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Abstract

The modification of power scrape-off-length, Aq, and power

deposition are studied during various configurations in ohmic TORE-

SUPRA plasmas. The plasma is either leaning on the horizontal limiter

alone, on the full set of 6 pump limiters or on the inner bumper

limiter, all configurations with and without the ergodic divertor

system energised.

From comparison of the infrared images of the limiter we

derived that the Aq for power deposition was slightly less than 9mm

(+/-1mm) in ohmic plasma which is in agreement with the predicted

design value of 10mm.

Inserting the 6 limiters, instead of 1, does not modify

significantly Aq, but lead to small asymmetries. The power is shared

by all the limiters and the maximum surface temperature on the

horizontal limiter decreased. These Aq values have been independently

determined by calorymetric measurements done on the integrated energy

deposition on the horizontal limiter and other internal structures 5cm

into the scrape-off layer. These values agree with the infrared

measurements in the two cases.

In the presence of the ergodic divertor we observe a

broadening of the scrape off layer, the e-folding length for power

deposition reaching 2.5cm. Large asymmetries on power deposition can

be seen on the front face of the limiter leading to the formation of
hot spots at the leading edges.

* This work was performed under the US/France collaboration

agreement and was funded in part by the US DOE under contract N* DE-

AC05-840RHOO.

+ Permanent address: Sandia National Lab., Albuquerque, USA.



1. Introduction.

The experimental conditions [t] envisaged for Tore-Supra
operation, i.e. large additional heating power to the plasma (25MU)
for long pulse duration OOseconds or more) emphasized the need to
find methods to control the particle balance and to remove the heat
losses at the plasma boundary without being overwhelmed by the
impurity influx which is one of the most crucial problems that long
pulse machines have to solve today. For example JET has already been
confronted to this problem (called "the Carbon bloom") when operating
in an all graphite environement [23.

Tore-supra is a medium size machine (R=2.365 m ; a=0.8 m)
aimed to tackle problems relevant to the next generation of tokamaks.

This tokamak is entirely designed for long pulse operation [3]
with a nominal plasma current of 1.7 MA and a magnetic field of 4.5
Teslas at 2.25 Metres. All the internal components are actively cooled
(40 Bars, 200"C) for long operation at full power (25MW1 3Os).
We have large areas of plasma-wall interaction and*at least 3
different regimes can be distinguished, figure 1:

- I) A discrete limiter regime where 7 limiters [4],[5]
[6], [7], are used to control the plasma density and heat removal with
external fuelling sources (gas, pellets and neutral beams). The set of
limiters is designed to handle 8 MW (1 MW for each of the six
vertical limiters and 2 MW for the horizontal limiter) and to remove
between 50 and 100 t.l.s

- II) An inner bumper limiter regime where the plasma is

leaning on the toroidal bumper limiter capable of handling up to 13 MW
in a O.C. regime. This large limiter is made of graphite tiles brased
on an actively cooled stainless-steel structure. Its surface of 12
2 2

m represents a large fraction of the 90 m inner vessel
area.

Ill) A divertor regime [8],[9],[10] where the plasma is
pushed on the ergodic divertor coils (6, equally spaced inside the

machine). The aim of the ergodic divertor is to bring up externally
driven modes which create an ergodic magnetic boundary layer. The role
of the radial field perturbation is to connect "gently" the ergodic
layer to the outer limiters and facing components. The goal to be
achieved by this system is to enhance drastically the transport in the
edge without destroying the bulk properties. The main effects expected
are: 1) a lowering of the temperature at the edge and thus at
the wall and limiters to reduce the production of impurities,

2) an increase of density at the plasma edge to facilitate
particle removal by pumping ducts installed between the winding of the
current bars. These channels lead particles to titanium pumps (for
H or D ) installed on the 2 sides of each ergodic-divertor



coil.

3) to prevent impurity ions to backstream along the field
lines to the bulk of the plasma . The ions are expected to be dragged
out by friction and contained near the neutraliser plates.

Of course these 3 independent regimes can be mixed up by a
proper choice of plasma position and radius and by moving the pump
limiter positions.

2. Experimental conditions.
Different operating scenarios have been used so far on TORE-

SUPRA. depending on the scientific program accomplished. Usually the
plasma is formed on the inner wall (R=232cm, a=76cm) and subsequently
displaced 6cm outwards, early on the current plateau, to lean on the
horizontal pump limiter (R=238cm. a=75cm). A first comparison is made
hereafter of the thermal load when the plasma is in contact either
with the horizontal pump limiter alone or with the horizontal pump
limiter and the vertical limiters. Secondly a comparison is made of
the thermal load on the horizontal pump li'miter.» used alone to limit
the plasma, with different shapes and magnitudes of plasma current and
for different values of the ergodic divertor coils current.

3. Diagnostics.
By making spatially resolved infrared surface temperature

measurements during the plasma discharge, the magnitude and
distribution of the energy flux can be derived. For comparison,• the
surface temperature of the horizontal pump limiter is calculated with
a finite element code using a 30 description of the field lines, an
exponential scrape-off-layer, and the pump limiter geometry.

Calorimetric measurements of the different components are made
by extensive use of thermocouples enbeded in the structures of the
machine. These measurements provide estimates of the time integrated
balance of the energy flow at the plasma edge. Radiated and charge
exchange energy losses are deduced from the vessel calorimetry
(R=242cm, a=9lcm), conductive/convective losses onto the horizontal
pump limiter and vertical (top and bottom) limiters are independently
measured as well as the integrated energy flow on the ergodic
divertors, which are located 5cm in the scrape-off layer (R=238cm,
a=80cm) figure 1. An infra-red camera placed on the top of the machine
is wieving the pump limiter head through an endoscope. The infra-red
camera has been absolutely calibrated by means of absolutely
calibrated infra-red references placed under vacuum in the machine.



