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Abstract 

RECENT RESULTS ON TORE SUPRA 

Recent results regarding heating, confinement, current drive and profile modifications, 

heat and particle exhaust are reported. 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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challenge in thermonuclear fusion research. The TORE SUPRA edge plasma is 

controlled through a 12 m2 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 cross-

polarization 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 1019 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 m2/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 with respect to 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 -

3xl01 9 nr3). 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 MHD-

stable 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 03 MA 

and 0.8 MA. With LHCD alone, stable, fully non-inductive 0.4 MA discharges 

were obtained with Pp 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. 
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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 - 5xl019 nr3, 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 » 4xl01 9 nr3 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 1.4xl019 neon atoms (among which less than 
5xl01 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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ED 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 m2 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/m2 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 a reinforced ergodic 
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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FIGURE CAPTIONS 

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> = 3.5xl019 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 nr1. 

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 : Ip = 0.8 MA, Bt = 4 T, 1 (̂0) = 2.7x101* 
nr3, 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 (Bonoli-
Fuchs) 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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Fig. 10, Time evolution of the main plasma parameters during a radiative layer 
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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Experiments achieving high radiation rates have been performed in Tore 
Supra in both ergodic divertor and limiter configurations. With neon injection, the 
former configuration leads to a higher rate of radiated power for a given neon 
concentration. The details of the recycling processes, including wall retention, 
play a major role in controlling the location and stability of the radiation pattern. 
Radiation rates up to 80 % (total injected power up to 7 MW) have been obtained 
in controlled and stable conditions in the ED configuration. 
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1. INTRODUCTION 

Experiments dedicated to strong radiative layers have been undertaken in Tore Supra in both 

limiter and ergodic divertor (ED) [1] configurations. They have been perfonned in ohmic and auxiliary 

heated plasmas by means of ion cyclotron resonant waves QCRH) [2]. The ED provides many 

beneficial conditions, namely screening of incoming particles [3], larger radiation capability and edge 

MHD stabilization [4]. The high radiation level is triggered either by deuterium puff or gaseous 

impurity injection. In most of the experiments, neon injection was used since it exhibits little wall 

retention so that high recycling rates are achieved. The global power balance of the discharge is deduced 

from bolometric measurements for the radiative fraction, and both infrared thermography and 

calorimetry of the actively cooled system for the conductive-convectrve fraction. This allows one to 

check the power balance especially in cases where the discrete location of the ED modules can yield a 

non axisymmetric radiation pattern. Up to 3 MW (LHCD) and 5.5 MW (ICRH) wave coupling was 

achieved in the ED mode, in addition to 1.5 MW ohmic power. The general features of the high 

radiation experiments on Tore Supra are described in Section 2. Section 3 is devoted to the radiation 

efficiency in both configurations. 

2. RADIATING LAYER EXPERIMENTS 

Experiments have been achieved in Tore Supra (R=2.4m, a=0.75m, 1^=3.8^ I_=1.6MA) with 

the plasma leaning on an outboard limiter. The ED modules are located 0.03m behind the limiter which 

does not modify the ED properties [5]. The limiter, used as a probe, allows one to measure the power 

flux to its surface. The plasma was heated by ICRH in the hydrogen minority scheme, the antenna being 

located on the low-field side, 0.01m behind the ED modules. The most straightforward increase of the 

radiation rate was achieved with a small neon injection. 

In the ED configuration, an injection of 1.4 1 0 ^ atoms is sufficient. This amounts to less than 

1.5 % of the total electron content of the plasma. The reduction of the power deposition on the outboard 

limiter is in agreement with the increase of the radiative rate. The latter reaches at least 80 % of the total 

injected power up to 7 MW. The neon central concentration remains below 1 % despite the moderate 

average electron density (3 101 9 m"3). In these ED experiments, neon is completely recycling so that the 

bulk concentration remains constant. Neon radiation only accounts for 25 % of the total radiation loss, 

intrinsic impurity and/or deuterium radiation providing the remaining fraction. The radiative layer is 

generally located on the low-field side (i.e. close to the ED modules). Achieving radiation rates higher 

than about 80% is hindered by a mismatch of tibe antennae due to a local detachment on the low field 

side. As for standard Tore Supra data , the energy confinement properties of these radiative plasmas is 

fitted by the Rebut-Lallia-Watkins scaling [6]. This indicates that the reduced radius of die last closed 

magnetic surface (- 20 %) is balanced by a slight improvement of the bulk confinement characterized 

by a steepening of the temperature gradient in the vicinity of die separatrix [1]. These features are 
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possibly due to the observed reduction of the edge fluctuations [6]. Active pumping has been studied in 

the ED configuration. At a given density, the particle exhaust capability is similar than in the limiter 

configuration. Nevertheless, for the highest radiating conditions (ohmic plasmas), the transition to the 

"Marfe-like" radiation pattern on the high field side, leads to a large decrease of the pumping capability 

[7]-

In limiter configurations, a significant radiative fraction was only achieved when injecting 10 

times more neon atoms for plasmas leaning on the outboard modular limiter. In the latter case, it was 

impossible to radiate more than 70% of the total injected power without initiating the sequence : Marfe 

on the high-field side, complete detachment and eventually disruption. The central neon concentration is 

then close to 1 % accounting for only a small fraction of the injected atoms and inrfiraring thus an 

effective screening of the injected neon. 

Radiating layers were also generated by deuterium, CD4, or argon injection. The latter is 

difficult to handle because of the long time constant of the wall retention leading to uncontrolled release 

in following shots. Methane and deuterium injection lead to similar plasma behaviours because of 

carbon sticking on the wall [8]. 

3. RADIATING LAYER CHARACTERISTICS 

Figure la displays the radiation emissivity measured by the bolometer array (located in a 

vertical port) for an ED shot with 4.5 MW total power and neon injection. The radiation emissivrty is 3 

times higher on the low-field side than on the high-field side during the different phases of the discharge, 

i.e. in the ohmic phase and in the ICRH phases before and after neon injection. It should be noted mat 

the radiation pattern remains stable after the neon injection during the 2 to 3 s remaining before the end 

of the experiment. 

The radiation pattern in the limiter configuration with 3.6 MW total power is shown on figure 

lb. The low-field / high-field ratio does not exceed 1.5 in the ohmic and ICRH phases before aeon 

injection. Neon is then injected continuously up to the end of the shot, leading to a gradual increase of 

the radiation level. The emissivity partem becomes more symmetrical until the sudden transition to the 

Marfe. This transition strongly depends on the recycling location, which itself is shown to be related to 

the wall saturation status [9]. 

On Figure 2 is displayed the neon radiative capability as deduced from the NeVII brightness in 

boui the ED and limiter configurations. A factor of 3 enhancement is found in the ED configuration 

which can be related to the decrease of Tc in the stochastic boundary [1] and to a modification of 

particle transport properties at the very edge [1]. The latter properties translate into the particle 

screening effect by the ED provided that a pumping mechanism is available. In tfiese shots, the wall 

retention of non is small so that the only signature of the particle tranport barrier is the increase of the 
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radiation efficiency. Indeed, measurements of after shots time constants of neon desorption yield a 

shorter transient retention of neon in the ED configuration (~l5s) than in the limiter configuration 

(—45s). The different trapping properties of neon in the wall between the ED and limiter configurations 

is likely due to the lower edge temperature obtained with the ED, which must reduce the penetration of 

neon ions into the wall and thus increase the diffusion time of neon atoms. 

4. CONCLUSION 

The ergodic divertor appears thus as an appropriate tool to improve the control of radiative 

layers by a concomitant control of edge MHD, of particle transport and of plasma parameters in the 

radiative volume. In Tore supra, radiation levels in stable conditions have been obtained up to 5.S MW 

of radiated power, i.e. 80% of the total power. 
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Figure captions 

Fig. 1 : a) Radiation brightness versus major radius of the chords in the ED configuration, ohmic phase, 

ICRH phase, ICRH phase after neon injection. 

b)Radiation brightness versus major radius of die chords in die limiter configuration, ohnuc 

phase, ICRH phase, ICRH phase after neon injection, and Marie 

Fig. 2 : Power radiated by neon normalized to die average election density as a function of the neon 
density in die plasma bulk in limiter and ED configurations. 
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High Power Fast Wave Direct Electron Heating 
and Current Drive on Tore Supra 

Abstract 

Initial experiments on direct coupling of the fast magnetosonic wave to the electrons 
have demonstrated coupling up to 5 MWto the plasma and efficient electron beating. 
A significant bootstrap current fraction is observed. This heating scheme leads to a 
stationary improvement in energy confinement. Initial experiments on antenna 
phasing nave shown clear evidence of fast wave current drive. 

1. Introduction 

Fast wave direct electron heating (FWEH) has recently received a lot of attention 
[1,2] because of its potential capability of driving current (fast wave current drive -
FWCD) at the center of a tokamak discharge even at very high density. An ambitious 
experimental programme is being carried out on Tore Supra (TS) to assess this 
scheme and validate theoretical extrapolations for ITER and steady state tokamak 
concepts. First results are reported in this paper. 

2. Experimental scenarios 

The scenario used for the FWEH experiments was chosen in order to maximise 
the single-pass absorption (SPA) of the wave by the electrons and to minimise any 
parasitic damping on the ions. The plasma parameters were: range of current Ip= 
0.35 (<jy - 8.5) - 0.75 MA (Ow = 3.5). major radius = 228 m, minor radius = 0.72 m, 
toroidal magnetic field Bt = 2 T, working gas deuterium and/or helium 4, frequency 
48 MHz. dipole phasing. In this configuration, the third cyclotron harmonic layer of 
the majority ions is at the center of the plasma. The first and second harmonic layers 
of hydrogen are marginally present at the plasma edge. Careful monitoring of die 
charge exchange neutral analysers (CX) data makes it possible to adjust Bt in order to 
minimise the damping in die outer plasma layers. Figure 1 demonstrates such an 
adjustment: the perpendicular analyser detects deeply-trapped ions produced at die 
low-field side (second harmonic layer of hydrogen), die parallel analyser detects die 
barely trapped ions produced at die high field side (first harmonic layer of hydrogen). 
One can see that for Bt = 2.15 T, tiiere is scarcely any interaction wim any outer 
plasma layer. 

