed to improve the understanding of the
recycling control in JET (J. EHRENBERG, 1989) .In principle, the major role of the
pump limiter will be to control the efflux from the bulk. In this context, future
experiments with pellet injection will add some useful information.

Hpaf- déposition t-o the wall rnmponents of TORE SUPRA

An extensive study of the heat deposition on the plasma-facing components was made
possible in TORE SUPRA by the simultaneous use of two diagnostics. The first is the
above quoted calorimetric system of each of the subsystems . The other is an infra-
red camera which essentially surveyed the surface temperature of the main outboard
pump limiter (D. GUILHEM et al., 199Ob) .The heat deposition was studied in three
cases :
(i) the plasoia was leaning essentially on the outboard pump limiter.
(ii) the top and bottom limiters were added.
(iii) very specific observations are done when the ergodic divertor was energized.

Out-board limiter only. Although the power loading of the limiter remained inferior

to 2.4 MW. m~2, yielding temperature excursion of about 20O0C - all values below the
design ones -, the availability of the thermal map of the limiter allowed the power_
deposition e - folding length X0. to be deduced The temperature profile is almost-
symmetric with respect to the limiter tip. A numerical model of the heat conduction
within the limiter allows to unfold the heat flux pattern (J. KOSKI, 1990) , A value
of XQ =• 0.9 cm ± 0.1 cm is deduced ; it is in good agreement with the value of 1 cm
unfolded from the calorimetric measurements of objects located a few cm away from
each other in the scrape-off layer.

Whole system of limiters. In the case the whole set of limiters was used (one
outboard and six top and bottom ones), two major changes appear. The first one can
be found in table 1, i.e. the reduction of the power loading of the main limiter,
and consequently a rather good power sharing with the other limiters. Note that the
conducted power was reduced when all the limiters were inserted due to an increase
of the radiated power.

Ergodic divertor ef f eef.g . Most of the experiments with the ergodic divertor used
plasmas leaning on the outboard limiter. The heat deposition is very much affected
when the ergodic divertor is used.
A general trend is a strong reduction of the power flow to the main limiter The

missing power is foimdon retracted structures and especially on the ^eutralizer
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Table 1. Calorimetric determination of the conducted power to the various
wall components with one and several limiters

All energies are given in JcJ

Complete set of limiter Horizontal limiter only

Energy to the outboard 1750 (38 %)
limiter WPL;
(WEI|/WC)

Energy to the top and 2400 (52 %)
bottom limitera WTBC;
(WTBC/WC)

Energy to ergodic 660 (14 %)
divertor structures WED;
(WED/WC)

Total conductive energy 4600 (100 %)

5180

540

750

6330

(82 %)

(8,5 %)

(12 %)

(100 %)

Radiated energy
WR.

1710 (27 %) 1050 (14 %)

200Oi
W(kJ)

1 x load on the limiter

1000-

plates of the ergodic divertor modules. Figure 5 shows that this effect depends on
the amplitude of the magnetic perturbation.

For low amplitude, the effects are obviously
very slight. Above an ergodic divertor
current of 20 kA, the energy flowing to the
limiter decreases by a factor larger than 2.
At the same time, the power flowing to the
ergodic divertor plates and structures
increases. This may be interpreted once more
in terms of an average \Q, although this term
should be used cautiously in the ergodic
divertor experiments. With the same
assumptions as above, XQ is increased here
from about 1 cm to 3 cm for the maximum
ergodic divertor current (IED = 45 kA) ; the
tripling of Xg may be attributed to the
strong increase of the particle and heat
transport when the ergodic divertor is
energized as discussed in the next paragraph.
The limiter head thermocxaphy confirms
generally the heat deposition decrease. But
it reveals also some asymmetries as shown in
fig. 6b where the infra-red image of the pump
limiter is displayed. Figure 6a shows the
corresponding figure when the ergodic
divertor is not activated. The physics of the
modifications of the usual scrape-off layers
in presence of the stochastic perturbation is
now under careful -study (F. NGUYEN et al. ;
1990) . This heat flux decrease is welcome,
but the local fluxes may in the contrary Fig. 5
increase as on some parts of the leading edge
(see fig. 7 which displays the temperature
evolution of two points shown on figure 6 :
one in the center and one at the leading edge
of the limiter) . This confirms that one
should take advantage of the asymmetries by
using the coils themselves as limiters, which
will be achieved in the next future.

load on the neutralizer plates

10 20 30 40

Total calorimetric energy
measured on the circuit of
the pump limiter (Wiim) ,
and the ergodic divertor
neutralizer plates (Wneutr)
as a. function of the
current in the coils (Here
Ip = 0.85 MA, BT = 1.85 T) .
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HORIZONTAL LIMITER ALONE

+ ERGODIC DIVERTOR

Fig. 6. Infrared image of the outboard limiter without (a) and
with (b) application of the ergodic divertor.

soo

a'400

i-
300

200

SHOT #2806 laadlnd edge

2 3

t(s).

