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Abstract
RECENT RESULTS ON TORE SUPRA
Recentresultsregardingheating, confinement, current drive and profile modifications,
heat and particle exhaust arereported.Improved core confinement is obtained after pellet
injection (PEP) or Lower Hybrid current drive (LHEP) and may be linked with small - or
reversed - central magnetic shear. Conversely, by increasing the magnetic shear in the gradient
region, both LHCD and fast wave electron heating (FWEH) have produced improved global
confinement with HRLW up to 2 at pp = 1.1, and 45% of the current was carried by the
bootstrap current. Fast wave current drive has been observed at the level of 80 kA in a
0.4 MA discharge. In the ergodic divertor configuration, stable radiative layers were obtained
with neon injection. At least 80% of a total of 7 MW injected power were radiated without
confinement degradation or impurity accumulation. Finally, the heat exhaust capability of the
various actively cooled plasma facing components is briefly described.

1. INTRODUCTION
TORE SUPRA is a large superconducting Tokamak (major radius : R =
2.4 m, minor radius : a < 0.8 m) routinely operated with a toroidal magnetic
field intensity Bo - 4 Teslas on axis. High-power Ion Cyclotron Resonant
Heating (ICRH) and Lower Hybrid Current Drive (LHCD) have been used
throughout the 1992-1994 experimental campaigns with powers up to 8 MW
and 6 MW respectively (several second pulses) and long-pulse discharges have
been produced with up to a 62 s flat-top at reduced power.
Steady-state heat and particle exhaust is now becoming one of the major
See the Appendix.
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controlled through a 12 m 2 graphite inner wall, a set of pump limiters and an
ergodic divertor, all water cooled. This provides a unique configuration for
studying the energy transfer mechanisms between the plasma and the wall by
radiation and convection, their compatibility with particle exhaust, and die
technology of actively cooled plasma facing components.
The recent experimental physics program has thus focussed on two major
items:
i) the improvement of plasma confinement and stability through the
control of the current density profile, with the objective of obtaining stationary
enhanced performance regimes ;
ii) die production of stable radiative layers in die ergodic divertor
configuration in the aim of preparing steady-state operation with reduced peak
heat load on die plasma facing components.
The next section of the paper will be dedicated to general transport
studies, and subjects i) and ii) will be dealt with in sections 3 and 4. Finally,
the heat exhaust capability of die various actively cooled plasma facing
components will be briefly described in section 5.
2. TRANSPORT STUDIES AND FLUCTUATION MEASUREMENTS
To improve our understanding of anomalous transport and its relationship
with plasma turbulence, both density and magnetic fluctuations have been
measured in various plasma regimes [1]. The corresponding diagnostics
involve reflectometry, coherent CO2 laser scattering and microwave crosspolarization scattering.
2.1. Ohmic and auxiliary heated limiter discharges
Ohmic plasmas generally follow the neo-Aicator confinement scaling. Up
to volume-averaged electron densities of 2 x 10 19 m*3 die electron thermal
diffusivity (Xc) decreases widi increasing density and a similar trend is
observed on the edge density fluctuations. At higher densities, no further
decrease of these fluctuations is observed and %e also remains constant
(1 m 2 /s). In this "saturated" ohmic regime, the ratio between the heat and
particle diffusiviries, Xc/D, is of the order of 3-4. On the opposite, the level of
magnetic fluctuations always increases linearly widi density.
In auxiliary heated plasmas (ICRH and LHCD widi predominant electron
heating) the magnetic fluctuations in the plasma interior increase significantly
while the confinement degrades (fig. I), which proves the full electromagnetic
character of die enhanced turbulence [1-2]. Discharges widi ohmic-likc current
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density profiles are in fairly good agreement with the Rebut-Lallia-Waddns
(RLW) global scaling, especially withrespectto the density dependence. The
RLW expression for the local heat diffusivity [3] also fits satisfactorily the
experimental data at high power, when the electron temperature gradient is
larger than the predicted critical gradient (VTc). The agreement is not so good
when VTe is close to VTC (i.e. at low power) which suggests that the RLW
expression of the critical gradient could be inaccurate. Including a simple
magnetic shear dependence in it would indeed lead to a better agreement [4].