No evidence of significant damping on die central third harmonic has been 
observed either by CX or by the ripple-loss diagnostics. This is not surprising 
because die SPA by die third harmonic is negligible compared to die SPA on tine 
electrons. 

3. Heating performance 

Very efficient electron heating is observed when using FWEH: the central 
electron temperature (TM) rises from 12keV to4.5 keVduring a4MWRFpulse at 
a central density of 4.0 JO19 m"3 in a 0.4 MA discharge. The diamagnetic poloidal 
beta (JJp) value rises significandy, up to 1.1 in a 0.35 MA discharge. The theoretical 
expectation tint no suprathermal particles are produced by FWEH, is confirmed by 
die observation that die plasma diamagnetic energy is in excellent agreement with 
the plasma kinetic energy calculated from die temperature and density profiles [3]. 
An important feature of diese experiments is tiiat the high pp is due entirely to 
thermal particles, in contrast widi odier high Bp experiments where as much as 50 % 
of die Bp value is due to hot ions [4,5,6]. 

The peaked electron temperature profile is consistent with the extremely peaked 
power deposition calculated by the full wave code ALCYON [7]. This leads to high 
electron pressure gradients which induce significant bootstrap current in the plasma 
The current diffusion code CRONOS [8] has been used in order to simulate such 
discharges. Note tiiat, in order to avoid MARFES which impair power coupling, die 
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plasma current was ramped down during the first part of the RF pulse from 0.7 (3.5 
s) to 0.4 MA (4.5 s) then was held constant for the remaining of the discharge. When 
the bootstrap current is included in the calculations, excellent agreement is obtained 
with experimental measurements of internal inductance Qi)> loop voltage and Faraday 
rotation angle (fig. 2). For this shot, a bootstrap current fraction of 45% ± 5% is 
obtained for a p\, value of 0.9. This high bootstrap current fraction is obtained at a 
lower (Jp value than usually reported [9]. This is probably because there is no 
suprathermal contribution to the plasma pressure. It is worthwhile to note that the 
current profile is stationary at the end of the RF pulse (the simulated onmic electric 
field is radially constant). 

4. Confinement 

The FWEH discharges exhibit an improvement in energy confinement, that is 
stationary throughout the RF pulse. The measured kinetic energy of the electrons 
exceeds die prediction of the Rebut-Lallia-Watkins global scaling [10], which Ï- the 
TS L-mode data wen. The enhancement factor (H) increases lineaiiy with the RF 
power for a given plasma current (fig. 3), reaching value as high as 2. 

The local transport analysis code LOCO [11] has been used to study these 
discharges and compare them to L-mode discharges. Figure 4 displays the results of 
such an analysis: the electron beat diffusion coefficient is significantly lower during 
FWEH than during lower hybrid current drive (LHCD), mis despite the fact that the 
LHCD power (2 MW) was lower than the FWEH power (2.8 MW). Due to the 
peaked T e profile and to the strong bootstrap current fraction, a strong peaking of die 
current density profile is observed during the enhanced confinement phase. This 
peaking leads to a higher magnetic shear, which has already been correlated with 
enhanced confinement [12]. This suggests that the improvement of confinement 
observed during FWEH originates from the current peaking. Note that the peaking 
appears inside the half-radius of the plasma and does not affect li significantly 
(Alj/li<10%). This contrasts widi current ramp experiments [13] in which current 
profile peaking is obtained by strongly modifying the current at the edge of the 
plasma. Consequently, the usual relationship between H and li [14] does not apply 
when using FWEH. 

5. First experiments on FWCD 

Phase diagnostics have been installed on die antenna, making it possible to verify 
that the phase between currents in the antenna straps can be continuously varied from 
dipole to maximum directivity, in die presence of plasma.. 

One initial result is the importance of minimising any competing absorption 
mechanism. When going toward current drive operation, one has to lower the 
launched toroidal wave number. Consequently, the SPA by the electrons decreases 
and parasitic damping is favoured. In fact, in an early set of experiments, where the 
first harmonic layer of hydrogen was slightly inside the plasma, the electron heating 
degraded and even disappeared, when scanning the phase toward maximum 
directivity. This degradation is correlated with the appearance of hot ion tail observed 
on the CX diagnostic. After optimising Bt as shown in S 2, up to 4 MW have been 
coupled to 0.75 MA discharges, in co-current operation, with little degradation in 
electron heating (Teo= 4 keV). 

A phase scan experiment has been conducted on low current (0.4 MA) discharges 
in order to maximise aie relative effects of FWCD. Remarkably, when companng 
dipole to co-current operations with the same heating power (2.5 MW), we find that 
the loop voltage drop is nearly the same, although T M is lower in the co-current case. 
However the density and effective charge are the same for the two shots and the 
bootstrap current is expected to be lower for the co-current case because die pressure 
gradient decreases. In fact, on simulating these two discharges with CRONOS, we 
find that die non-inductive current is 110±20 kA during dipole operation and 170±20 
kA during co-current operation. When the bootstrap current is included, the 
simulation reproduces well the dipole operation data. However, the value of bootstrap 
current dut results, is only 90120 kA during co-current operation. We thus infer that 
80±40kA are generated by the fast waves. 

This result is in good quantitative agreement widi die results of ALCYON, which 



- 3 9 -

predicts 30 kA/MW for these plasma parameters. However, we have to broaden the 
predicted current profile, to obtain good agreement between experimental and 
simulated 1; and Faraday rotation angles. This broader current profile might be 
explained by the sawteeth which occur during these discharges. Fokker-Planck 
calculations [15] are also being undertaken in order to check the influence of 
transport of electrons on the fast-wave driven current. 

Figure 5 displays the result of the phase scan experiments. Counter-current 
operation does not lead to a significant RF-driven current, as has already been 
observed on DIH-D [1]. This asymmetry cannot be explained by synergistic effects 
with the ohmic electric field, because the particles carrying the current are mainly 
thermal. ALCYON does predict some asymmetry due to the asymmetric poloidal 
mode number enrichment of the fast wave [7]. However, this is not sufficient to 
explain the experimental observations. Further experiments are planned in order to 
investigate this asymmetry. 

6. Conclusion 

FWEH has proved to be a very efficient hearing scheme on TS. Experimental 
optimisation has shown that it is possible to eliminate parasitic absorption on ions. 
This is extremely important, especially when single pass damping by electrons is low 
as is the case during current drive operation. The unique opportunity offered by 
FWEH to heat the plasma without creating supratbennal particles leads to high 
bootstrap current fractions at a Pp value much lower than has been reported in other 
experiments. A stationary improvement of confinement is observed and is correlated 
with peaked current profiles and high magnetic shear. Finally, initial experiments on 
antenna phasing have shown clear evidence of FWCD and agree well with 
predictions of the ALCYON full wave code for co-current operation. 
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Flgure captions 

Figure 1: neutral flux observed on the perpendicular (a) and parallel (b) charge 

exchange neutral analysers for different Bt 

Figure 2: comparison between experiment (dashed line) and simulations for plasma 

internal inductance (a), loop voltage (b) and Faraday rotation angles (d). 

Dotted line corresponds to a simulation without bootstrap current Solid line 

corresponds to a simulation with the bootstrap current shown in c 

Figure 3: Improvement of confinement versus FWEH power. 

Figure 4: temporal évolution of total power, enhancement factor H and electron heat 

diffusion coefficient. Current density profiles during the FWEH, ft, LHCD 

phases (shaded area represents the bootstrap current density). Current 

profiles are inferred from the CRONOS code and agree with Faraday 

rotation angle data (see fig. 2). 

Figure 5: fast wave current versus antenna phase. Squares correspond to experimental 

results, triangles to ALCYON predictions. 
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1. Introduction 

The present study is an analysis of the local transport and microturbulence in Tore 
Supra. The first section is devoted to a comparison of the edge and core fluctuations, and their 
correlation with the transport The second section describes experiments with central pellet 
injection where a shear reversal has been achieved, leading to an improved confinement 

2. Turbulence and local transport 

2.1 Edge and core fluctuations in ohmic and heated discharges 

It has been shown in Tore Supra that the saturation of the confinement time with the 
electron average density is due to a saturation of the electron heat diffusivity [1]. This study has 
been complemented with an analysis of the particle transport, by using the code TRAP [2] 
where the diffusion coefficient D and the pinch velocity V are adjusted to fit the density profile 
in discharges with gas puff modulation. The diffusion coefficient D and pinch velocity V 
calculated at p=0.7 are shown in fig.l. The values D , ^ and V , ^ coming from the modulated 
flux are also displayed. The values of the electron heat diffusivities at p=0.7 deduced from the 
LOCO code and the level of density fluctuations measured by laser coherent scattering have 
been added in fig.l. All these quantities exhibit the same behavior: they decrease with the 
average electron density <ne>, men saturate. Conversely, the level of magnetic fluctuations 
measured by cross-polarization scattering increases with the density in the saturated regime [3]. 

The level of magnetic fluctuations at p=0.7 increases when the confinement is degraded 
by an additional heating. This point is illustrated by the fig.2, which shows a discharge where 
the ICRH power is switched off at constant density. The decrease of the level of magnetic 
fluctuations follows the decrease of the effective diffusivity. The density fluctuations measured 
by coherent scattering remains constant for a wavenumber k=1500m"1 and decreases for 
k=1200m_1. This suggests a modification of the wavenumber spectrum or that edge and core 
density fluctuations behave differently (the probed volume is larger for k=1200m"1). 

