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Long pulse operation is the main focus of the research program on the high field
superconducting TORE SUPRA tokamak. During the past two years, most of subsystems
(Lower Hybrid Current Drive, Ion Cyclotron Radiofrequency Heating, Pellet Injector, Inner
Wall, Pump Limiters) have been tested separatly and time constants of associated phenomena
have been investigated. In 1992, combined experiments have allowed to perform a IMA-lmn
long flat top current plasma discharge. The present paper concentrates on the main
characteristics of this long pulse high energy discharge.
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!.INTRODUCTION

Achievement of long pulse discharges is difficult because it implies a strong interaction
between plasma physics performance (non inductive current drive, impurities, ...) and
technology (superconducting magnets, actively cooled plasma facing components ,...). To
operate in stationary regime some key problems have to be solved.

The first obstacle is the limitation of the primary flux swing. Non inductive current drive is
necessary to save poloidal flux and extend the pulse duration. On TORE SUPRA the available
transformer flux is limited to 15Wb allowing
about a 12 seconds plateau duration in IMA
ohmic plasma discharge. This time has been
extended by applying lower hybrid waves.

The second requirement for long pulse
discharges is continuous heat exhaust This
requires actively cooled plasma facing
components to avoid large superficial
temperatures. On TORE SUPRA the inner
wall and the limiters which are made of
graphite, are actively cooled with
pressurized water ( 150 - 230 0C, 3 MPa )
during and between the shots. Owing to the
ability to sustain 0.5 MW/m2 continuously,
6 MW of conducted power can be handled
on the inner wall. Note that a set of six
pump limiters are being optimised for an
average heat removal capacity of about 3.5
MW/m2 leading to a power capability of
0.7 MW for each in a steady state regime.

The third problem for stationary operation
is the control of the plasma particle content
which is, up to now, governed by wall
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effects. Experiments with pump limiters
have shown density reduction effects
with efficient measured exhaust. So far
this effect is associated with relatively
long time constant response due to
dominant wall recycling processes /1/.
The present experiments have been done
without this active particle control.

One minute experiments have been
performed with current of IMA at a
central density of 3.5xl019 m-3 in
deuterium plasmas (R=2.34 m, a=0.78
m). The plasma current was partially
(80%) driven by the LH waves. Ion and
electron temperatures of 1.7 keV and 5.5
keV respectively were obtained (Fig.2).
The superconducting toroidal magnetic
field operates continuously at 3.9 T. The
position and shape are controlled (±2mm)
through a digital feedback loop (based on the isoflux method) acting consistently on the nine
poloidal field coils connected in parallel to the main power supply. The plasma was limited on
the inner wall carbon tiles which provide powerful pumping capacity. A periodic (= 16 s)
vertical displacement (± 4 mm) of the plasma column was done for a better spreading of the heat
flux on the inner wall and increase of the pumping surface.
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2.NON INDUCTIVE CURRENT DRIVE

The lower hybrid power is coupled to the plasma via two multijunction type launchers which
are actively water cooled. Each launcher is fed with 4 MW delivered by 8 klystrons operating at
a frequency of 3.7 Ghz /2/. The peak refraction index, n//, of the wave was 1.8 (An// = 0.5) in

long pulse operation (0° phasing). The global
reflection coefficients were kept between 3
and 5 % by maintaining the two launchers
mouth at a distance of 2-3 cm away from the
plasma. A 2.5MW-62sec rf pulse duration
was used to extend the discharge of Ip=IMA,
5« =» 2.3xl019 m-3 to 67 sec. As shown by
the ECE signal, on the Fig.3, the main
signature of the non inductive current drive
was the build up of an energetic electron tail
with fast electrons which are accelerated to
energies up to 500 keV. The ECE increase is
due to the density decrease during the shot.
The loop voltage was 0.15 V to be compared
to 0.85 V for a similar OH discharge. A
lower hybrid energy =155 MJ has been
delivered to the plasma allowing to replace =
41 Wb, i.e. a flux almost three times the
available OH transformer flux. The
normalized, machine size independent
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efficiency for the resistive flux saving /3/,
Cres, is about 0.37xl013 Wb.nrVJ. This
value corresponds to a global current drive
efficiency Tig=-(neRIpAV/VoHPLH) of about
1.7xl019 A.m-2/W.