2.2. Confinement in the ergodic divertor configuration
When a resonant magnetic perturbation (q - 3) of sufficient amplitude is
applied through a set of ergodic divertor (ED) coils [5], the magnetic field lines
become quasi stochastic within the edge plasma layers. Due to increased
electron losses in this region, die radial electric field profile is strongly modified
as deduced from the analysis of die Doppler shifted density fluctuation spectra
and confirmed by rotation measurements. The electric shear layer (E-field
reversal) is pushed inwards at a normalized minor radius r/a «0.8 where a
thermal barrier is created. Inside mis radius, die temperature profiles and the
transport coefficients are basically unchanged, but the electron temperature
gradient just outside r/a « 0.8 reaches values larger than 5.2 keV/m at the
border of the stochastic layer in which both the temperature and its gradient are
small (fig. 2a). The density gradient at die edge is weakly affected. The
temperature pedestal indicates a strong reduction of the heat diffusivity near die
electric shear layer. This is correlated with a significant reduction of die density
fluctuation level in die region r/a > 0.8 as seen from both reflectometry
measurements (fig. 2b) and coherent scattering (fig. 2c) [1]. As far as the
global confinement is concerned, and thanks to die diermal barrier, diese
discharges are similar to limiter discharges in that they still follow die RLW
scaling despite the magnetic field stochasticity in the outer plasma layers.
3. IMPROVED CONFINEMENT REGIMES
3.1. Pellet enhanced performance (PEP)
As in JET, pellet enhanced performance has been observed (fig. 3)
during which the fusion product njoIïotE reaches a peak value of l.lxlO20 nr
3.keV.s [6]. This was obtained at 4 Teslas/1.3 MA with 3 MW of ICRH
heating following a fast pellet injection in the plasma core (pellet velocities up to
3.3 km/s were achieved in die plasma widi a two-stage pneumatic injector). The
density on axis was transiendy raised above 2xlQP° ta'3, producing a peaked
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density profile and a central magnetic shear reversal. Code simulations (LOCO,
TRANSP) indicate a local reduction of the heat diffusivity [1 ].
3.2. Steady-state lower hybrid enhanced performance (LHEP)
A stationary improved confinement regime named "LHEP" has been
observed when the current density and electron temperature profiles are
strongly decoupled. This occurs when sufficient LH power drives most of the
plasma current non-inductively ( P L H > 2.5 MW for Ip <, 0.8 MA, ne(0) = 2.5 3xl0 1 9 nr 3 ). The LHEP regime is characterized by an increase of the magnetic
shear and a decrease of the heat diffusivity in the gradient zone, and by a
flattening - and sometimes reversal - of the q-profile in the centre (fig. 4a). It
leads to peaked electron pressure profiles (TeO ~ 6-10 keV) despite a slightly
off-axis power deposition from which a very low value of the core thermal
diffusivity is inferred (fig. 4b) [7]. The electron thermal energy content exceeds
the RLW prediction by a factor HRLW ~ 1-5 at 4 teslas while p*p = 0.5. The
discharges are found to be stable with respect to ballooning modes and
TRANSP analysis indicates that the central core of the plasma (r/a < 0.25)
provides access to the second stability regime.
At Ip = 0.6 MA, many discharges exhibited steady (m=2 dominated)
MHD activity. Preliminary analysis [8] showed that ideal n = 1 infernal modes
could be unstable for p p > 0.8 and the stability boundary for resistive ones
should be lower. Tearing or double tearing modes could also be invoked.
Nevertheless, application of LHCD on high-U plasmas obtained with a
1.2 MA/s current ramp from 1.7 MA down to 0.6 MA led to stationary MHDstable discharges with {3p up to 0.8 and HRLW =* 1-6. Those discharges which
were MHD-free are found to have a smaller magnetic shear on the q=2
magnetic flux surface, similar to the 0.8 MA ones.