[ÏED- so kA I

Fig. 7. Temperature evolution of two points of the pump
limiter, one at its center and one on the leading
edge; the ergodic divertor pulse is also shown.

ERGODIC DIVERTOR RESULTS

104



ERGODIC DIVERTOR RESULTS

Experimental nonfiourations

This paper collects the experimental results
< 1.2 MA) and 1990 <BT = 3.1 T, Ip < 1.6 MA)

performed in 1989 (BT =1.85 T,
. The experiments used helium and

hydrogen (or deuterium) . It must be stressed that 2 configurations were studied:

- an "OUTBOARD" configuration (R = 2.37 m or 2.35 m, a = 0.77 m) where the plasma is
limited by the outboard (sometimes pump) limiter, in the midplane, 4 to 6 cm
radially ahead of the ergodic divertor modules.

- an "INBOARD" configuration (R - 2.32 m, a = 0.76 m) where the plasma is limited on
the inner axisymmetric graphite wall. It should be noted that the plasma is 10 cm
away from the ergodic divertor coils.
One of the feature of this experiment is that
the effects of the ergodic divertor should be
maximized for a specific value of the safety
factor at the edge, for which a field line
experiences "in phase" the perturbation
created by each module. In fact, this
resonance is rather broad. In any case, we
have verified that the effects observed with
the ergodic divertor are enhanced for edge q
values of 2.5 - 3.5.(maximum at q - 2.9-3.O).
This corresponds well to the matching of the
coil structure with the magnetic
configuration when (3p,+ li/2 - 0.7. In fact,
the resonant features follow quite well the
expected modifications of the field lines
diffusion as it can be seen on fig. 8, where
the Ha signal is plotted as a function of the
quasi linear diffusion coefficient (taken as
representative of the perturbation strength)
calculated at the limiter radius when Ip was
varied. The same trend was also recorded for Fi5- 8- Relative increase of the Ha

0,75 1,00

l.e4*D(m)

all kind of signals, including the above
quoted effect on power deposition spreading
on large surfaces. A threshold for the
appearance for the effects can be related to
the magnetic island overlapping parameter
needed for ergodization at the edge.

Plasma wall interaction modification

The "inboard" and "outboard" configurations
yielded very different results to that
respect. In the first one, recycling generally
diminishes at the inner wall (i.e. the main
limiter) wheras the. density increases when the
ergodic divertor is activated. This effect is
now under analysis.

In the outboard configuration recycling
increases at the inner limiter, but decreases
at the main outboard limiter. Density
decreases up to 30 % (in hydrogen or deuterium
shots) or simply does not change (in helium
shots). Figure 9 presents the evolution of the
electron density measured by the Thomson
scattering system (E. AGOSTINI et al., 1990).

It is important to note that the effect on the
most peripheral point (r=0.715 m) is very 4

rapid,i.e. of the order or less than the time Fig. 9.
response of the measuring system (30 ms) .
Subsequently, this density decrease propagates
to the center with a time constant which is
nearly 1 s.

signal as a function of the
theoretically calculated
quasi linear diffusion
coefficient at the limiter

- 4SkA.

4.5 5.5 B 6.5 7 7.5

Evolution of the electron
density at different radii
when the ergodic divertor is
activated.
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This is believed to be due to wall pumping, which is triggered by an increase in the
area seen by the plasma when the ergodic divertor is activated. This is corroborated
with the recycling increase at the inner wall which is in the shadow of the main
limiter in these experiments.lt is also worthwhile noting that this "pumping effect"
is quite reversible (figure 9) when the E.D. is turned off.

In summary, the plasma-surface interactions are essentially modified in the sense
that the main limiter load is diminished at the same time it increases for the
recessed objects. This is true for both particle and heat. But the analysis becomes
quite complex. In particular, it is difficult to assert that the global recycling or
impurity production are affected in one direction or the other. One should then rely
on the plasma effects but as explained below, this introduces some transport changes
at the edge that combine with the "production" changes.

Heat and particle transport, changes at the plasma edye

In addition to the alteration of the plasma contact with the wall, a complete change
of the heat and particle transport is expected in the edge ergodic zone.These
features have been measured experimentally and are presented hereafter.