In some of the long pulse discharges, the LH waves were also applied during the current rise
phase to save one additional Weber. The actively cooled launcher protection has proved tp_be
quite satisfactory. Its plasma facing surface temperature increased of about 170 C (300 L for
the leading edges) during the beginning of the 2.5 MW-62 sec rf pulse. Full thermal
equilibrium is reached in 15 seconds and allows cw operation.

3.HEAT EXHAUST

During the 1991 shutdown, a careful alignement of the inner wall was undertaken reducing
the mean shift down to a value of 0.5 mm. There remains some overheated leading edges in
spite of a very well equilibrated global heat flux between the different sectors.of the inner wall.
In the minute range experiments, « 70 % of the injected power only are found with
calorimetric measurements. About 75 % of this fraction are extracted from the inner first wall
which limits the plasma. It must be noted that some brazings have probably been deteriorated
by the realignement procedure leading to hot spots. Submitting the inner wall to plasma heat
flux has-progressively eliminated part of the.damaged tiles. But new failures of the brazing
appeared due to plasma wall interaction during the long high power shots. The surface
temperature of a well brazed carbon tile rises by = 40O0C and its time constant is about 20 sec.
Badly brazed tiles may reach temperatures >1800°C in about 10-20 sec. In that case, carbon
fluxes can increase abruptly and cause carbon blooms. For the first wall as a whole, water
temperature rises by 160C. An equilibrium temperature is obtained after about 40 sec. After
the shot, pressurized water cools down in about 60 sec.

4.REFVELLlNG, RECYCLING and IMPURITIES
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The inner first wall is usually operated with temperature at 150-190 0C and helium cleaning
discharges are performed prior to long pulse
operation. This operating mode leads the inner
wall tiles, used as limiters, to provide
powerful pumping capacity. The core density
of long pulse discharges is fuelled by
deuterium gas puff. Note that during the one
minute flat top discharge, a very high DI flow
(» 600 Pa.l/s ) has been maintained to sustain
a volume averaged density of l.SxlO19 nr3.
This indicates that the inner wall remains

?umping during all the shot. The TORE
UPRA impurity behaviour is similar to that

observed in other ungettered tokomaks with
graphite limiters. The main impurity in ohmic
plasmas is carbon (=1%) In the present
discharges, oxygen impurity is negligible
(HC/HO ̂  10). During the rf current drive,
carbon influx is increased by a factor 3 with
respect to the ohmic level. Helium desorption
of the first wall components is significant
during all the plasma discharge and contributes
to the effective charge, Zeff, of the order of 2.
The fraction of radiated loss power Prad/Ptot
ranges between 30 and 40% in the presence of
rf power. The radiated power increase, at the
end of the shot, is due to the increase of Cu
impurity ( = 1016m'3 ) probably coming from
a damaged bottom pump limiter.
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5.PLASAfA PROFILES

The radial profiles of electron density,
ion and electron temperatures, are
obtained from I.R. interferometry,
Thomson scattering and charge exchange
systems. During the LH pulse the plasma
center is preferentially heated with Te, on
axis, increasing from 2.2 keV, in ohmic
heating regime, to 5.5 keV. Ion
temperature slightly increases from 1.5
keV to 1.7 keV. As shown by the time
evolution of the ion and electron kinetic
energies, on Figure 5, density and
temperature profiles are stationary during
the first 35 seconds. During the second
part of the shot the central electron density
slightly decreases leading to a diamagnetic
energy decrease. In fact the application of
LH power, in a sufficient low density
plasma, tends to peak slightly the current
density profile with respect to the ohmic
one. This explains the internal inductance
increase together with the density
decrease. The resulting current profile at
the end of the shot ( Ii = 1.4 ) leads to a
slightly enhanced energy confinement
time with respect to the prediction of
Rebut-Lallia scaling law /5/.
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6. CONCL USION

In summary,

- Tore Supra has operated with 1MA during more than 1 mn in quasi steady state conditions.
- Experiments with a lower hybrid pulse of 2.5 MW during more than 1 mn, have been

performed delivering 155 MJ to the plasma and allowing to replace = 41 Wb.
- The water cooled inner wall reached a stationary surface temperature after = 20s.

However hot spots persisted due to some badly brazed carbon tiles.
- The carbon inner wall limiter is sufficient to provide particle pumping at the plasma

boundary during one minute plasma maintaining a recycling coefficient R<1.
- High electron temperature CTe(0>=5.5 keV) has been obtained during !minute.
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