Another set of experiments was performed at reduced toroidal magnetic
field (Bt < 2 Teslas) in order to produce higher normalized-p discharges ({$N =
PaBt/Ip). In such plasmas, LH accessibility conditions were similar to those in
high-density/4-Tesla plasmas. The plasma current was varied between 0 3 MA
and 0.8 MA. With LHCD alone, stable, fully non-inductive 0.4 MA discharges
were obtained with P p and 0^ up to 0.8 and HRLW ~ 1-8 (fig. 5). The
bootstrap current fraction amounted roughly to 35% (fig. 6). A dependence of
the MHD behaviour with respect to the phase velocity of the launched waves
was observed.

IAEA-CN-60/A-I-IM
6-

3.3. Fast wave direct electron heating and current drive
Direct electron heating from the fast magnetosonic wave has been studied
[4,12] at reduced magnetic field (Bt < 2 Teslas) in order to maximize the single
pass absorption of the wave through combined electron Landau damping and
transit time magnetic pumping. The frequency was 48 MHz (dipole phasing)
and the magnetic field intensity was adjusted so that die first and second
harmonic cyclotron resonances of the minority hydrogen lie respectively on the
inner and outer edge of die plasma. The only ion damping was through die
central third harmonic of die majority deuterium or helium-4 but die single pass
damping through this channel was negligible with respect to the electron one.
At Ip = 0.75 MA and a central density neo - 5xl0 19 nr 3 , a maximum power of
5 MW was coupled. Efficient electron heating was observed, me central
temperature rising up to 5.5 keV. High-p*p discharges have also been obtained
at Ip = 0.35 MA, n«o » 4xl0 1 9 nr 3 when 4 MW were applied, leading to TeO 4.5 keV and Pp- 1.1. In Uiese discharges, both the current density (ohmic +
bootstrap) and electron temperature profiles (fig. 7) were peaked and up to 45%
of die current were carried by the bootstrap current (fig. 6). An increase of die
toagnetic shear in die gradient region led to improved global confinement as in
die LHEP regime and HRLW factors up to 2 were obtained (fig.5). As shown
in figure 8, HRLW scales linearly with power and increases at low plasma
current. In fact, in bom LH and FW iugh-Pp discharges, the confinement
enhancement and die bootstrap current fraction scale roughly linearly widi Pp
and pp(a/R)1/2, respectively. Interestingly, die bootstrap scaling is larger tiian
previously obtained on other Tokamaks in which a significant fraction of die
plasma energy was carried by fast ions (fig, 6).
Antenna phasing experiments have started [12] in the aim of studying fast
wave current drive (FWCD). Up to 4 MW were coupled to 0.75 MA
discharges with a 90° phasing, with litde degradation of die electron beating
(TeO - 4 keV). At lower plasma current (0.4 MA) current drive effects could be
more easily assessed from time dependent simulations of die discharge
(CRONOS). In order to reproduce die evolution of the experimental signals
Qoop voltage, magnetic measurements, Faraday rotation angles,...), for 90°
co-current phasing, a total non-inductive current of about 170 kA must be
assumed consisting of 90 kA bootstrap and Uierefore 80 kA driven by die fast
wave. Figure 9 shows the result of a phase scan. The agreement widi our full
wave code simulations (ALCYON [13]) is fairly good, altiiough the
experimental current deposition profile which best reproduces die discharge
evolution is slighly broader dian predicted
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4. RADIATIVE LAYERS IN THE PRESENCE OF AN ERGODIC EDGE
The ergodic divenor (ED) installed on TORE SUPRA has already shown
interesting properties regarding MHD stabilization and impurity control. Here
we shall describe a third aspect of the ED physics, namely its capability of
producing stable radiative layers. For steady-state or long-pulse operation, the
heat flux on plasma facing components is strongly reduced when the outer
layers of the plasma radiate a large part of the total power. Extensive
experiments on such radiative layers produced in the ED configuration were
carried out [5] with up to 5.5 MW of ICRH or 3 MW of LH hearing.
