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Abstract
We have recently defined on TORE SUPRA a discharge piloting strategy to prevent

disruptions at the density limit, based on the property of the Ergodic Divertor to stabilize
MHD activity. This strategy allows plasma studies close to the density limit without
disruptions, and has been successfully used on TORE SUPRA ohmicly heated plasmas. The
Ergodic Divertor allows also the stabilization of detached plasmas which appear
spontaneously near the density limit. Edge impurities are shown to play a fundamental role
in this stabilization. Detached plasmas have been thereby controlled during 10 seconds.
F> Introduction

The control of a stable edge radiating layer is a possible alternative to solve the open
problem of the divertor plates design for a machine like ITER. Those divertor plates will

have to withstand a continous peak heat flux in
he range of 15-30 MW/m2, assuming that 50%

of the thermal exhaust power (200MW) is
radiated. These design values address three
questions: first what are the conditions needed to
radiate 50% of the plasma output power on ITER,
second is 50% of radiated power enough
compared to the technical possibilities and third,
if not, will it be possible to radiate more power?

We find on TORE SUPRA that the ratio
of the radiated power Prad (measured by an array
of 16 bolometer located in a poloidal section) to
the total input power P tot (where
Ptot=Pohm+PLHCD+Pwci) decreases with the total
input power (fig. La) according to the large
increase of the edge temperature (fig.l.b). So, for
a perpendicular heat flux in the range of 0.05 to
0.1 MW/m2 at the plasma periphery and an edge
density of about 1.5 1018nr3 (shots with Ptot=7-
8MW) the power ratio Prad/Pinput=30% is
obtained. In this case, the edge electron
temperature measured at (r/a)=0.95 is 50OeV.
This high edge temperature does not allow high
radiation rates. We find also that the ratio
Prad/Pinput increases with the density. This is a
reason why high edge densities close to the
density limit are attractive.
Recently we found in ohmic heated plasmas that
the Ergodic Divertor (ED) can be an interesting
tool to control the plasma edge temperature[l,2].
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fig.l. Relative radiated power and edge
inversed electron temperature 1/T66 (measured
at p=0.95) for D2 discharges with additional
power. In the range l<PiQ|<2MW T66 decreases
since a part of the R.F. power is used for the
current drive.

H) Experiments near the density limit with the Ergodic Divertor
Two effects of the ED have been used on TORE SUPRA to elaborate a discharge
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piloting strategy to prevent density limit disruptions [3]: first, the ED stabilizes the m=2 n=l
tearing mode[4] and second in deuterium discharges it induces a large pump out of plasma
particles. The tearing mode stabilization is not a consequence of the density decrease. It is
also observed in helium discharges in which gas puffing compensate for the density decrease
induced by the ED.
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fig.2.a Shot 6081. Disruption avoidance in a duty
D2 discharge at q=3.8^
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fig.2.b Shot 6869. Disruption avoidance in a clean
D2 discharge at q=3.6

fig 2.a and fig 2.b show the plasma current Ip; the divertor current Idjv; the average electron density <ne>; the
stored kinetic energy W; the ohmic power Por,m and the radiated power Prad; the internal inductance Ii; the
MHD monitor SEQ; central (Teo) and edge (Tee) electron temperature, "central" OVIII(X=l,9nm) and
"peripheral" OIV(fc=23.8nm) oxygen lines and "central" ClXlV(X=23.7nm) chlorine line.

Our strategy is to trigger the ED and to switch off the gas puff at a well defined
threshold of die m=2 n=l mode amplitude (<5Be/B0=3.10-3) when the plasma has already
detached (the plasma is detached when a toroidally and poloidally symmetric layer of intense
radiation is observed at the edge). We have checked the efficiency of this strategy on
discharges where the density was ramped up c*ose to the density limit, for different plasma
conditions as wall conditionning and plasma purity. These experiments have shown that the
ED is able to stabilize both the MHD activity and the detached plasma, and have allowed the
determination of the conditions necessary for the stabilization of the detached plasma.

The data reported in this section concern two series of shots on which the strategy has
been applied. Each series is characterized by a highest value obtained of Mq (M=<ne>R/Bt
being the Murakami parameter and q the safety factor at the edge)which depends on the
impurity contamination of the plasma. In the first series the density limit is encountered at
Mq=T-IO19In-2T-1. This rather low value corresponds to "dirty" discharges (carbonized
vess-1 ), highly contaminated by oxygen due to a small air leak (no/ne=1.4%, nc/ne=0.8%).
In • ^second series the density limit is reached at Mq=IO-IO19In-2T-1 and correspond to

j" discharges after boronization, with a very low oxygen rate (no/ne=0.13%, nc/ne="cl
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fig.3 Shot 6081 Local emissivity&Te profiles

0.41%). In these two series the behavior of
the discharges after the application of the ED
is quite different.

