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Does Magnetic Turbulence explain 
anomalous electron energy transport ? 

Marc A. Dubois 

P. Ghendrih, B. Pégourié, R. Sabot, A. Samain, M. Zabiégo, X.L. Zou 

DRFC, Association Euratom-CEA, CEN Cadarache 
F13108 St Paul-lez-Durance CEDEX 

Abstract: 
The question of anomalous transport of the energy of the electrons has been puzzling tokamak 

physicists for nearly as long as totamaks exist ( and internal disruptions Is the other riddle which 
.has reached its twentieth anniversary...). 

Magnetic turbulence has been suggested as a possible answer for a long time, but linear theory 
gave negative results, and experimental evidence could not be obtained with existing diagnostics 
until recently. 

In the past few years, many progresses have been made, and although no final conclusion can 
be reached yet, it is useful to regroup and compare the latest theoretical and experimental results. 
As recent and exhaustive reviews already exist, e.g. [1],{2], we will not try to cover all the existing 
littérature, but rather adopt a more personal and maybe biased point of view. 

In a first part we discuss the possible theoretical approaches, and point out the directions along 
which progress should be made, especially the need to obtain a dynamical description of the magnetic 
structure, taking into account the feedback which the induced transport has on the instabilities. 

In the second part we review and discuss the experimental evidence in favour of magnetic 
turbulence, and discuss the relevance of the observations to the explanation of the measured transport 
coefficients. Although we try to cover most of the available data, many illustrations will be taken 
from the Tore Supra tokamak, which is well endowed with diagnostics of the fine scale magnetic 
structure. 

Our conclusions will be in the line of previous similar reviews: more questions axe left open 
than answers arc- given, although this line of explanation seems more and more substantiated by 
experimental evidence. 

1 Theory: 
We try to present a synthetic summary of the present view on electromagnetic modes. 

1.1 Very weak turbulence limit: 
Any magnetic perturbation can be represented by its vector potential 

SA = Â(r) exp i(m9 -\-ruf> — ut) + cc 

which creates an island of half-width Su**[*Â(rnM)LafBo]l/2 with L;1 = T g r ^ T -

For m > 1, coherence needs a current ff/| = /|(r) exp i(m9 + n<f>- ut) + cc such 
that: 



/lo/rfr) = - A Â (1) 

Excepted for the cases of kink tearing ( due to dl0/dr ), and of interchange (due 
to dp/dr and to curvature l/R), which we will not address here ( kink tearing 
because we look for small scale magnetic modes, and interchange because we are 
not addressing high-/? plasmas), the perturbation 81$ is localised in the vicinity of 
the resonant surface. If we admit that Â(r) = este across the island, coherence is 
obtained when / /io/g(r) dr — 2\Kt\Â. 

The electron current localisation can be determined by different mechanisms. The 
simplest one is Landau absorption, which expresses the resonance between the mode 
frequency w and the parallel dynamics of electrons /ifjuj ~ -K|Ufe (where the wave 
vector A"u = (1/m +n/q)/R goes to zero on the resonant surface where q = —m/n), 
leading to a radial extent 61 = ^ j / - . This resonant absorption mechanism may be 

broadeneded by high collision rate : 8,a. = ^ffi—— , and also by radial diffusion 
associated with a background turbulence: Sa// = (j^fe )1^3 . o r by island topology 
effects. 

In the very weak ( or linear ) turbulence case, where: 

tftoll = Max[6L, Sat] » Sm = Affixed//, 6a] 

then the electrons cannot reach an equilibrium along a distance 1/K^ ; the effect 
of the island topology and of turbulent diffusion can be neglected to compute the 
value of 7|| which is dominated by the lack of equilibrium of the electrons along field 
lines; a coherent unstable mode will exist if and only if [3], [4], [5]: 

This regime is unlikely to explain the observed values of the transport coefficients, 
and is mentionned here only for completeness. 

1.2 Non-linear analysis of a magnetic mode: 
For bigger islands, namely when 5„ » fiwjj, electrons will be in equilibrium on 
the perturbed magnetic surfaces' with different topologies inside and outside Sm; this 
implies that T and n exp(eU/T) are constant on magnetic surfaces. It is convenient 
to consider here $«, = 6a, i.e. that 6a » fa//i but the following discussion is valid 
generally. 

Obviously, the presence of other islands nearby will destroy the separatrix and 
create a stochastic layer in the vicinity. For large enough Chirikov parameter values, 
ihese layers will merge, leaving island remnants in a stochastic sea; larger overlap 
will lead ultimately to the disappearance of island remnants, and quasi-linear theory 
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is known to give a good estimate of transport coefficients in this regime. In a forth
coming paragraph, we will discuss the dependence of transport coefficients on islands 
sizes. MainwhUe, we will assume this dependence to be known, and the diffusion 
coefficient of electrons given by D = Dtjj-

As indicated by equation (1), an instability is determined by the electron parallel 
current response SI\\ that satisfies the following equation: 

VSI = VD5fB + V±6IX » ( Source Terms ] (2) 

The source terms include inductive field [6], bootstrap current [7], [8], and lo
cal resistivity modification due to thermal and radiative effects [9], [10], while the 
perpendicular current component is given by: 

W J . = £ ( n e V k + neVdl ~ J0) + n e 7 T ^ ^ + n e V cunatare + TieVdiffusion) 
«««.electron* dtU* U 

where the terms of the right hand side are respectively due to the electric drift 
[11], finite Larmor radius effect (13], [12], inertia [13], [12], average curvature [14], and 
transverse diffusion [15]. 