4. Experimental results.

4.1 Plasma leaning on the horizontal pump limiter only.

The pictures of the infra-red camera give the temperature

distribution on the horizontal pump limiter face and the time resolved

surface temperature rise during a discharge. The initial temperature

is the temperature of the cooling water flowing in the pump limiter

structure. During these experiments this temperature was 180'C or

200'C. The detailed heating pattern of the face is rather complex as

can be seen on figure 2. This figure presents a map of the temperature

on the pump limiter face. The temperature profile is almost symmetric

with respect to the tip . The maximum temperature of the central blade

is 370*C near the end (t=8s) of the current plateau (Ip=TSOkA) in an

ohmic plasma. From the temperature profiles and the synthetic profiles

from a numerical model TtS]. [14] we can unfold that the e-folding

length for power deposition A is 9mm 1mm. The e-folding lengthq
unfolded by calorimetric measurements is 10mm 1mm. The latter is an

averaged value all around the torus. The power load of the pump
-2

limiter reached a maximum value of 2.4MW.m >•

4.2 Plasma leaning on all pump limiters.
When inserting at the same radius r=75.5cm. the full set of 6

limiters, using the same plasma parameters, one finds that the
maximum temperature decreases to 305'C at the center of the pump
limiter. From the profiles and from the outputs from the code, we can
unfold an e-folding length larger than in the single limiter
configuration: 10mm tmm. The fact that the temperature profiles are no
longer symmetric suggests a shadowing effect of the observed limiter
by at least one other limiter. This effect is dependent on the safety
factor q at the edge.

4.3 Effects associated to the eraodic divertor.

The plasma is leaning on the horizontal limiter acting as the

only limiter in the machine and used to visualise the effects of the

ergodic divertor on the thermal and particle fluxes in the scrape-off

layer. The detailed heating pattern of the face is complex as can be

seen on figure 3. This figure presents a map of the temperature of the

pump limiter face. The temperature profile is no longer symmetric with

respect to the tip. The largest power deposition is on the upper half
of the ion drift side and on the lower half of the electron drift
side. The leading edges experiences large asymmetries on each sides in
the poloidal direction. The maximum temperature of the center of the

face is 320*C (instead of 480"C) on the flat top (t=7s) of the current
plateau (Ip=I.4MA). An important feature is that we have created a hot

spot on each of the leading edges. For exemple on the ion drift side

the temperature at the end of the current plateau (t=7s) is 430'C



when the ergodic divertor is on and 37Q*C without. All these effects
can be seen on figure 4 showing the time history of 3 points (see
location on figure 3) on the upper part of the ion drift side. As
soon as the ergodic divertor is switched on, a striking temperature
decrease can be observed on points located at the center of the pump
limiter and near the tip whereas the leadding edge heats up even
faster. These local structures on the front face of the limiter are
being modelled in reference [H]. This relative temperature increase
of the leading edges compared to the tip, corresponds to an increase
of the e-folding length for power deposition at the edge. This is
confirmed by calorimetric measurements which show a large increase of
the ratio of energy deposition onto the ergodic divertor structures
(5cm deep in the scrape-off layer) to the energy deposition on the
limiter (Aq=2.5cm). So far we have been using a provisional inertially
cooled limiter. This situation will be improved by replacing it by a

2
limiter head designed to be actively cooled so that 3kW/cm can
be removed permanently even at the leading edges.

••
Some more features and results can be found in reference [11]

on thermal load on the first wall and on particle exhaust, in
reference [12] and [13] for plasma modifications, in reference [14] on
the power deposition modifications in the scrape-off-layer and
[15],[16] on modeling of the power deposition on facing components.

5. Conclusion.
The insertion of 6 limiters do not modify significantly the

e-folding length for power deposition which is 9mm in the single
limiter experiment and 10mm in the multi-limiter configuration. The
temperature profiles are almost symmetric in the single limiter
configuration and slightly asymmetric in the multi limiter
configuration, depending on q at the edge (shadowing effect).

The ergodic divertor has proved its efficiency in spreading

the heat flux deep in the scrape-off layer, with a decrease by 3 of
the averaged temperature on the whole head when the current in the
ergodic divertor is maximum (4SkA). The e-folding length for power
deposition, estimated by calorimetry, is 25mm. The heat load of the
limiter face is asymmetric between top/bottom and ion/electron
side.

A drawback is that the ergodic divertor has created hot spots
on the leading edges of the pump limiter. So far, no tentative has
been made to prevent the formation of these hot spots by a proper
choice of experimental conditions (specially plasma current).
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Figure captions:

Figure 1 : Section of TORE-SURRA showing the respective positions of

the limitera, the inner vessel where the plasma can be

pushed on, the ergodic diuertor and the external first

wall. All these components are actively cooled (200"C,

tObars).

Figure 2 : Temperature distribution of the -front face of the

horizontal limiter in the single limiter configuration, at

the end of an ohmic shot. The temperature is almost

symmetic with respect of the tip.

Figure 3 : Temperature distribution of the front face of the
horizontal limiter in the single limiter configuration and
in the presence of the ergodic divertoV (Idiv=35kA). The
temperature distribution is no longer symmetric and
structures can be seen.

Figure 4 : Time evolution of 3 points (see figure 3) on the ion drift

side when the ergodic divertor is switch on. Note the

striking decrease of the temperature near the tip whereas

the leading edge heats up faster.
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SINGLE LIMITER CONFIGURATION

electron-side



Effects of the ergodic divertor:

electron side
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