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R INTRODUCTION: The disruptions are one of the major obs'acles to present
day tokamaks extrapolation to fusion reactors. Answers to this problem are a key
issue for the next step fusion research. For this purpose, we have recently
proposed a piloting discharge strategy on TORE SUPRA to prevent density limit
disruptions. This strategy is based on the use of the Ergodic Divertor (ED).We have
observed that the ED stabilizes the m=2 n=l tearing mode and that in deuterium
discharges limited by the outboard limiter it induces a fast decrease of the plasma
density. The piloting strategy is taken in three steps: 1) the approach of the
density limit is detected by a threshold on the MHD activity amplitude; 2) the gas
puff is switched off; 3) the ED is turned on. Then the m=2 n=l tearing mode is
stabilized the density decreases and the disruption is avoided. This strategy has
already been successfully tested on about 20 specific deuterium shots with
2.5<q(a)<4.5 in which the density limit is approached by ramping up the density
with gas puffing. In this paper, experimental data are reported and analyzed.
First, the principle of the ED and the density limit disruption phenomenology are
briefly recalled in this section. Then the ED effect on plasma density, radiated
power and MHD activity are analyzed in the second section, and in the third one
the piloting strategy to prevent density limit disruptions is discussed.

a) The TORE SUPRA Ergodic Divertorn.2] The purpose of the ED is
to enhance the particles transport in a thin layer localized at the plasma edge to
screen the confined plasma from the impurity sources located at the wall. This is
achieved by launching in the plasma a radial magnetic perturbation 5B r which is
the sum of componcnts(resonant along field lines) and creates static magnetic
island chains. On TORE SUPRA the main components are the 16^ m ^22 n=6, m and
n being respectively the poloidal and toroidal mode numbers. For large enough
perturbation, i.e.< 5Br/Bo> »i0'2 (averaged along 9 and 4>), the magnetic islands

overlap and at the plasma edge, typically for 2.7 < q(r) the magnetic surfaces are
destroyed producing an ergodic layer of about O.lm to 0.15m radial width in which
each point is connected to the wall by a field line of aboM. 50m to 200m length. In
this layer part of the transport is transfcrcd from the perpendicular to the
parallel direction.

b) The density limit disruption phenomenology
The density limit disruptions observed on Tore Supra follow the classical

scenario of the radiating cooling of the plasma cdge[3,4]. To define the density
limit, it is convenient to use the normalized product M.q where q is the safety
factor at the limiter and M is the Murakami parameter M=<ne>R/Bt, <ne> being the
volumic average density which is about 0.7 time the linear average density. One
way to approach the density limit consists in rising the Mq value by rising the



0.3

density as it is done in the experiments
listed here. (another possibility is to

increase the plasma impur i ty
contamination at a given Mq value ; this _10

will be made in a controlled manner on j|
future experiments). A typical density H0'4
limit disruption is shown on Fig.l. As the 02
Mq value is risen (Figl.b) the approach
of the disruption is first pointed out by
the increase of the ratio of the total 3" 0.2
radiated power to the ohmic power
which jumps up to a value of about 1. At
this time a poloidally symmetric
radiating layer dissipating 100% of the
input power is created: the plasma
begins to detach (Fig.lc). At this point "if1-0

the disruptive process is in way. The |05
radius of the radiating layer decreases a

and the observed shrinking of the
electron temperature profile leads to a
peaking of the current density profile « °-6

and consequently to an increase of the ,J£0.4

shot 6083

1.5

internal inductance I j (Figl.d). As a
critical current density gradient is
reached at the q=2 surface, the m=2 n=l
tearing mode 860 starts to grow (Figl.d).
This growth of MHD activity leads to the
disruption.
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FIG 1 A DENSITY LIMIT DISRUPTION

in IMPACT OF THE ED ON THE PLASMA PARAMETERS.
a) Density and radiated power
The density behaviour with the

ED is quite complex. Some general
trends are given in reference [5]. In
particular, for deuterium plasmas
limited by the outboard limiter with a
plasma boundary more than 10mm
away from the inner first wall, the ED
induces a large pumping out of the
plasma particles leading to a fast
decrease of the plasma density. In this
case any attempt to maintain the
plasma density by gas puffing leads to a
dramatic increase of the radiated power
and to a disruption. The screening
effect, resulting from the enhanced
particles transport in the ergodic layer
(suitable for impurity ions) acts also on
deuterium particles. It leads to a
tremendous cooling of the plasma
boundary induced by radiation and
therefore to a disruption. Thus it is
necessary to switch off the gas puff
when the ED is applied. Then the
plasma density reaches exponentially a
new equilibrium level with an e-
folding characteristic time of the order
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Fig2 (a) density behaviour for clean
(o) and dirty discharges (Q ). solid
symbols correspond to density limit
and open symbols to density with
ED.(b)e-folding time for density
decrease with ED.