Heat diffusion. A Thomson scattering system
is used to measure ne ant Te at 13 locations,
above and below the midplane. The spatial
resolution of the system is estimated to be Q̂'
about 6 cm. The system is pulsed at 30 Hz. In
the outboard configuration, the application
of an ergodic divertor pulse leads to an
instantaneous decrease of the outer signal 10'
located at the edge whereas all the others
remain unchanged. A scaling of the electron
temperature decrease for value of the ergodic ,,
divertor current (IED) between O and 45 JcA is 10'
shown in figure 10. Above IED = 15 kAr Te
decreases with the divertor current. In
experiments where the plasma current Ip was
ramped up, it was observed that the edge
temperature decrease reaches the radius
r = 0.6 m for Ip between 1.2 and 1.5 MA. This
is related to the too low values of the
quasi-linear diffusion coefficient when
Ip > 1.5 MA or Ip < 1.2 MA as shown in figure
2. Despite the limited spatial resolution, it Fig.
can be deduced from the Te profiles that the
temperature gradient is less steep in the
ergodic zone. The same kind of effects has
already been observed on TEXT (T. EVAHS
et al., 1987) .

"T (keV)"
r=0.06ra

r=0.50m

r=0.61m

O 10 20 30 40 (kA)

DE

10.Variation of the electron
temperature measured by
Thomson scattering at 4
locations as a function of
the ergodic divertor coil
current.

In these experiments, the ion temperature Ti is measured only in the center by
change-exchange neutral energy analysis. In any case, TI remains close to T6 at this
location. An important result is that the measurements of the plasma parameters in
the edge region indicate that the pertubation amplitudes used are sufficient to
change the heat diffusion there. For instance, the minimum value of IED necessary to
decrease the temperature at r = 0.715 m corresponds to a theoretically calculated
heat diffusion coefficient Xerg - D. Vthe " 10 Hi

2S-1. With the maximum amplitude
available, this "ergodic" diffusion coefficient reaches 90 m2s~1. At a radius below
60 cm, it is computed to decrease well below 4 m2s~1 (i.e. of the order of the
turbulent cefficient), which prevents any deconfinement in the bulk, as has been
observed.

Parf.inilfi diffusion. As stated above, recycling changes induce large variations in
the global density in every configuration. In the outboard one, it was possible to
measure the electron density profile by means of microwave reflectometry. Its
probing frequency could be swept in order to yield this profile from 0.8 to
1.5 1019

Figure 11 presents such radial profiles in experiments where
Ip = 1.4 MA (the "resonant" value) and the divertor current was varied.
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A very strong effect is observed
for IED > 22.5 kA. It consists
of a drastic reduction of the
density gradient.

The density in the bulk and in
the ergodic region is also
measured by Thomson scattering
and I.R interferometry. The
general trend is a density
reduction, as already described
above. ' It results, at
equilibrium, in a homothetic
reduction of the density in the
unperturbed region. The
reduction factor increases with
the E. D. current. The fact that
Vn/n remains the same in the
bulk regions with and without
B . D . appears in fig. 12.
Figure 12a exhibits the absolute
density profile with and without
divertor application whereas
figure 12 b displays the
normalized profiles. From this,
we can deduce the absence of
modification . of particle
transport in the bulk. On the
opposite, the particle diffusion
is enhanced at the edge. This
could be expected from the
theoretical computations which
show that the "ergodic"
d i f f u s i o n c o e f f i c i e n t
Derg - DQL . Vthi could compete with
the usual radial turbulent
diffusion coefficient DI in the
edge region.

Its effects prevail when the
calculated Derg > 0.4 m2s~1 (at
r = 0.7 m for hydrogen ions with
Ti » 100 ev) . Above this value,
the density gradient decreases
as the square of the relative
perturbation (see fig. lib) ,
which is an expected result of
the quasi-linear theory if, of
course, one makes the simple
assumption that Derg Vn is kept
constant.

2
1.3

1.2

1.1

1.0

0.9
0.60 0.64 0.68 0.72 0.76

r(m)

1/V(Il4) (m«)

J ' ' « »,;i » _ J "
IED *A>

Fig. 11.a) Radial density profiles
measured by- microwave
reflectrometry as a function
of the ergodic divertor coil
current.(Ip = 1.4 MA)
b) Variation of inverse of
the density gradient in the
ergodic zone as a function
of the square of the
magnetic perurbation.

. I"""*» I
3 J R <m)

SHOT »2811

3 J R (O)

Effegt~.fi fin the imourities

Fig. 12.a) Density profiles with and
without ergodic divertor on.

b) Normalized density
profiles with and without
ergodic divertor on.