2.2 Effect of the ergodic divertor on edge turbulence 

When the ED is switched on in helium discharges, the density profile is weakly 

affected, whereas the temperature is deeply affected (fig.3). The plasma can be divided in three 

parts [4]: 

- i) the plasma core 0<p<ps (pj-0.8 is die position of the electric field inversion point) 

where the transport is not changed. 

ii) the ergodic layer px<p<l, (pj is smaller man 0.93) where the heat transport is 

controlled by the stochastic field lines. The electron heat diffusivity is large (XTC > 30m2s*1) 

and the electron temperature gradient is low (0.25keV/m). 
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iii)an intermediate zone ps<p<Pr> where the temperature gradient is larger than twice 
the ohnric value. The thermal flux remains essentially unchanged at p=p3, which means that the 
thermal diffusivity is improved by a factor larger than 2. Laser blow-off experiments, where 
Nickel was injected in the plasma, show that the impurity confinement time is larger with the 
ED than in limiter discharges. The data analysis suggests a reduction of the diffusion coefficient 
in die intermediate zone and an increase of the convection term [5J. 

When die ED is switched on, die level of density fluctuations measured by laser 
coherent scattering at k=400m"1 decreases. Reflectometry measurements of density fluctuations 
show that the turbulence level is locally reduced for p>ps (fig.3). There are also prelirnmar 
indications that die wavenumber spectrum is modified: the scattering signal usually decreases 
for low wavenumbers and increases for large wavenumbers. This reduction of the turbulence 
could explain the lowering of the diffusivity and die presence of a temperature pedestal in this 
region. Correlatively, me shape of die frequency spectra changes: the ion part increases and die 
electron part decreases. This modification is attributed to die displacement of die inversion point 
of die radial electric field towards die bulk of die discharge. The analysis of tiiese frequency 
spectra shows tiiat the jump of the radial electric field weakly changes, in contrast witii die L-H 
transition. However, die stabilization could be due to die inwards penetration of die electric 
shear layer. 

3. Magnetic shear reversal with pellet injection 

Reversing die magnetic shear in die center is known to improve die confinement This 
kind of profile has been obtained in Tore Supra witii lower hybrid waves [6] and has recendy 
been achieved by injecting a pellet in me plasma centre. In order to obtain a central penetration 
in a hot plasma, and mus a large density peaking factor, a two stage injector was used, which 
allows a pellet velocity up to 3.3 km/s [7]. High central pressure (8.104 Pa) and neutron 
emission rate (1.6 1014 s"1) have been obtained 300 ms after injection of a single pellet with 
3MW of ICRH (fig.4). The central value of the density reaches 2.1020 m"3, leading to a 
product ni(0).Ti(0).TE -1 .1 lO^m^keVs. The increase of die central density during die 
relaxation phase indicates a modification of die particle transport near die center, aldiough no 
impurity accumulation is observed during tiiis phase. A local energy transport analysis of 
several shots exhibiting such an enhanced performance has been carried out using die LOCO 
and TRANSP codes, which shows a reduction of die heat conductivities in a large central 
region where tile current profile also appears to be modified (fig.5). A shear inversion 
experimentally deduced from Faraday rotation and soft X-ray signals, is interpreted as the 
result of die central temperature decrease in die initial phase followed by die creation of a 
localized bootstrap current («15% of die total current), when die pressure is maximum. 
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4. Conclusion 

This study can be summarized as follows. 
i) In ohmic discharges, the local transport coefficients are well correlated with the level 

of density fluctuations. The measurement of core magnetic fluctuations in Tore Supra 
demonstrates that die turbulence in the plasma bulk is electromagnetic. In heated discharges, the 
level of magnetic fluctuations increases and follows the heat diffusivity. 

ii) A reduction of the edge turbulence has been obtained with the ergodic divertor. 
Prelinrinar measurements show that this stabilization affects mostly the low wavenumbexs.'Iais • 
behavior is correlated with the onset of a temperature gradient close to p=0.&. A possible 
explanation is the inward displacement of the electric shear layer. 

iii) A magnetic shear reversal has been achieved with a central pellet injection, leading to 
an improved confinement. A product ni(0).Ti(0).tE = 1*1 1020 nr3keVs has been reached in 
mis way. 
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FIGURE CAPTIONS 

Fig.l: Transport coefficients at p=0.7 and level of edge density fluctuations. 

Fig.2; Behavior of the magnetic fluctuations (p=0.7), edge density fluctuations (k=1200m"1 

and kslSOOm"1) and effective heat diffusivity Xefi
e=Xe+(niTi/ncTe)Xi a t P=&6 i n a heated 

discharge. 

Fig.3: a) Temperature profiles with (open) and without (black) the ergodicdivertor. Triangles' 
correspond to measurements by Thomson scattering, and the squares are Langmuir probe 
measurements.b) Radial profile of die reduction of the turbulence level measured by the 
reflectometry. 

Fig.4: Time evolution of the plasma parameters for a typical Tore Supra shot with injection of a 

fast pellet (2 km/s, 2.5 1021 D atoms) and ICRH. 

Fig.5: Radial profiles of the current and safety factor profiles after pellet injection deduced from 
polarimetry signals (5 chords) and heat diffusivities calculated with LOCO (TRANSP analysis 
provides a similar result). The dashed curve in die upper part is the calculated bootstrap current 
profile. 
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IAEA-CN-60/D-III-4 
Abstract 

ANALYTICAL AND NUMERICAL STUDIES OF SAWTOOTH STABILIZATION WITH 
ON AXIS-ICRH ON TORE SUPRA. 

Sawtooth stabilization has recently been achieved widi on-axis ICRH on Tore Supra. 
Analytic and numerical tools have been developed that allow analysis of these data, with the 
emphasis on the energetic-particle contribution. The latter is calculated on the basis of an 
original expression for the hot-ion distribution function, mostly-passing, deduced from 
theoretical and experimental ICRH studies, and compared to the usual mostly-trapped model. 
Both models account for stabilization, but for different reasons: with the mostly-passing 
distribution, stabilization is essentially driven by barely-passing hot-ions. 

1. INTRODUCTION 

Recent experiments with on-axis Ion Cyclotron Resonant Heating (ICRH) on Tore 
Supra [1] have provided new results concerning sawtooth stabilization by the suprathermal 
population produced by ICRH. An analysis is made using the (m=l,n=l) kink/tearing mode 
stability analysis. An analytic model [2] and a numerical code (ORBIT) [3] have been 
developed that allow bom qualitative and quantitative analyses of the data, with emphasis on the 
stabilizing hot-ion contribution. The analytic model is based upon simple parametric studies of 
experimental data, in terms of any energetic-ion distribution-function including velocity-
anisotropy effects. The code ORBIT evaluates the contribution of the high energy ions (the 
distribution of which is simulated by Monte-Carlo techniques) to mode stability using orbit 
averaging of motion through Hamiltonian guiding-center equations. These tools complement 
one another 

- In the analytic model, simplifying hypotheses are made to calculate the energetic-ion 
response: circular cross-section, low mode-frequency, zero orbit-width. Then, shape, finite 
mode-frequency and finite orbit-width effects may be evaluated by means of the code ORBIT. 
The latter may be coupled to comprehensive equilibrium codes, allowing more realistic studies. 

- Given its simplicity, the analytic model is much easier to implement Moreover, it allows a 
clear analytical separation between qualitative effects (velocity anisotropy and radial 
distribution) and quantitative ones (energy content and spatial scales). On the other hand, it 
reduces the number of relevant parameters, which facilitates the identification of the leading 
ones, for a given model distribution-function. Then, the code ORBIT allows a refinement of the 
results. 



2. ANALYSIS OF A TYPICAL TORE SÛPI&Î SHOT WITH THE ANALYTIC MODEL 

Sawtooth stabilization analysis has three contributions: from the layer (associated with 
the vicinity of the resonant surface where the safety factor q equals one), and from the MHD 
energy response SWmhd (related to the MHD domain, outside of the layer), consisting of a part 
due to the thermal particles SW ŜSf, calculated by Bussac et al. [4], and a part due to the 
energetic ions SW Ŝd t which is the focus of this paper. In this section, results obtained with 
on-axis ICRH on Tore Supra are illustrated by the analyses of a typical stabilization experiment 
(Tore Supra shot #8871). 

2.1. Stability diagram for the (m=l,n=l) kink/tearing mode 

First consider the analytic approximate stability criterion deduced from magnetic island 
stability analysis in the presence of diamagnctic effects [5], leading to the stability diagram 
shown on Fig. l.d, in the plane (-5Wmhd,£iPp); with (see [2,5] for notations) ei the inverse 

aspect-ratio of the Mq=l" surface, p\, the local plasma pressure parameter measuring 

diamagnetic effects in the layer, and S V ^ M the normalized MHD domain energy response 

(plasma core and energetic tail particles) to the perturbation. Figure l.d displays an ideal 
(strongly unstable) region, corresponding to negative values of oW,^, while the resistive 
region (positive SW^M) is separated in two domains, indicating that the considered mode is 
increasingly stable for larger values of resistivity and diamagnetism (higher SW^i and j3p 

values). Despite agreement between the various authors [5 and references 30&31 therein], 
concerning the latter qualitative result, the precise position of the hyperbolic frontier between 
the two domains is still in question. Thus, in order to analyse ICRH stabilized sawteeth, we 
adjust die position of the stability boundary from an Ohmic sawtooth preceding the ICRH phase 
(this is rather reliable due to the small amplitude of the evolution of Ohmic sawteeth in the 
stability diagram, with respect to that of a monster sawtooth), see Fig. l.d. 

2.2. Destabilizing plasma core contribution 

The plasma core contribution SW^gf has been calculated by Bussac et al. [4], If we 
assume a parabolic safety factor profile, widi pp the global plasma pressure parameter within 

the "q=l" volume (see [2] for notations), then 5w£gf is a function of the on-axis safety factor 
qO and Pp only. The time evolution of the central electron temperature TCQ, qO and Pp, as well 

as the associated trajectory in the stability diagram due to SwJnjJjf, is shown on Fig. 1 for an 
archetype monster sawtooth (Tore Supra shot #8871). It is clear from Fig. l.d that taking into 
account only the plasma core contribution the saturated phase corresponding to stabilization is 
ideally unstable. Thus, given the position of the stability limit (calculated from the ohmic 
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regime), the energetic tail contribution 8 W ^ must be of the order of 0.11 to account for 

stabilization. 