shot 5179 helium discharge at q=2.5

of few 100ms (Fig2.b). This equilibrium level like the density limit itself varies
with the wall conditionning and the safety factor at the edge. This fast density
decrease allows to reach a more stable region in the operational domain when the
plasma density becomes too close to the limit. It has been successfully
demonstrated that the pumping induced by the ED can be used to avoid the density
limit disruption. This was tested on deuterium discharges where the density limit
is approched by ramping up the density. The use of the ED to prevent density limit
disruption is needed. Due to the very long particules confinement time tp*>30s
stopping the gas puff only delays the disruption for few 100ms [Fig.l].
Figure 2 shows the density behaviour for "clean" discharges obtained with a clean
boronizcd vessel (density limit were encountered at Mq=lo20m-2T-l) For these
clean discharges the ratio of the total radiated power to the ohmic power drops
from 1.0 (at the density limit) to about O.S (at the equilibrium density) and follows
then the density behaviour [Fig6]. Fig2. shows also the behaviour of "dirty"
discharges obtained with a dirty carbonized vessel (density limit
corresponding to Mq=7.1019m-2T-l). jn this case also, the ED decreases the plasma
density with almost the same Ane/nc and the same e-folding time, but for these
discharges the ratio Prad/Pohm does not follow the density and is kept close to 1
(Fig.5 and ref[6]). On these particular "dirty" discharges the ED has stabilized the
radiating structure of the detached plasma which is spontaneously created near
the density limit. From these data it seems that in the clean discharges there is not
enough impurities to sustain the radiating layer. The latter can be stabilized by
(he ED if the temperature inside the ergodic layer is not too high (typically below
lOOeV).

b) MHD activity with the ED In all experiments, it is observed that
the MHD activity, which is dominate by the m=2 n=l tearing mode, iŝ
systematically stabilized when the ED is
turned on£7]. Fig3 shows a typical
example of MHD activity stabilization
on an helium discharge at q»2.5 (note
that in this case it is possible to rise the
density with gas puffing during the ED
(Fig3b)). The MHD activity amplitude
monitored by the r.m.s of a Mirnov coil
signal (Fig.3c) reaches the noise level
when the ED is turned on. What is
observed is effectively a mode
stabilization and not a mode locking as
one could expect from the interaction
of the magnetic perturbation produced
by the ED with the m=2 n=l tearing
mode (which in most cases. 2.5<q<4.5. is
close to the ergodic layer but not
involved in it). The analysis of the
Mirnov signals recorded on an array of
16 poloidal field pick up coils (Fig 4b)
shows that the SB g amplitude of the m=2
n=l tearing mode vanishes and that as
usually observed the decrease of the
mode amplitude is accompanied by a
slight increase of the mode frequency
(Fig.4c) as far as the m=2 mode is
detectable (5B0/Be*10"5). Moreover the

signal recorded on the locked mode detector (composed of four saddle loops
measuring the n=l radial field perturbation near the wall inside of the vacuum

1.5

0.5

6.0

2.0

<ne>

1.5

0.5

tôftEfC; *••'-•*'
1 '.".'.- ..LI i.

I .'cfavertor MA»MU*Mn»«

,,t(s)

FIG 3 MHD STABILIZATION WITH THE ED



vessel) remains at the noise fluctuation level which correspond to 6B r/Be =10
(FigSc). From these data we conclude that, the ED stabilizes the m=2 n=l tearing
mode. According to the A ' linear
theory, we assume that the stabilization 1>5
results in a modification of the current
density gradient around the q=2
surface. A part of the initial current
flowing at the plasma edge is expelled
and forced to flow more deeply in the
plasma because of the enhanced
resistivty inside the ergodic layer
resulting in a new connection
established by the ED with the wall. The
mode stabil ization is a fast
phenomenon, occuring at the same

1.0

> 0,5

J
0,0

0.3-

». «$1.0
&

1,7

N1.6

* 1,5

-D-O-Q-D-OQ-D-O-1

B BBBi BB

4,48 4 ,50 4 , 5 2 4 ,54 4 , 5 6 4 ,58
FIG 4 SHOT 5179 TIME(s)
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rate as the current divertor rise(100ms
to reach the full 2.5kA). It seems that
the time scale limiting the mode
stabilization is rather given by the
current divertor rise time than by the
resistive skin time at the edge which
governs the plasma current density
behaviour. Thus it seems that with the
ED the resistive skin time from the edge
to the q=2 surface is much lower than
100ms. Decreasing thccurrcnt divertor
rise time down to the limit given by the
resistive skin time at the edge would be
helpful to prevent disruptions occuring at a time scale faster than 50- 100ms.