A large variety of effects is observed ; the main differences among them are related
to the geometrical configurations and to the type of gas used (helium vs. hydrogen) .
The spectral line brightnesses were recorded with a grazing incidence XUV
spectrometer ; radial profiles could also be obtained (P. MONIER et al. ,1989). The
very large differences between the two configurations deserve some preliminary
explanation. Two striking differences may explain the observed phenomena. Of course,
the limiter is very different in the two configurations; in terms of size but also
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of composition: on the inner wall, the metal is always not very far radially from
the graphite tile (1 cm at most) whereas the outboard limiter is mainly carbon, the
metallic structures being located at least 5 cm away radially. Secondly, as already
mentioned, the diffusion coefficient is reduced by a factor larger than 5 due to the
larger distance of the plasma to the coil.

Tnhoard oonf!curâtion. Most of the shots studied were in helium. The first series of
shots at BT = 1.85 T were characterized by a large increase of the metallic
impurities. This increase was proved to be maximum for "resonant" values of the
safety factor at the edge. It was also observed that the Fe XV and Fe XXIV
brigtnesses increase with the amplitude of the magnetic perturbation. At the same
time, the bolometric power increased drastically jumping from 30% to 80% of the
ohmic power. The inverted radial profiles showed a general increase with some
enhancement at the very edge.

It must be remarked that these features were not found in a new set of experiments
at BT = 3.1 T. The low level of metal impurities in these shots can be attributed to
a better carbonisation of the wall. The effects on light impurities follow in
general the same trend as with the outboard configuration.

Outboard eonficuration. The first set of data (BT - 1.85 T, He) showed two
distinctive features in addition to the "He-specific" density constancy:

- metallic impurities were present but remained at the same (low) level with and
without divertor.
- the C VI and C V line brightnesses decreased by a factor 2. No variation of the
oxygen lines could be seen. The most striking fact was the modification of the
radial profile shape ox the CV line, whereas the CVI line kept its shape. Figure 13
shows that the CV line is becoming sharper and is moving radially inwards when the
E.O. current is increased above 15 kA.

In the second set of data (BT = 3.1 T, Dj), no metallic impurities could be
noticed; the behaviour of the carbon and oxygen lines could be studied thoroughly.

A common trend for the light impurity lines which are emitted in the "inner" radial
region is a reduction of their brightnesses. This is true for O VIII, o VII, C VI
and CL XIV lines, which correspond to ionisation potentials larger than 490 eV.
This reduction appears only if a sufficient perturbation is applied (IED > 10 kA) ;
it is enhanced if the divertor current is increased". The reduction factor could
reach 2.5 for CVI, OVIII and OVII (Fig. 14a), far more than the line average
density reduction.

The evolution of more peripheral lines shows in general an opposite trend. The O IV
(Ei = 77 eV) line brightness increases with the E.D. current and this is also true
for CIV (Ej. = 64.5 eV) (Fig. 14cl . Interestingly, C V (E1 = 392 eV) presents an
intermediate behavr'-^i : its brightness begins-by increasing and then decreases for
IED > 20 kA (Fig. 14b) .

C T 1*0.27 Al

E| - 392 «V

0.5 Q.a 0.7 O.B 0.9 1.0

r/a
0-3 0.8 0.7 0.8 0.9 IO

Fig. 13. Inverted radial emissivity profiles of
the C VI and C V resonance lines when the ergodic divertor
current is increased.
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Figure 15 shows that in deuterium shots, the radiation power reduction is nearly
proportional to the density reduction. The inverted profiles show that an increase
of the radiation losses is noticed in the edge (i.e. the region r > 70 cm). This
implies that some uncertainty should be taken into account, due to the poor spatial
resolution in the region where most of the power is radiated.

Preliminary simulations indicate that the recorded enhancement of the peripheral
lines at the edge could be explained by an increase of the diffusion coefficient of
the impurities at the edge. This results in a decontamination effect. A further
benefit could arise from the simultaneous availability of a radiating edge.

A few other observations were done in the ergodic divo.-tor ê în̂ f •:-- There was no
enhancement of the number of disruptions during the E. D. sxpsrimer.ts vhere f--î egde
q was close to 2 and where some cooling of the egde was found,

It is expected that the current channel shrinks : the internal inductance Ii
increases from 1.1 to 1.2 when the ergodic divertor is on.

Finally, an ergodic divertor pulse proved to be able to trigger an instant
deconfinement of the runaway electrons at the plasma egde, i.e. in a region
r/a > 0.7. But the confinement of the runaway electrons in the bulk appeared to
remain unaffected. The ergodic divertor could become a useful tool to accelerate the
outflow of runaway electrons, if necessary.