2.3. Stabilizing energetic tail contribution 

The hot ion population, created by ICRH and responsible for stabilization, is described 
in terms of its distribution function F^ot. The latter includes velocity-anisotropy effects, 
suggested by Hastie et al. [6] as a potential means to improve sawteeth stabilization. The hot-
ion response to the mode is found to be separated in two distinct stabilizing contributions: that 
of trapped particles, driven by a rigid current-loop mechanism, and that of passing particles, 
driven by an interchange mechanism [7]. 

Following notations of [2], the hot-ion energy-response SW^jg is found to be 
controlled by three hot-ion parameters: p^101 (pressure), h (peaking of the radial distribution, 
assumed to be Gaussian) and A (velocity-anisotropy). Vclocity-anisotropy effects have never 
been considered quantitatively in the past Indeed, it is generally considered that the hot ion 
distribution F^ot produced by on-axis ICRH contains mostly trapped particles. The latter are 
weakly sensitive to anisotropy effects, contrary to the passing panicles whose contribution is 
essentially due to a small part of phase space near die trapped-passing boundary (associated 
with barely-passing particles that spend most of their time in die good-cuvature region). 
However, the assumption that die distribution is mostly-trapped has recently been questioned 
by Tore Supra experiments. 

On die basis of dieoretical analyses [8], a description of die energetic-ion distribution-
function F^ot has been obtained, for on-axis ICRH, whose {J001, h and A values may be 
easily deduced from Tore Supra experimental data [1]. Such a distribution, refered to as 
mostly-passing (it typically contains 7% trapped particles, compared to 60% for die mostly-

trapped distribution) accounts for stabilization, following bow die analytic model and die code 
ORBIT. The bot ion response SV/Shd « f o u n d to be of the order of 0.18±0.06, with die error 
bar essentially due to the uncertainty in p*10* (evaluated as 2.25±0.75 10"4). 

3. COMPARISON OF MOSTLY-PASSING AND -TRAPPED DISTRIBUTION 

EFFECTS WITH THE CODE ORBIT 

The code ORBIT has been used to make a comparison between the stabilizing effects of 
these two distributions: mostly-passing (MP) (see [1,2] for details), and mostly-trapped (MT), 
witii a symmetric Gaussian concentration centered with banana tips tangent to die cyclotron 
layer in velocity space (see VI.D in [3]), and its anisotropy parameter A adjusted using data 

from die TRANSP code [9]. 
Stability domains (for MP and MT models) are shown on Fig. 2, in the space (Phot, 

-SWnrtJSP), wiui experimental conditions corresponding to die saturated phase of die monster 



sawtooth analyzed on Fig. 1. Both distribution? are found capable of mode stabilization. The 
stable domain associated with the MT distribution is bounded at high 0 n o t by the onset of 
fishbone oscillations, not produced by the MP distribution. Although the stabilization 
thresholds differ, uncertainties in experimental data do not allow from this a clear determination 
of the form of the distribution function. 

4. STABILIZATION IMPROVEMENT WITH COMBINED ICRH AND LHCD 

A parametric study of Tore Supra stabilized sawteeth, with the analytical model 
(controlled by six parameters: qo. Pp. Pp. P n o t . h and A), reveals that once stabilization is 
achieved with on-axis ICRH, the only varying relevant-parameter of the model is the central 
safety-factor qo. The latter keeps decreasing during the "monster sawtooth" (until the crash). 
Since stabilization is found to be rather marginal and weakened by a decrease in qo, this might 
be a good candidate for the trigger of the final phase of the instability that leads to the crash. 
This idea is supported by the fact that when Lower Hybrid Current Drive is applied, in addition 
to on-axis ICRH, the time-evolution of qo is observed to be nearly frozen, simultaneously with 
a lengthening of the sawtooth-free period [1]. 
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Figure capt ions 

Figure 1: Time evolution of a) Tec b) 0p, c) qo for a typical Tore Supra monster-sawtooth 

(shot #8871), and d) associated trajectory in the stability diagram (-5wJj§Sf, efpj). The 

stability boundary (dashed line) is adjusted from the indicated typical Ohmic evolution. It is 

clear from d) that the entire stabilized phase is in the ideal region, and that a hot-ion contribution 

SW Ĵhd of the order of -0.11 is required to account for stabilization with the considered 

criterion. Note also that qo continuously decreases during the stabilized phase. 

Figure 2: Stability diagram in the plane O1**, -SW^J) , computed with the code ORBIT, 

for the Tore Supra shot #8871. Stability boundaries for the mostly-trapped (MT) and mostly-
passing (MP) distributions are displayed. The stable MT-domain is bounded at high p*101, due 
to fishbone oscillations. Both distributions account for stabilization with the monster-sawtooth 
analyzed on Fig. 1. 



6 2 

G/5 

o 

\ 

\ S V 
i "• 

| 

• : 

-

-

3 

CO 
r- l 

VO & 

-a 

o en 
© 
en 

o 
c4 

• 

• 

r î 3 I 5 

-

• 

• 

CO 

VO 
1—I 

"3-
»—I 

00 

(A»* °°1 °b 



-f+2-

UNSTABLE 
4-

A 
•— M T 

x"TS 1 .'% 

i V 

M 
boundary y* 

*' 
\ \ 

MP 
-boundary-

V 
Tore Supra 
Shot #8871 

v 

STABLE 
± 

0.0 0.2 0.4 0.6 
•hot 

0.8 1.0 1.2x10 7i 

Fig. 2 



\ \ INTERNATIONAL ATOMIC ENERGY AGENCY 

$ FIFTEENTH INTERNATIONAL CONFERENCE ON PLASMA PHYSICS 
ér AND CONTROLLED NUCLEAR FUSION RESEARCH 

Seville, Spain, 26 September - 1 October 1994 

ftfproo su 
IAEA-CNSO/ 

IAEA-CN-60 / F-II-2 

EUROPEAN NEGATIVE ION BASED 
NEUTRAL BEAM DEVELOPMENTS 

J.PAMELA, M.FUMELU, R.S.REMSWORTH\ OJACQUOT, F.JEQUIER2, 
A.SIMONIN and D.RIZ 

Association EURATOM-CEA, CE Cadarache, 
13108 St-Paul-lez-Durance, FRANCE 

1 Present address 
2 Present address 
FRANCE 

ITER-EDA, 801-1 Mukoyama, Naka. 311-01 JAPAN 
CEA-DAM, BP12, 91680 Bryuères-le-Châtel, 

This is a preprint of a paper intended for presentation at a scientific meeting. Because of the provisional nature of its 
content and since changes of substance or detail may have to be made before publication, the preprint is made available on the 
understanding that it will not be cited in the literature or in any way be reproduced in its present form. The views expressed and 
the stataments made remain the responsibility of the named author(s); the views do not necessarily reflect those of the govern
ment of the designating Member Stats Is) or of the designating organization(s). In particular, neither the IAEA nor any other 
organization or body sponsoring this meeting can be held responsible for any material reproduced in this preprint. 



- 6 5 -

15th Intern. Conf. on Plasma Physics and Controlled Nuclear Fusion Research, 
Seville. September 1994. IAEA-CN-60/F-U-2 

EUROPEAN NEGATIVE ION BASED 
NEUTRAL BEAM DEVELOPMENTS 

J.PAMELA, M.FVMELU, R.S.HEMSWORTHK CJACQUOT, FJEQUIER2, 
A.SIMON1N and D.RIZ 

Association EURATOM-CEA, CE Cadarache, 
13108 St-Paul-lez-Durance, FHANCE 

ABSTRACT 
The European negative ion based neutral beam development programme 

mainly consists of experiments on high energy accelerators and high current D" 
sources conducted at CEA-Cadarache. A 1 MeV 0.1 A D~ acceleration 
experiment will start operation beginning of 1995. This experiment will test the 
SINGAP highly simplified concept of negative ion electrostatic accelerator. 
During the preparatory phase of SINGAP, a source has been developed which 
produced, with Cs seeding, D* beams of more than 1 A and 0.6 A D* beams with 
jacc > 12 mA/cm^. A new pre-accelerator has also been designed which traps 
nearly 100% of the extracted stray electrons; this was made possible by the 
development of the new 3-D Monte-Carlo code ELSTOP which simulates the 
electronic trajectories. In parallel a new source test bed, MANTIS, was built and 
started operation during summer 1993. Up to now MANTIS has tested a source 
designed at AEA-Culham for the former DRAGON experiment; operated 
without Cs seeding this source produced 1.3 A H~ and 0.S A D" beams. 
Collaborations with European laboratories, AEA-Culham, Ecole Polytechnique 
and Dublin City University, are underway, with the aim of improving the 
understanding of the negative ion production and of developing a multi-ampere 
D" source during 1995. 

» Present address : ITER-EDA. 80I-I Mukoyama, Naka. 311-01 JAPAN 
2 Present address : CEA-DAM, BP12, 91680 Bryuères-le-Châtel, 
FRANCE 
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1. INTRODUCTION 

DO beams at energies in the 1 MeV range constitute an excellent means for 
heating the plasma and driving current in future large size Thermonuclear 
Fusion devices like ITER [I]. At these energies negative ions have to be used to 
produce DO beams with an acceptable efficiency. An important milestone in the 
development of negative ion based neutral beam (NINB) injectors was the 
operation of die first complete beamline ever built, in which a Japanese negative 
ion source was coupled to an European accelerator, neutraliser and residual ion 
deflector .* 2.2 A of D" beam were accelerated at 100 keV in multi-second pulses 
delivering more than lOOkW of D° beams [2], Thereafter, the European NINB 
development programme has been focused on the most crucial items, namely the 
high energy electrostatic accelerator and the high current D~ source : a 1 MeV, 
0.1 A. multi-second D~ beam acceleration experiment is under preparation [3] 
and a new source test bed MANTIS has been built during 1993 at Cadarache [4]. 
AEA-Culham, Ecole Polytechnique and Dublin City University participate in the 
source studies. Because of its specifities, namely the test of novel accelerator 
concepts and the capability to operate in Deuterium, the European programme is 
complementary to other development programmes like that of JAERI [5]. This 
programme is accompanied by Neutral Beam physics and system design studies 
conducted by several European institues for ITER [6]. 