Finally it is important to note that the mode stabilization is not a direct
consequence of the density decrease. The mode stabilization is also observed in
helium discharges for which the ED does not induce any pumping and moreover
in deuterium plasmas the mode stabilization time scale is much lower than the
density decrease time scale.(Fig2.&4.).

Ill) A PILOTING STRATEGY TO PREVENT DENSITY LIMIT DISRUPTIONS.
The ED impact on plasma parameters clearly indicates that this device can

be used to prevent density limit disruptions. The last problem is to find a reliable
trigger which indicates that the plasma is entering in the predisruptive phase.
The earlier phenomenon which proceeds the disruption by several 100ms is the
plasma detachment. A lot of plasma detachment signatures can be used to trigger
the ED. for instance: i)The ratio Prad/Pohm reaching about 1; ii) the edge
temperature falling below lOOeV; iii) a bolometer edge channel signal dropping to
zero. Some of these signatures are more or less easily usable with the required
time response. So far as the predisruptive phase is long cnough(>SOms) and the
growth rate of the m=2 n=l tearing mode lower than 100s"1 th^ ED is trigcrrcd on a
MHD activity amplitude threshold taken on the MHD monitor. The threshold is
taken at 5Be/Be*2.10~4 corresponding to an m=2 island width of 2-3cm and to
0.4voll on the MHD monitor. The strategy itself is taken in three steps: i)The MHD
activity threshold is detected ii) the gas puff is stopped and iii) the ED is applied.
Examples of disruption avoidance is given in Fig.5 and Fig.6. Specific discharges
( l<Ip(MA)<1.6; Bt=3T; Ro=2.4m; a=.75m; 2.54 q4 4.5) were made to check the
efficiency of the ED and of the piloting strategy for preventing disruptions. In
these discharges the density limit is approached by rising the plasma density. Up
to now, the database contains 20 discharges and the efficiency of the strategy to
avoid disruptions is 100%. Nevertheless, before using routinely this procedure on
TORE SUPRA, some additional checking are required. The disruptive nature of
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FIG.5 Disruption avoidance
in a dirty deuterium discharge at q=3.4
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FIG.6 disruption avoidance
in a clean deuterium discharge at q=3.4

(Mq)lim=10.1019m-2T-1

FIG 5 and FIG 6 show the plasma current Ip; the divertor current Idiv! the
average electron density <ne>; the store kinetic energy W; the ohmic and
radiated powers; the internal inductance lj; the MHD monitor 5B0; central and
edge electron temperature and "central" OVIII and "peripherical" OIV oxygen
lines. The OIV emission is not detectable on shot 6869. In the shot 6081 the ED is
applied only for 2.5s while it is applied 8s in the shot 6869

these discharges is illustrated on Fig.l. Despite the correct detection of the MHD
threshold and the proper switching off of the gas puff, the disruption actually
occurs because the ED has not been activated.

Finally, let us mention another ED property encountered in these
experiments: the stabilization of the poloidally symmetric radiating layer of a
detached plasma keeping the ratio Prad/Pohm close to 100% [6]. This property has
been observed for the "dirty" shot series (Fig.5). This stabilization occurs on the
ergodic layer where the electron temperature is kept well below lOOeV. The
stability of a radiating layer in presence of the ED in contrast with a usual
detached plasma seems to result from the non coupling of the radiation and the
current density in the ergodic layer. The stabilization of the detached plasma is
not observed on the "clean" shot series(Fig.6) for which the plasma reattaches



after the disruption avoidance, the electron temperature in the crgodic layer
becoming of order of 200cV. Interesting experiments will be on clean discharges
at Mq=7 or 8 by injecting up to the disrupting limit highly recycling impurities
like neon. Thus, we expect to create a detached plasma and to check the ability of
the ED to avoid disruptions and to stabilize the radiating layer,

IV CONCLUSION
It has been experimentally demonstrated that the associated effects of the

ED on the plasma properties, i.e. the m=2 n=l tearing mode stabilization and the
fast decrease of the plasma density, can be used to prevent density limit
disruptions. These two effects have been combined to test a piloting discharge
strategy for preventing density limit disruptions. The strategy efficiency is 100%
on specific deuterium discharges (about 20) for which the density limit is reached
by rising the density. Before using it routinely on TORE SUPRA, some additionnai
checks are required: 1) What happens when the disruption is triggered by an
impurity influx? 2) What happens with auxilliary heating?
Let us note that for prudence sake, the two ED effects (m=2 stabilization and
density decrease) have been combined; but experiments show that the density
decrease is not absolutely needed to avoid disruptions as it is enough to stabilize
the m=2 n=l mode(the disruption trigger). This also may indicate that with the ED a
new diruptive limit, beyond the standard density limit, has to be found.

Furthermore another important feature found in these experiments is the
stabilization of a detached plasma which radiate 100% of the plasma output power.
This is useful for spreading the power losses of a thermonuclear plasma.
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