B(IED)/B(IED=O)

cvi. ovm, ovn
> 490 eV

non inverted profiles

1.0

,̂ 2.4 2.6 Z8 3.O1

T inverted radial profiles

IL)

O 10 20 30 40
IED (kA)

2.4 2.6 UA 3.0

Fig. 14. Evolution of the
O VIII, O VII, C VI (a), C V (b)
and C IV (c) lines brightnesses
as a function of the ergodic
divertor current IED.

Fig. 15.Radial profiles of the
radiation power with and
without E.D. in the
outboard configuration
a) Mon inverted profiles
b) Abel inverted profiles.
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MARFES AND DETACHED PLASMAS

As already noticed in other
tokamaks (B. LISCHULTZ, 1987)
MARFES and detached plasmas
were encountered in TORE
SOPRA. As shown by J. C.
VALLET et al. (1990), a key
parameter for their study is
the M.q product where M is
the- Murakami parameter. The
ratio of the radiated power
to the total_ ohmic power
varies ,as M.qr, and the
maximum M.q corresponds to
the denstiy limit. This is
very different in deuterium
arid helium shots as can be
seen in Fig. 16.

In fact, the radiation
profile is found to be
always asymmetric with a
maximum close to the inner
graphite wall when the
plasma is limited by it.For
sufficiently high values of
M.q. (15 x 1019 Hi2T-I in H6f
8.5 x 1019 m2?-1 in D2),
Marfes are initiated on the
high-field side in the
equatorial plane before
moving up in the ion drift
direction. Their poloidal
extension is about 30°. For
slightly higher values of
M.q (16 1019 W2T"1 in He,
9 IQ19 IU2T"1 in D2) ,
detached plasmas are
produced. This is often the
case in dynamic phases of
the plasma (current ramp-
up, ramp-down, gas
puffing). The radiated
power is mainly emitted in
a shell at the edge, and
the plasma radius is
reduced by up to 40 %.very
specific profiles for
electron density a^d
temperature are produced as
shown in Fig, 17a and b.
The temperature profile
shows a general reduction
whereas the shape of the
density profile is
definitely changed, with
much steeper gradients.

5 10 15 20 25
WLq (10E19 m-2 T-1)

Fig. 16 Ratio of the radiated to
total ohmic power as a
function of M.q. for
helium and deuterium
shots.
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Fig. 17 a) Temperature profiles
for attached (t = 1.96 s)
and detached (t - 0,24 s
and t = 2.96 s) .
b) Density profiles in

similar conditions.

PELLET INJECTIOM

o °f ab°Ut 10 pellets nave been injected in TORE SUPRA ( 600 m.s'1, 2 Hz, 2-4
/pellet) penetrating to radii slightly larger than mid-radius. For the time

bemg, no steady-state conditions have been reached : the density continuously
increases and the electron temperature continuously decreases throughout the
discharge, toiong many observations, «=, note in particular a decrease of the line-
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averaged Zeff measured from the visible Bremsstrahlung radiation,- it decreases for
instance from 2.2 to 1.7 for a single pellet.This corresponds quantitavely to the
expected impurity dilution due to the d The replacement time tr for the deuterium

deposited by the pellet is measured by analysing the isotopic ratio of the charge-
exchange neutrals outflux. This time tr is of the order of the energy confinement

time and much shorter than the effective particle confinement time Tp (> 10 s),

which means that the escaping neutrals are immediately trapped by the wall, which is
primarily an hydrogen source. A tendency for tr to increase with density is suggested

by Fig.18.

nH/(nH + nD) Shoi3173 Nem«.= 7e+20 Ne/Ne man.
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Fig. 18 Isotopic ratio of the charge exchange
neutral outflux and total number of electrons
during a pellet injection experiment.Replacement
time is indicated.

CONCLUSIONS

TORE SUPRA is a superconducting tokamak in which the physics of long pulses can be
studied. This requires in particular that all the wall components may exhaust
particle and heat in a continuous way. The tokamak has been used since its very
beginning in an all carbon configuration. The control of plasma edge is mainly based
on the use of pump limitera and an ergodic divertor.

The first results of these apparatus have been obtained. The physics of particle
exhaust is definitely different in a large all carbon tokamak from what was known
from smaller tokamaks. The density control is dominated by the wall effects which do
not allow the pump limiter to control efficiently the density, although its global
exhaust efficiency is large.

The ergodic divertor is completing its benchmarking phase. It has been proved that
the transport of particles and heat might be enhanced in the edge zone. The impurity
content (C,O) decreases in the bulk but radiation is enhanced at the edge. Control
of power deposition may be also obtained with the help of the ergodic
divertor.Future developments require an appreciable amount of auxiliary heating.
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