2, THE 1 MV 0.1 A D" BEAM ACCELERATION PROJECT 

2.1 Overview 

No high-voltage, d.c. acceleration experiment has ever been conducted 
with characteristics relevant to the Fusion needs. The 1 MeV, 0.1 A, multi-second 
D* beam acceleration experiment under preparation at Cadarache [3] will 
represent a first step in the development of future high energy powerful NINB 
injectors. It has the following objectives: 

(a) the development of scalable D" accelerator concepts, with energy up to 
1 MeV and current densities around 10 mA/cm^, with adequate optical quality 
and electron suppression; 

(b) the study of breakdowns in the presence of the beam and of the 
subsequent release of a large electrostatic energy; 

(c) the development of critical HV components like MV bushings. 

A simplified accelerator concept, SINGAP, is proposed : the beamlets, 
preaccelerated in a standard multihole structure to about 100 keV, are 
accelerated to the full energy after being merged into a SJHGJe AEerture. If 
possible the post acceleration will be achieved in a SlNfile £AE- Beam optics 
calculations have shown that SINGAP beams should fulfill the transmission 
requirements on ITER [6] and that SINGAP can be extrapolated to a multi-
ampere system. SINGAP would allow to simplify greatly the design, construction 
and maintenance of future NINB systems. 

This experiment, accepted by the EC authorities in June 93, is planned to 
be operationnal by the beginning of 1995. A scheme of the test bed is shown on 
Fig. 1. Some results of preliminary experiments are presented below. 
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2.2 Development of the D" source 

A "Pagoda source", originally designed for positive ions [7], has been 
modified for negative ion production and tested on the 100 keV D" Cadarache 
test bed. D" beams of > 1 A were obtained from the full extraction area of 
240 cm2, at Iarc = 1000 A, Psource = 0.65 Pa and with Cs seeding; the average 
current density was about 4 mA/cm2. In similar operating conditions, Jacc(D") > 
12 mA/cm* were obtained from the central 1/5 extractor (48cm2) as shown on. 
Fig. 2. 

2.3 Electron suppression in the pre-accelerator 

A major problem in negative ion accelerators is the presence of stray 
electrons which can be accelerated at full energy and a special endeavour was 
made for their suppression. In order to simulate the electronic behavior in the 
accelerating column, the code ELSTOP has been specifically developed [8]. The 
3-D electronic trajectories in the presence of electric and magnetic fields are 
calculated; secondary emission and backscattering are taken into account by 
Monte-Carlo methods. The latter process has been identified as the origin of the 
electron leakage. 

ELSTOP was used to design a new accelerator which was tested with D~ 
beams and also wim Helium or Argon in order to produce pure electron beams, 
thus separating the extracted electron phenomena from other sources of 
electrons. The electron leakage rate, defined as the fraction of electronic current 
flowing from die second to the third accelerator grid, is negligible widi the new 
system. A comparison to the previous accelerator [2] is shown on Fig. 3. 

3. HIGH CURRENT D" SOURCE DEVELOPMENT : 
THE MANTIS TEST BED 

The Multi Ampere NegaTive Ion Source test bed MANTIS has the task of 
developing large area D~ sources. It aims at obtaining simultaneously j(D") > 
10 mA/cm2, uniform D" production, operating pressure < 0.6 Pa, and reasonable 
electrical efficiency. This test bed is capable of driving plasma source currents of 
up to 2500 A and of accelerating several ampere of D" beam to 25-30 keV in 
multi-second pulses. Much of the equipment from the former DRAGON 
experiment [9] was used in the construction of MANTIS and the present plasma 
source and accelerator are those designed at Culham, although both have been 
technically adapted. MANTIS started operation mid 1993. 

The plasma generator is a multi-pole source of rectangular cross section 
(0.5x0.75x0.22 mP) with a "tent filter** configuration [9]. It is made of copper, 
immersed in the vacuum and equipped with 24 tungsten filaments. It has been 
operated in H2 and D2 in pure "volume production", i.e. without Cs seeding, 
without modifying the original magnetic configuration. H" and D* beams of 1.3 
and 0.5 A respectively have been obtained at source pressures around 0.8 Pa. 
This corresponds to 3.5 and 1.2 mA/cm2 respectively, a modest yield similar to 
that from otiier large sources when operated without Cs [10,11]. 

Experiments are underway to improve the understanding of negative ion 
production, in collaboration with AEA-Culham, Ecole Polytechnique-Palaiseau 
and Dublin City University. Cs seeding is under preparation. 
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Figure 1 : 
The 1 MV test bed design showing the 1 MV Power Supply, the 
transmission line, the MV bushing and the vacuum tank. 
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Abstract. 
A 1-D model is used to analyse detached plasmas. Bifurcations in the 

location of the ionisation front are shown to be a signature of neutral 
confinement within the divertor volume. Above a critical density the 
ionisation front is shown to detach from the divertor floor. The Mach 1 
front also detaches to a position located between the ionisation front and the 
divertor floor. 
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1 Introduction 

The control of the heat load on the divertor target plates is recognised 
to be crucial for ITER. A coherent solution is to use the divertor volume to 
spread the power on the largest possible surface with no perturbation of the 
core confinement. In order to achieve this goal, one has to rely either on an 
increased transverse transport, via an increase of the edge turbulence, or by 
a transfer of the energy to non confined particles, namely photons and 
neutrals. Present experiments focus on the latter process, and large 
deuterium injection allows one to reach a regime of lowered peak heat flux 
on the target plate with little perturbation of the core plasma. Such a 
transition is observed in most diverted tokamaks but with different 
signatures. On DIII-D1 and Cmod2 the transition is sharp enough to be 
analysed in terms of a bifurcation. On JET3 the transition is gradual. 

2 General features of the detachment of the ionisation front 

A 1-D analysis of the transport along the field line (abscissa s) 
together with transverse losses associated to charge exchange, allows one to 
determine the location of the ionisation front4. Using the definition of the 
total plasma pressure TC = nT(l+M2), density n, T = Te + Ti, Mach 
number M, and the constant particle flux between the ionisation front, 
s = A and the divertor floor s = 0, T = nMcs, cs

2 = T / mi being the 
isothermal sound velocity, one finds, 

n it M* 1 + M* n - u» (TT 

_o_JL = _ o . A w i t h BL^AjA.JiA. (i) 
V ^ M 2 1 + M* nA Mo VTo 

A 0 
Li order to reduce the heat flux to the divertor floor, the plasma pressure is 
reduced by momentum transverse dumping to the walls via charge exchange 
In this case, the density does not strongly increase as the temperature 
decreases. The regime of interest is characterised by the two constraints 
n0 / nA > 1 and TC0 / TCA « 1, thus T0 / TA ^ MA

2 / Mo2 « 1 with 
MA ~ 1. Given these constraints, one finds that the M = 1 front must also 
be detached from the divertor floor and that Ti » Te. Indeed To « TA 
can only be achieved if Ti(0) « Ti(A) since Te is nearly constant, 
Tc(0) < Te(A), Te(A) ~ 10 eV by definition of the ionisation front and 
Te(0) is larger than the deuterium recombination front4, Te(0) > 2 eV. The 
small electron temperature gradient between the ionisation front and the 
divertor floor leads to a balance between the equipartition term and the 
radiation term (impurities and neutrals). 

^ / T e« 1 + c .Cm^T^KeCrj /Te 2 ) (2) 
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For carbon, one finds therefore that Ti » T e even at low impurity 
concentrations, cz ~ 1 %. The electron temperature profile in the detached 
plasma is then determined by the ion temperature profile (Eq.(2)) and 
impurity transport which governs cz. There is no direct dependence on the 
density. It is interesting to note that the ion temperature at the ionisation 
front only depends on the impurity concentration at this location. Ahead of 
the ionisation front radiation will provide the required energy sink for the 
electron channel5. 

T.»10eV 
qc(s = L x ) 2 = 2 JdTcczn

2FR(Tc>cc(Te) ; qe = Q e - Y e r T e (3) 
T.=10eV 

Q c is the total electron energy flux, ye ~ 5/2, so that qc is the conductive 
electron energy flux which is assumed to dominate in the regime of reduced 
particle flux ahead of the ionisation front. In Eq.(3), qe(A) ~ 0, (vanishing 
electron temperature gradient for s < A) and qe(s=Lx) ~ Qcx, where Qex 
is the total energy flux on the electron channel at the Xpoint located at 
s = Lx. On the ion channel, part of the energy is dissipated by radiation via 
the ion-electron equipartition term, Eq.(2), while the largest fraction must 
be removed by charge exchange cross field convection to the side walls5. In 
the limit of a purely convective ion energy flux with M 2 / 3 « 1, 
Qi ~ Yi^Tj (yi = 5/2), the ion energy balance equation leads to a 
relationship between the ion temperature and the particle flux T : 

f ,f 3/2<av> 
T^s) |r(s)|f =Ti(A) pT(A)|f ; s>A and f = l + y < g v > " (4) 

*i I 

Ahead of the ionisation front, s > A , the ratio of the charge exchange, 
<av>cx, and ionisation, «jv>!, rates is assumed constant, so that f is also a 
constant. Behind the ionisation front, s < A, solving the ion energy balance 
equation yields the ion temperature profile and hence the electron 
temperature profile through Eq.(2). 

The particle flux is constant behind the ionisation front, T(s) = T(A) 
for s ^ A, so that the total plasma pressure n increases linearly with the 
distance from the divertor floor reaching a value 7tA at the ionisation front. 