Various elements were injected into the plasma, producing high edge
radiation (D2, He, CD4, N2, Ne, Ax). The small wall retention of neon
(especially with the ED on) was found to be important for controlling its
concentration from shot to shot and also for reducing the amount of injected gas
necessary to reach a given radiated power fraction. As a comparison, for the
same radiated fraction, only 1.4xl0 19 neon atoms (among which less than
5xl0 1 8 are found in the plasma bulk) had to be injected in a plasma containing
- 1 0 2 1 deuterium atoms whereas nitrogen required the injection of 8x1020
atoms. Thus, dense and cold stable layers located mainly on the low field side
(i.e. close to the divertor) radiated at least 80 % (25% of which from neon) of
the total 7 MW (ohmic + ICRH) power. An example of such a discharge is
shown on figure 10. The neon concentration in the plasma core remained below
1% (AZeff =1). Pushing the radiated fraction higher led to an extension of the
radiating layer towards the high field side and to plasma detachment on the low
field side. ICRH coupling was then reduced thus leading to a more unstable
situation.
Comparing the high radiated fractions obtained in the ED and outboard
limiter configurations, large differences were noted [5]. The limiter
configuration requires about ten times more neon injection than the ED one for
a similar radiative loss increase of about 1 MW (fig. 11). This led however still
to central concentrations of about 1%, due to a larger apparent screening of the
injected species in die limiter case. Indeed, neon wall retention was higher in
the limiter case, probably because the higher energy of impinging ions led to
deeper wall penetration. Consistently, the after-shot decay time of the neon
pressure was longer (50 s versus 20 s in the ED case). Finally, in the limiter
case, radiation fractions higher than 70% led to the production of MARFE's on
the high field side and eventually to disruptions.
Infrared thermography of the ergodic divertor neutralizer plates shows the
large reduction of me convected heat flux in the presence of a radiating layer
(fig. 12). Active pumping has shown a similar efficiency in both limiter and
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-sED configurations. At the highest radiation levels, when reaching plasma
detachment, the pressure drops significantly in the pumping chamber, thus
reducing the pumping capability.
5. HEAT AND PARTICLE EXHAUST
Heat and panicle exhaust studies with other actively cooled plasma facing
components have been pursued [14]. The steady-state heat removal capability
of the 12 m 2 graphite inner wall allowed to inject 32 MW during 62 seconds
(200 MJ). A very good accuracy in the tile alignment (0.5 mm) is necessary to
avoid overheating of protruding edges.
A set of modular pump limiters (1 equatorial and 6 bosom ones) provides
an alternate means for achieving both heat and particle removal. As for all other
components including die ED, the pumping efficiency of mese limiters
increases roughly as the square of die plasma density. Maximum power loads
of 0.8 MW could be deposited during 9 s on the 0.3 m2 outboard limiter
(3 MW/m 2 mean, 17 MW/m2 peak) and 0.6 MW during 6 s on a 0.12 m2
vertical one (4 MW/m2 mean, 8 MW/m2 peak). Three vertical limiters used
simultaneously allowed to extract 1.2 MW during 25 seconds. Thermal
equilibrium was reached after 5 and 2 seconds for die horizontal and vertical
limiters respectively (fig. 13).
6. CONCLUSION AND FUTURE PROSPECTS
Promising results have been obtained regarding both die obtention of
improved confinement regimes and of highly radiating layers. First experiments
on Fast Wave electron heating and current drive have been very encouraging.
They confirmed the beneficial effect of increasing the magnetic shear in the
gradient region of the discharge for reducing die anomalous heat transport, as
was obtained also with LHCD. Progress towards steady-state high-pp
operation is a challenge for the future and an open question relates to the shape
of the current density profile in die plasma core. In principle, botii hollow
(LHEP) and peaked (FWGD) profiles can be produced in steady-state together
with a large fraction of bootstrap current. One of the aims of future high-fip
experiments will be to compare the transport and stability properties of peaked
and shear-reversed configurations, and dicir respective merits for "advanced
Tokamak" operation.