In the "dirty" series (Zeff=2) it is
observed that the ED stabilizes both the
MHD activity (fig.2.a(d)) and the detached
plasma: in spite of the density decrease the
radiated power is maintained very close to
Pohm (in fact, Pohm-dW/dt, W being the
stored kinetic energy) during the application
of the ED(2.5s), and even afterwards
(fig.2.a(c)). The edge electron temperature
Tee measured at r=r/a=.9 (with a=.77m)
drops from 30OeV to below 20OeV in the
"predisruptive phase" of the discharge
proceeding the application of the ED
(fig.2.a(e)). With the ED the edge electron
temperature is maintained at this low level
(fig.S.b). It is observed that the peripheral
lines located in the ergodic layer (like
oxygen line OIV) increase while the more
central lines located in the plasma bulk (like
OVin line) decrease with the density
(fig.2.a(f)) [S]. The carbon line CVI(Lyq) and the oxygen line OVIH(Lya) show the same

dependence. The shrinking of the radiating layer
observed during the "predisruptive phase" is
stopped and reversed when the ED is turned on
(fig.3.a.). The expansion of the radiating layer
radius is quite slow (5cm/s).

Using the strategy we could produce a
detached plasma during 10s (fig.4.c). The
détachement (t=2.4s) is induced by a strong gas
puff. The electron density is then stabilized 15%
below the density limit(fig.4.b) and we observe
that the plasma does not reattach(figS). The
cooling of the plasma boundary, the shrinking of
the plasma profiles and the whole set of
predisruptive phenomena (growth of MHD
activity, increase of Ii, increase of Prad/Pohm) are
quite slow: the ratio Prad/Pohm which is about .8
when the plasma detaches takes more than 6s to
reach 1 (fig.4.c). The radius of the radiating layer
has then decreased by =15cm. At that time, the
mode amplitude reaches the critical level and the
ED is triggered. In this case too, the inward
motion of the radiating layer is reversed and the
ratio Prad/Pohm stays close to 1. In this discharge
we observed that the ohmic power decreases with
the ED by about 20%, corresponding to the
impurity decrease in the confined plasma.

In the "clean" series (Zeff=1.2) it is
observed that after the triggering of the ED, the
ratio Prad/Mjhai drops from 1 to .5 corresponding
to th? plasma reattachement (fig2.b(c)).
Correlatively the edge electron temperature T66
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fig.4. Shot 5568 .Disruption avoidance in a
dirty W. discharge at q=3.9
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after the "predisruptive phase" recovers a level close to 20OeV (fig2.b(e)). At this high edge
temperature, the OIV emission is below the detection limit. On the other hand, as in every
high density shot, chlorine emission is recorded. With the ED, the peripheral lines
brightness do not increase and a drastic decrease of chlorine emission is observed (nci/ne
drops from nci/ne=0-065% to nci/ne=0.008%) (fig.2.b(f))- The plasma «attachment is

attributed to the fact that there are not enough
impurities in the plasma to sustain a high
radiation rate and a low edge temperature when
the density decreases. In this case the expansion
of the radiating layer is faster than in the dirty
series (typically 30-50cm/s).

This reattachment allows an additional
observation during the shrinking phase of the
plasma: the very cold region between the wall
and the radiating layer is filled with neutral
panicles corresponding to a partially ionized
plasma. With the ED the plasma reattaches and
this cold region is heated up. The visible light
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fig.5 Shot SS68. Radiative layer brightness. The
ED is applied at t=83s
recorded on a CCD camera looking tangentially at the plasma boundary on the high field
side reveals for the first time structures of magnetic flux tubes in the ergodic layer (fig.6).
Although magnetic surfaces are fully destroyed, modulation
of field line connection lengths reminds the topology of the
magnetic islands induced by the resonant perturbation
created by the ED [6,7], The poloidal and radial extension of
the structures corresponds to the expected size of the
magnetic perturbation m=18±3 n=6. The visible light
intensity modulation may represent the density modulation
associated with the modulation of the field lines connection.
When the edge temperature increases neutral particles are
ionized and the structures are no longer visible.
TS] Conclusion

The discharge piloting strategy which allows the
stabilization of the MHD activity is a powerful tool for the

10 cm
fig.6 Shot 6877. Ergodic layer
during the shrinking phase of the
plasmastudy of radiating layers stability. Indeed, if the impurity

concentration is sufficient, this strategy allows the stabilization of an edge radiating layer
which dissipates 100% of the input power. ED experiments are planned on Tore Supra to
succeed in stabilizing a radiative layer in a clean discharge, with the help of an extrinsic
impurity injection (N or Ne) at the edge. Experiments with a stable and high density (10 or
15% below the density limit) would also be quite interesting and would allow the
stabilization of an edge radiating layer, without any impurity injection. The ability of the
radiating layer to dissipate a large amount of additional power will also be studied soon.
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