TCA = m i n N <av> c x | r A |A (5) 

The neutral density of primary neutrals nN is assumed constant in the 
domain 0 < s £ Lx which defines the private flux region4. If the particle 
flux rapidly decreases ahead of the ionisation front, the plasma pressure 
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ahead of the ionisation front is constant and given by Eq.(5). This explicit 
dependence on the ionisation front location at s = A is a key feature of the 
bifurcation phenomenon. Conversely, large particle sources ahead of the 
Xpoint leading to a significant build-up of the particle flux at s >LX will 
modify this relationship and therefore the signature of the transition to 
detachment in the divertor in terms of a bifurcation. Control of the location 
of the particle sources would then explain the different observations1'3. 

3 Particle flux build-up ahead of the ionisation front 

The closure of the system which determines the location of the 
ionisation front is given by the behaviour of the particle flux ahead of the 
ionisation front, s > A. 

2TV 

ar 
—— = nnN < o~v >j 
OS 

( I -«M) 1 / 2 ) ; aM = 

(6) 

2TT 
7CC„ et = l (7) 

If 7C ~ TCA, these equations yield : 

arvr A _ 

3s 2L, 

/ 

^ 
vLx 

f r \ 

V r A / 
1-e M 

V 

2-f 4(r/rj 
P2(A/LX): 

l l / 2" \ 

(8) 
J J 

T - Ti is given by Eq.(4), and the control parameter of the bifurcation4 

P = nN<av>Lx / cA is introduced, cA is the sound velocity at the ionisation 
front and the atomic rate < av > ~ 10-14 m3s-1 is the geometrical mean of 
the ionisation (Te > 10 eV) and charge exchange rates. The simplified 
solution obtained in the subsonic regime, eM = -1 with ccM « 1, exhibits 
the second order structure of the equation of the ionisation front location 
A / L x . 

£f=1 + ( f-1 ) Pt A 
Î A . » 1 (9) 

'xj 

The explicit dependence of tiiis equation on the particle flux at the Xpoint is 
a new feature which underlines die importance of the particle flow pattern 
in die detachment. Solving Eq.(9) introduces a dependence of A / Lx on the 
ion energy flux since Qix ~ Ti^xTix. The complete steady state solution 
with no external neutral source will relate the particle flux I~x at the Xpoint 
to the transparency of the Xpoint domain with respect to the neutral flow. 
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4 Detachment of the M = 1 front 

In section 2, the requirement MA / Mo « 1 with MA — 1 is 
derived. A large Mach number at the divertor floor, Mo » 1 at the sheath 
entrance, satisfies the Bohm boundary condition, and requires that the 
M = 1 front is also detached from the divertor floor. In a regime where 
the conductive flux is still significant, i.e. a non adiabatic regime, the Mach 
number is also a function of the parameter a M = -2FT / (iz cs), Eq.(7). 

(10) 

a M is bounded by 1 and a M -» 0 yields M —» 0 in the subsonic regime 
(£M = -1) while ocM —»0 yields M—»<» in the supersonic regime 
(eM = 1). The variation of ocM governs the location of the M = 1 front 
which corresponds to the maximum value of ocM, o ^ = 1. At the detached 
M = l front two conditions must be met, namely 9 a M / 9 s = 0 and 
ccM = 1. In the frame of the bifurcation model4, o ^ is a simple function of 
the ion temperature and particle flux profiles. 

a M = / v T : F(s) = aM(s = A)1 

(11) 

Fmax(s) = ^ for s<A ; Fmax(s) = ^ - for s>A 

At the ionisation front, F(A) = a M ( s = A), a M ( s = A) = 0.94 at the 
bifurcation threshold, and Fmax(A) = 1. The location of the M = 1 front is 
then governed by the ion temperature profile and to the particle flux which 
determines the convective energy flux. Owing to the rapid increase of Fmax 
for s > A ( r x / TA « 1), the M = 1 front is most likely located behind 
the ionisation front where the ion temperature gradient can be large enough 
to meet the requirement on the derivative of aM . One can then derive an 
upper bound to the location of the front. 

^ - < a M ( s = A) ; aM(s = A) = ^ - i.e. ^ - < | (12) 

Using Ref.(4), one finds AM=1 / Lx < 0.7 at the threshold to detachment. 
In the case of a well controlled recycling pattern ( r x /TA « 1), the only 
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possible location of the M = 1 front is thus in the detached region s ^ A. 
The Mach number at the ionisation front is smaller than I which selects the 
subsonic branch as the relevant branch of the ionisation front location4. The 
transition through the M = 1 front is driven by the ion temperature 
gradient, Eq.(l 1). The existence of a significant conductive energy flux at 
this location validates the isothermal definition of the sound velocity. Near 
the target plate where the convective energy flux dominates (adiabatic 
regime), MQ » 1 so that the flow remains supersonic despite the change in 
tiie sound velocity. 

5 Conclusion 

The conditions which must be met to sustain a detached plasma with a 
strong decrease of the heat flux are analysed with a 1-D model. They 
indicate that the particle flux is an important feature of the process. In a 
case where the neutrals are well confined inside a specific volume so that 
the particle flux at the Xpoint is small compared to the particle flux at the 
ionisation front, a bifurcation of the location of the ionisation front will be 
found. In this regime the Mach number at the ionisation front is smaller but 
close to unity. The Mach 1 front is shown to have also detached from the 
divertor floor. The existence of this Mach 1 front is related to the ion 
temperature gradient in a regime of constant particle flux and hence small 
electron temperature, typically Te — 10 eV. If the Xpoint particle flux is 
comparable to the particle flux at the ionisation front, the ionisation front 
does not control the region where the particle flux is significant so that 
there is no constraint on the location of the front. The bifurcation features 
of the detachment would then be a signature of the quality of the 
confinement of the neutrals within the divertor volume. 

The analysis of the energy balance indicates that the impurity and/or 
the neutral radiation is essential as a sink of the electron conducted power 
ahead of the ionisation front. Furthermore, radiation remains important 
behind the ionisation front to radiate the power transferred from the ions to 
the electrons (equipartition). On the ion channel, charge exchange provides 
the dominant energy sink. The exact dependence of the critical neutral 
density on the power flux from the core is still under investigation. 
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.STEADY .STATE PLASMA CONTROL for LONG PLLSE OPERATION 

with ACTIVELY COOLED PLASMA FACING COMPONENTS 

EQUIPE TORE-SUPRA* 
(presented by D.GUILHEM), 

ABSTRACT: 

TORE-SUPRA offers presently the unique opportunity of studying the physics of long quasi-steady state 

discharges at constant low surface wall temperature (-600 °C). Whereas progress in the involved technology is still 

required, important milestones have already been reached: 

1. INTRODUCTION: 

Next step devices, such as ITER, will have to handle steady state average power fluxes in the range 0.5 - 5 

MW/m2, the lower bound corresponding to 90% of the power radiated to the first wall and the upper bound to the 

remaining 10 % convected/conducted power flux at the target plates (divertor, limiters,...). This capability must be 

achieved consistendy with acceptable erosion rate and alpha particle exhaust. It is one of the goals of TORE SUPRA to 

investigate this issue. A dedicated program has been undertaken to achieve long pulse operation (30 - 60s). Actively 

cooled by pressurized water (3,5Mpa. 150 C, !0m/s) plasma facing components have been developed [1] for this 

purpose (figure la, b, c). The technology of carbon brazed on stainless steel, figure la, or copper substrate. Figures lb 

and 1c (<!MW/m- and <10MW/m2 respectively) was chosen at the beginning of TORE-SUPRA in 1985 and is still 

being developed. Two particular geometries have been studied: a large inner wall (area- 12m~. heat-flux=0.:>MW/m~ on 

average, I.5MW/m- peak) and a set of modular limitcrs (~lm2,5MW/m2 on average. 20MW7m2 peak). Simultaneously 

scenarios with a large fraction of radiated power are investigated. This issue is discussed in [2]. 

2. INNER WALL OPERATION: 

The 12m2 actively cooled inner wall consists of 10mm thick graphite tiles brazed on a stainless steel water 

cooled structure. The resulting time constant for thermal equilibrium is -15 seconds and the expected power handling 

capability 6MW. No active particle control is provided. 

2.1 Achievements: 

A summary of long pulse operation is presented on figure 2. with two main achievements. I) 4MW injected for 

30 s, -120MJ, 2) 3.2MW injected for 62s.-200MJ 131. bothc for deuterium plasmas with lp=lMA. <ne>=2.\ 10 l9 m'-3. 

In Torc-Supra, the average wall temperature remains low (surface temperature: 400 - 600 C." " 0.4MW/m-) 



duc lu active cowling; however, preexisting Unuli/ed lirjJe flaws ainl/or cracks produce overheated tile.s (̂ up to 

2111)0 C).~ Nevertheless. ihe.se areas are too snull to lead to a large pla.sma contamination, even over long pulse 

duration* (e.g.. 6*) seconds). Until now, no carbon blooms (large flux of carbon entering into the plasma bulk) have been 

observed, a contrast to other non-activcly cooled machines, where such poisoning of the discharge leads generally to a 

disruption. Even after realignment of each toroidal 20° inner paneK down to 0\5mm [-ij. there rcnuin some overheated 

ulcs despite a wctl-oquilibratcxi power distribution between the different sectors in the toroidal direction, as measured by 

caloruneiry. Infrared thermography of parus of the inner wall indicates that a few tiles were damaged since the very 

beginning of TORE-SUPRA operation and have been further damaged during plasma operation (-1% of SOOO tiles after 6 

years of operation) [5 J. 