As far as heat and particle exhaust is concerned, stable radiative layers
(£80% radiation) have been successfully obtained through neon injection in the
ergodic divcrtor configuration. The production of a magnetically ergodized
plasma edge turns out to have a set of interesting properties for high power
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steady-state Tokamak operation (radiative layers, pumping, impurity control,
MHD subilization). The ergodic divertor thus appears as an attractive
alternative to the conventional poloidal divertor and will deserve further studies.
The programme will continue along the following lines :
i) Improvement of the machine capability to operate with radiative layers,
and of the associated diagnostic equipment. In particular areinforcedergodic
divertor is being designed which should be compa'ible with a convected power
level of about 10 MW.
ii) Improvement of plasma facing componentsjo increase the heat and
particle exhaust capability, in both radiation and conduction regimes. A new
generation of high flux actively cooled components is now under study.
Hi) Steady-state scenarios using current drive and current profile control
techniques, and also high pp regimes.
Progress along these three lines should allow to operate the machine with
discharge durations well beyond 100 seconds (TORE SUPRA CONTINU"
project).
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Fig. 1. Behaviour of the magnetic fluctuations in ohmic and auxiliary heated
discharges as a function of the central density. The parameters of these helium
plasmas are Ip = 1.3 MA, Bt = 3.7 T, q, = 3.
Fig.2. (a) Temperature profiles with (open) and without (black) the ergodic
divertor. Triangles correspond to measurements by Thomson scattering and
squares are from Langmuir probe measurements. The (helium) plasma
parameters are <ne> = 3.5xl0 19 m 3 , Ip = 1.4MA, B, = 3*2 T, q*«3. (b) Radial profile of the reduction of the turbulence level with ergodic
divertor operation, measured by reftectomeuy.
(c) Evolution of the squared density fluctuation level measured by
coherent scattering for a wave vector k = 400 nr 1 .
Fig. 3. Time evolution of die plasma parameters for a typical shot with injection
of a fast pellet (2 km/s, 2.5x1021 deuterium atoms) and ICRH.
Fig.4. Stationary LHEP discharge : I p = 0.8 MA, B t = 4 T, 1^(0) = 2.7x101*
nr 3 , PLH = 3 MW.
(a) Current density profile at time t = 8s. Total and LH-driven currents
are obtained with magnetic reconstruction (IDENT-D) and ray-tracing (BonoliFuchs) codes.
(b) Time evolution of the electron diermal diffusivity (Xc), central safety
factor (qo) and central electron temperature (TeO)Fig.5. Confinement improvement factor,

HRLW»

versus pp : L-mode (+),

LHEP (x), FWEH (o), combined LHEP/FWEH (*).
Fig. 6. Bootstrap current fraction as a function of Pp(a/R)1'2, in TORE SUPRA
ohmic plasmas (+), during LHEP (x), and with FWEH (o). Also shown are
data from JET, JT-60 and TFTR [9-11].
Fig. 7. Electron temperature profile during ohmic and FWEH and Fast Wave
power deposition profile predicted by ALCYON (shaded).
Fig. 8. Confinement improvement factor versus fast wave power.
Fig. 9. Fast wave driven current versus antenna phasing. Squares correspond
to experimental results and triangles to ALCYON predictions.
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- 13Fig. 10, Time evolution of the main plasma parameters during aradiativelayer
experiment with ICRH.
Fig. 11. Radiated power fraction versus the number of injected neon atoms in
the limiter and ergodic divertor configurations.
Fig. 12. Infrared thermographic image of an ergodic divertor neutralize^ (a)
without a radiative layer, (b) with a radiative layer, (c) Time evolution of the
thermal flux on the ergodic divertor neutraliser plates and ICRH power.
Fig. 13. (a) Time evolution of three representative locations on the front face of
the outboard limiter when the extracted power is 800 kW.
(b) Time evolution of three representative locations on a vertical
limiter when the extracted power is 400 kW.
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