2.2 HeatjTU.x dùtriôun'on: 

The heat flux distribution has been monitored by CCD cameras equipped with interference fitters at S90nm 

(lOnm wide). It is observed that the heat deposition at the equatorial plane is extremely broad with regard to what was 

expected, since the magnetic field lines are there are tangent to the surface [6] as observed also in TFTR [7]. These 

observations were compared to models [8] for heat and particle deposition on the inner wall. The model must include 

parallel and perpendicular transport for particle and power deposition on such a large area limiter to give a good 

representation of the TORE-SUPRA observations. The following considerations had to be added to the model: 

1) existence of a finite heat flow component perpendicular to field lines. q//(a) / q±(a) = 2.5 (usually taken as °°) 

2) a 2 to 3 times broader scrape off layer depdi (as measured by Langmuir probes) for inboard leaning plasmas 

dnan outboard: Possibly, deuterium wall recycling and/or increased cross field line diffusion could also partly explain 

why the scrape off layer depth is broader for the inboard leaning configuration. Both effects might enhance the power 

extraction on large surface area [9|. [ 10| 

3) proper geometry, including finite size effects of individual tiles and of the plasma boundary, since small gaps 

are present between tiles; The magnetic field lines arc then able to reach a small part of the side surface which is 

perpendicular to the field, leading to high local heat fluxes. 

2.3 Impurity source: 

Measurements of powe>- deposition and impurity emission from the inner wall of TORE SUPRA were 

compared with results of modeling codes to characterixc the impurity source. Impurity generation by physical sputtering 

(D+) and self-sputtering (C ions) was found by calculating the detailed power deposition profiles on the graphite tiles 

which comprise the inner wall, the transmission of these impurities through the SOL (BBQ code [8]), and the transport 

of the evolved impurities in the core region (transport code of M. Mauioli). The impurity generation rate, for a case 

with a=0.78m. Ip=lMA,Zeff=l.5, <ne>=3xl019/m3. and Bt=3.85T, was 6.65xl019p/s due to D* physical sputtering, 

and 7.8xlOI7p/s due to C self-sputtering. The emission of C[j impurity light predicted by the BBQ code was matched 

with spectroscopic observations of the poloidal profile of Ctl emission on the inner wall. The SOL transmission rate was 

found to be 33% for D+sputtered particles and 41% for sclf-spultcrcd impurities. The core impurity content, n_C = 

•i.5.x l() l8/m3 (measured by soft X-rays) was matched by the Mauioli code using the BBQ generation and transmission 
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r.iic. -villi iiiilutct ul C| through C"|V Uikcn Iniin BBlJ.r-.tyiluTiil.ii-y condition-* in ilic core iraitapori calculation. The 

cure transport model is a radially contain uupuriiy dilfusivity. D;„U)m=l m-/s. and a pinch velocity . V=2SDr/a-, with 

the pcakinvj factor S=l ami with Viri enhanced by a factor 111 lor r>().6m (.transport barrier). 

2.4 Future: Two toroidal panels (40°) of a 2n t ' generation ol'CFC (in place of fine grain graphite) brazed on a stainless 

steel support are under construction. They will be installed and tested in 1995. The basic aim is to avoid preexisting 

Haws or cracks in these sectors by using a significant progression of manufacturing and testing. 

3. PUMP LIMITER OPERATION: 

Another approach to extract power and particles [111 in a steady state environment is to use a set of modular 

pump limiicrs distributed appropriately into the scrape off layer to prevent mutual shadowing effects. One outboard 

pump limiter (0.3m-) and three bottom actively cooled pump limitcrs (0,12m- each) have been used on TORE-SUPRA. 

3.1 Results: 

Concerning the power handling, the main achievements are presented below: 

1) Horizontal outboard limiter: The head of the limiter has 14 water cooled copper tubes with 1008 brazed 

pyrolytic graphite tiles, figure lb. The contour spreads the heat load across the face of the limiter. The maximum power 

presently extracted is 0.8MW (design 1.5MW) during 9 seconds (full steady state obtained in 5s), figure 3, widi an 
O O 

average temperature of 850 C on the leading edges (maximum 1500 C), corresponding to a peak power density of 

17MW/m2 [12] (critical heat flux = 40MW/m2) and to an averaged power density of 3MW/m2. 
2) Bottom limiters: 

The limiter head consist of 26 water cooled copper tubes with several hundred brazed graphite tiles. 

- The maximum power extracted is 0.6MW by one limiter (design value 0.7MW) during 6 seconds 

(steady state obtained in 2s). figure 4. with an average temperature on the leading edges of 700 C (maximum 1500 C) 

corresponding to a peak pov/er density of 8MW/m- (critical heat flux = 20MW/m-) and to an averaged power density of 

4MW/m2. 

- The maximum power extracted in the mulii-limitcr operation scenario is 0.4MW x 3 limiters = 

1.2MW during 25 seconds, corresponding to an averaged power density of 3MW/m-. 

3.2 Limitations and progress: 

The first generation of these actively cooled pump limitcrs suffered from generic braze flaws and/or cracks 

within graphite dies, A second generation of pump limiter, free of defects and with excellent diermal •* behavior was 

assembled with careful selection of individual parts so that no defect or braze flaw was accepted (as detected by 

conventional techniques: radiography, ultrasonic waves, infrared surface temperature during hot/cold shock). With the 

water cooled horizontal limiter, the tube/tile brazes were tested prior to final assembly of the limiter and one or two tiles 
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replaced mi H) ul IS mhcN hmlt Itir ilic limiter 11 i | Suinc defective i i lc* were accepted hu>.cd upon extensiveuiulyM* ol 

the impact on perliirimuice ut varum* pra/c delect.*» | I-J|. 

An important concern on all plasma facing components is the possibility of hot spots from misalignment of 

adjacent tiles or from other causes. For example, small suddenly formed (time constant <20ms) hot spots have been 

observed on the bottom limiicrs in which the local heat llux doubled (based on surface temperature). The area spread 

I mm a few cm- to lens of em- but remained well-locali/.ed. We believe these are thermal instabilities!. 15 ] probably 

caused by the breakdown of the potential sheath at the very edge [ loi [17]. These instabilities, primarily associated with 

electron temperature and limiter surface temperature, always appear at the ridge of the limiter where the Te is a 

maximum and are anchored where the surface temperature is a maximum (T_800 *C before and T-1600 °C after). They 

have never been observed at the leading edge even when the surface temperature there is much higher than at the ridge, 

4. CONCLUSION: 

TORE-SUPRA presently offers the unique opportunity of studying the physics of long quasi-steady state 

discharges at constandy low wall temperature (<800 °C). Important results have been obtained: 

- 4MW/m- average. l7MW/m- peak, for graphite brazed on copper structures. 

- 0.3MW/m- average, for graphite brazed on stainless steel structures, 

- 200MJ injected, mainly by the lower hybrid current drive system. 

- Carbon blooms have not been observed so far during long pulse operation, even with the highest energy 

injected in die torus. 

While valuable experience has been gained with modular limiters in the design and operation of actively cooled 

plasma facing components, diese modular systems cannot yet be called robust and their susceptibility to*overheating 

from local plasma events is a concern. The present limitations arc: 

- local braze Haws, 

- cracks in the material dies, 

- local diermal instabilities. 

Braze Haws and cracks can be identified and eliminated by a rigorous inspection of the component parts (with 

available non-destructive testing). Cracks can also be generated during operation, as we saw on the horizontal outboard 

limiter. 

The design of modular limiicrs widi panicle entrance throat almost perpendicular to magnetic field lines is still 

a concern since an a-priori e-folding length for particles and power deposition has to be fixed to estimate the best 

geometry. Moreover, die power sharing between the different modular limiters in the machine depends on tiieir location 

and on the pitch angle of magnetic field lines (the mut" 4 ' ual shadowing depends on toroidal and poloidal field 

sirenguns. die former depending itself on ths plasma current and poloidal beta). Full toroidal limiters are attractive since, 

in addition to offering larger collection areas, they can avoid these design constraints. With full toroidal limiters. the 



plasma shaping anil pusiiuiniiig systems permit mnihlication ol the power sharing between the leading edge that is at 

ri.sk. and the troni face o( the limner. A traile-ulf is always to be found between the collection of particles (entrance of" 

the pumping throat as close as possible of the last closed flux surface) and the power extraction capability of the leading 

edge (placement as far as possible from the last closed flux surface). 
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FiyuTC I: Schematics of the different actively cooled plasma lacing components used inTORE-SUPRA: 

a) Inner first wall generation (made by CEA-FRANCE). 

b; Outboard pump limiter (made by SANDIA-USA), 

c) Bottom pump limiter (made by CEA-FRANCE) 

Figure 2: Long pulse performances in terms of energy and power. 

Fieure 3: a) Infrared surface temperature map of the outboard limiter. The electron leading edge is seen on the 

left of the picture and theion side is seen on the right of the picture. Note the locations of the 3 points used for 

lime history. Only the red location is situated on a cracked tile (longer time constant). 

b) Time history of 3 representative locations on the front face of the outboard limiter during a shot 

with Ip=l.45 MA. The power extracted is around 8(X)kW. Note that steady state is achieved on 

these locations. 

Figure 4: a) Infrared surface temperature map of one bottom limiter. The electron leading edge is seen at the 

botiom of the picture and the ridge (iwo symmetric sides) is seen toward the upper part of the picture. Note die 

locations of the 3 hotest points used for time history. 

b) Time history of 3 representative points of the bottom limiter. The plasma current was 1.6MA and 

the power extracted by this limiter was -JOOkW. 
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Figure 1 : Schematics of the different actively cooled plasma 
facing components used in TORE-SUPRA : 

a) Inner first wall generation (made by CEA-FRANCE) 

b) Outboard pump limiter (made by SANDIA-USA) 

c) Vertical pump limiter (made by CEA-FRANCE) 
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HIGH POWER LOWER HYBRID COUPLING AND INVESTIGATION OF FAST 
ELECTRON DYNAMICS IN TORE SUPRA 

Lower hybrid current drive experiments carried out on Tore Supra in various 
plasma configurations arc presented. First, the problem of wave-plasma coupling 
and interaction with the plasma edge is discussed. It is found that high power 
coupling as well as power transmission capabilities are particularly sensitive to the 
plasma size and the safety factor q. Different behaviours were also observed for 
limiter/ergodic divertor configurations or Ohmic/ICRH preheated discharges. In 
the same time an anomalous heat flux was observed on the guard limiter of the 
grills. 

In the second part of the paper» lower-hybrid power modulation experiments 
aiming at the investigation of the fast electron dynamics are described. This 
study combines several diagnostics specific to superthermal electrons (Hard X-ray 
emission, electron-cyclotron emission and transmission) with advanced modelling 
tools. Three relevant time constants of the fast electron distribution driven by the 
lower-hybrid waves have been measured and identified with radial diffusion, 
collisional slowing-down and pitch-angle scattering, respectively. 3-D Fokker-
Planck simulations are found to be in excellent agreement with the experimental 
results. 

1. High power coupling and wave-edge plasma interaction. 
For current drive studies, with different plasma scenarii. lower hybrid (LH) 

waves have been coupled to various plasmas. Two plasma parameters have been 
significantly varied : the plasma current (in the range of 0.5 to 1.8 MA) and the 
minor radius between 0.71 m and 0.79 m. LH coupling is usually studied at 
low power to avoid non linear effects due to breakdowns [1]. However, an 
increase of the edge density is measured by Langmuir probes at the antenna 
aperture when the RF power is raniped up. The edge density increases almost 
linearly with the injected power and for a given RF power, increases with the 
safety factor q of the discharge and decreases with the minor radius a. As a 
consequence, it is possible in high qa discharge to have a good coupling of high 
power with the 2 grills as far as 9 cm from the last closed flux surface: for qa = 9 
and and a = 0.72 m, the power reflection coefficient is maintained at 4 % for an 
injected power of 3.1 MW (Fig. 1). It has to be noted that the coupling is 
improved for a gap of 9 cm with respect to a gap of 7 cm because of the better fit 
between the plasma and the grill shapes. This shape effect was confirmed by a 
statistical analysis of more than 800 shots which shows an increase of the 
reflection coefficient from 3% to 7% when the the minor radius is decreased from 
0.78 m to 0.71 m. At the same time, this data base indicates that high power 
ability is reduced by 30%. In the case of combined LHCD and ICRH 
experiments, there is a shadowing of the LH grills by the ICRH antennae in high 
q discharges (q > 6) and a decrease of the coupling of the shadowed antenna(e) is 
measured when the IC power is injected. 

Launching high rf powers into the plasma is usually limited by breakdowns 
which occur in the waveguides of the antenna. Nevertheless, full power (6 MW), 
which represents a power density of 35 MW/ni2. has been achieved for a pulse 
duration of 2-3 sec. This achievement demands a good conditioning, but 70 % of 
this maximum power is routinely and quickly obtained. Low plasma current 
experiments (Ip < 1 MA) showed that a more severe limitation in power 
transmisssion occurs. In fact this limitation has to be adressed in terms of 
launched energy: after a quiet and breakdown free period, which can last several 
seconds, a fast collapse of the RF injected power due to the detection of 
simultaneous breakdowns occurs in the waveguides. This phenomenon is 
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sometimes followed by copper sputtering from the grill edge. The RF 
measurements were correlated to infra-red and CCD camera imaging. These 
diagnostics revealed that the breakdowns occur mostly at the tip of waveguides 
located in the same row. The images suggest that the precursor is a hot spot on 
the graphite-coated guard limiter of the antenna located at the same poloidal 
height. The thennal excursion of these hot spots are strongly enhanced for high q 
discharges but depends more weakly on the antennae position. This very 
localized heat flux (1-2 cm-) was computed for a series of shots at the same 
power (2.3 MW) and same plasma size (a = 0.77m) where qa was varied between 
4 and 8.5, The expected convecrive flux, at this position, should be comparable to 
the one given by a Langmuir probe located in the vicinity of the limiter, in the 
mid-plane. In fact» an enhancement by a factor of 4 is observed for qa = 8.5 (Fig. 
2) in this part of the guard limiter which is poorly cooled. At a plasma current of 
0.6 MA and a plasma minor radius of 0.78m, the pulse duration at 4 MW is 
limited to 3 sec. by these hot spots . 

In the limiter configuration, only the intensity but not the location of the hot 
spots is affected by the plasma parameters. For the ergodic divertor configuration, 
the local connection of field lines induces a strong modification of the heat 
deposition on the guard limiter [2]. This heat load can be globally reduced by 
producing a radiative layer but the hot spots temperature is only marginally 
affected by this high radiating regime and the maximum launched power 
obtained in this configuration is 2.8 MW for 8 seconds. 

In conclusion. LHCD experiments on Tore Supra demonstrated that power 
limitations are mostly due to plasma launcher interaction which produces a local 
overheating of the guard limiter. The spatial pattern of these hot spots clearly 
shows the major role of the rf electric field. It was however noticed that this 
anomalous heat flux scales with the total LH power and not with the locally 
launched power. As a consequence, a proper design of the grills limiter is crucial. 
In the case of Tore Supra grills, a reshaping of the carbon tiles is expected to 
improve the perfonuances of the system. 

2. Experiments on fast electron dynamics. 
The experiments were performed in helium plasmas, at central density between 

2 and 6 10*19 nr3; 2.5 MW of LH power were modulated in both long (4 s) and 
short (250 ms) pulses. Most of the plasma current (0.8 MA) was driven by the 
LH waves, with a loop voltage as low as 0.1 - 0.2 Volts. The experimental set
up now used on Tore Supra for superthennal electrons measurements is the most 
complete diagnostic system of this type. It consists of 
i) Hard X-ray Emission (HXE), probing a poloidal cross-section of the plasma 
along 5 different chords, from the plasma centre to r/a ~ 0.7 (multichannel 
spectrometers operating between 50 and 500 keV; time resolution ~ 20 ms). The 
combination of good energy and space resolution makes this system suitable for 
studying slow radial diffusion phenomena. 
ii) microwave transmission measuring the Electron Cyclotron Absorption (ECA) 
by the superthennal electrons at frequencies below coce (ordinary mode, vertical 
propagation, frequency range 77-109 GHz, corresponding to resonant energies 
below 180 keV; time resolution 0.5 ms). The measured optical depth is roughly 
proportional to the tail parallel distribution function Fn [3]. 
iii) Electron- Cyclotron Emission (ECE: 2nd harmonic, 6 Fabry-Perot 
interferometers, corresponding to 6 poloidal views; time resolution 0.5 ms). For 
the superthemial tail, the emission coefficient is roughly proportional to FnTj.2. 
[3] thus yielding additional infomiation on the perpendicular temperature Tj_ of 
the electron tail. 
The principal results of this study can be summarized as follows. 
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i) During the 4 s power pulses, the HXE radial profiles are slowly evolving, 
suggesting a redistribution of the fast electrons due to radial diffusion. The radial 
diffusion time constant is estimated to be of the order of 2 ± I s . Since during 
the fast modulation phase the signals related to the superthermal population (on 
both ECE and ECA) are observed to decay within a time less than lOO ins, the 
relaxation phenomena are not likely to be affected by radial diffusion or dc field, 
ii) The relaxation of the ECA signals shows two distinct regimes, depending on 
the resonant energy (see Fig. 3): below 130 keV two time scales are observed, 
which merge into a single one above 130 keV. The quantity Fn(124 keV) 
evaluated from the ECA signal is shown in Fig. 4. Both the observation of the 
full transmission spectra and 3-D Fokker-Planck simulations show that the 
transition between the two regimes is clearly related to the transition between the 
plateau of FH and the slowly decaying part beyond it, thus to the minimum nu of 
the LH wave spectrum. 
Hi) The ECE measurements display an enhancement of the signal Csee Fig. 4) in 
the early stage of the relaxation (when the ECA signal has the fastest decay), 
followed by a slower relaxation (time constant - 20 ms). The corresponding 
spectra resulting from 3-D Fokker-Planck simulations display the same 
phenomena. The two time scales are found to be related to pitch-angle scattering 
and dynamical friction, respectively, the former being dominant (faster time 
scale) for strongly anisotropic distributions. During the first stage of the 
relaxation, the distribution tends to isotropize. transferring energy from the 
paraH-*' : _ the perpendicular degree of freedom, which explains the 
enhu ' ? the ECE signal. 

In cir.-jb.on, by an appropriate set of diagnostics it has been possible, for the 
first time in a tokamak plasma, to measure all the relevant time constants of an 
anisotropic fast electron distribution. This has allowed the experimental study of 
the relaxation of a LH-sustained electron tail in its natural 3-D phase space, i.e., 
vu, vj_, r. This study has revealed the importance of the perpendicular dynamics 
in the current drive process. Clear experimental evidence has been found of two 
distinct regimes, related to different degrees of anisotropy of different parts of the 
tail. 

[1] X.Litaudon et al. Nucl. Fusion 32. 1883 (1992) 
[2] M.Goniche et al. Proc. 20th EPS conf.on Plasma Phys.and Fusion (1993) 
[3] G. Giruzzi et al.. Phys. Fluids 27. 1704 (1984). 

a»- .<Kf» i - .-...rf ' • / !** , :• ' * 



10" 
Shot 13996 & 15064- gril l 

. 9 4 - IAEA-CN-G0/AJ/5-P-4 

200 

ï ! 
à = 

P|h = 

Plh = 3 MW 

10-

3 

io r 

8h 

4 
4h 

2 ~ P!h = 3MW 

S *" 

* 

_£==» 

5 10 

grill-plasma ditance (cm) 

9 

Ï 
.3 
^ O s 

OP 

! 
15 

M 

I 150 

x. 100 
3 

2 50 

—'—c—'—r 
imaging 

o Lang.Probes 

a=0.773m 
1 I L_ j L 

Plh=2.3 MW! 
J — i — i i_ 

4 5 6 
qa 

Fig. 1 Edge density and reflection coefficient 
vs the distance between the grills and 
the last closed flux surface. 

Fig. 2 Heat flux measured by infra-red 
cameras and by Langmuir probes vs qa. 
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Fig- 3 Relaxation time (from EC A), 
vs energy 
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Fig. 4 ECE and EC A signals vs time 
(the LH power is turned off at 
t = 0). 