Two essential remarks can be made: 
- In a two components plasma, the electron parallel current response is partly de
termined by the ion dynamics via some of the above mechanisms ( essentially elec
tric drift, that involves the electric potential U calculated by means of the electro-
neutrality condition, via electron and ion density perturbations). Two regimes occur: 

1) r̂et < P« ' the ion response is adiabatic fi» = —enoU/Ti. 
2) S„ > pti : the ion response is driven by electric drift, polarisation drift ( 

including inertia and finite Larmor radius effects ), and transverse diffusion. 
- Diffusion plays an important role in determining the profile consistency of the per
turbed quantities. Again, two different regimes occur, depending on the ratio of 
electron/ion collision rate i>rf to the electron diffusion rate across the resonant layer 
up = Dtff/6la : resistive ( v„i > vD) and viscous ( I/«I < vD) regimes. Moreover, 
transverse diffusion produces a parallel current response in quadrature with SA which, 
following equation (1), must cancel, thus imposing the island rotation frequency to 
be a compromise between electron and ion diamagnetic frequencies. For microtear-
ing modes, inductive field, electric drift at S„ > p« , and average curvature ( at 
$*s » PH ) Play a stabilising role. On the contrary, the lack of bootstrap and the 
increased resistivity ( due to radiative cooling ), both inside the islands, together 
with electric drift ( when S„< pH) are destabilising. To conclude, one should note 
that these results may be substantially modified by the release of the "constant A" 
approximation [16]. 
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1.3 Better evaluation of transport coefficients from mag
netic structure: 

The transport of energy and particles once the magnetic structure is known has been 
the object of numerous studies: e.g. (17], [18], [19]. As will become clear in the 
discussion about experimental evidence, it is unlikely that magnetic turbulence, if 
it exists and plays a significant role in energy transport processes in tokamaks, is 
constitued of strongly overlapping modes ( Cbirikov parameters "$> 1 ); therefore, 
the quasi-linear approach is not generally valid. Two main possibilities exist: 1) 
transport is enhanced by islands chains with a small stochastic layer, and separated 
by non-destroyed surfaces (KAM torn*) as envisionned for instance in [20], or 2) a 
stochastic sea bathes whole regions of the plasma, with only isolated island remnants 
on rational surfaces [21]. In both cases ( and also in an intermediate case, which is 
in our opinion the most likely ), it is necessary to know transport coefficients with 
both the neo-classical and the stochastic contributions in regimes near the stochastic 
threshold: several results exist, and although most show a reasonnable agreement with 
numerical computations, no detailed comparison of their predictions has been done 
directly ; different ingredients are dealt with in the different approaches, respectively 
the permeability of cantorii, [22], the alternance of cantorii, KAM torii and stochastic 
regions, [23], [24], and the stickiness of the island vicinity [25]. A synthesis of these 
works still has to be done. 

Interesting results have been obtained for an externally induced stochastic mag
netic structure in the case of the ergodic divertor of Tore Supra : as the perturbation 
currents are known, one can compute precisely the spectrum of the magnetic per
turbation [26]. Furthermore, the plasma current response can be neglected since the 
edge plasma in the divertor is connected to the wall. The resistivity of the divertor 
volume is then governed by the large sheath resistivity. Since the radial magnetic field 
is known precisely, one can compute the transport induced by the ergodic divertor. 
The agreement with the experimental results [27], although qualitative (owing to the 
lack of measurements in the divertor volume), is very good. A striking feature which 
is found to play a strong role is the importance of the parallel correlation length, the 
Kolmogorov length, which characterises the exponential divergence of neighbouring 
field lines. Indeed, any local source or sink will lead to coherent patterns over signif
icant parallel scales, typically itqR , before the mixing properties ensure the poloidal 
and toroidal symmetries. This is especially true for the plasma wall interaction where 
the heat load pattern is governed by the regular structure of the laminar region with 
no effect of ergodicity. 
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1.4 S e l f c o n s i s t e n t a p p r o a c h of t u r b u l e n c e w i t h b a c k r e a c -
t i o n : 

Once the non-linear analysis of a mode in presence of other modes is completed,the 
resulting transport coefficients will modify the gradients, leading to changes in the 
values of the different terms. It is tempting to look for an equilibrium of the chains of 
saturated modes with self-consistently calculated gradients, and this has been already 
attempted : to some extent, the "marginal stability profile" [28], the "profile consis
tency" [29], or the "economical approach" [30] already contain this idea. Nevertheless 
such a solution is not the more likely, as sbown by results on non-linear dynamical 
systems (there is no reason in general for the attractor of a complex system to be 
a point (static equilibrium) : it can be a cycle, a torus, or a complex "strange" at
tractor ). To study a realistic plasma magnetic structure, it seems hopeless to use 
a radical "numerical tokamak" approach, as the grid has to be on a Lannor radius 
scale, while covering the overall plasma dimensions and the time step should not be 
much larger than the Alfven time, and the evolution followed for many energy life
times. A model which treats microscopic and macroscopic phenomena independantly 
( "complex systems" approach) is a better candidate. Transport codes can be mod
ified to include the dynamic of individual modes, and some steps in this direction 
have been made [31]; alternatively, one can use a mathematical object dedicated to 
the problem of intermittent percolation with badcreaction such as the one described 
in [32]: preliminary results with a realistic tokamak geometry have shown interesting 
bifurcated regimes, but only the radiative cooling and the ad-hoc " critical VT " 
instabilities have been tested. An important feature of the regimes thus obtained is 
that dynamical behaviour where island chains were sometimes overlapping and some
times not were observed: one is led to a possible picture of the magnetic structure as 
a continuously changing sandwich of regions with some KAM torii alternating with 
stochastic layers in which subsist embedded island remnants. 

A realistic model should be implemented with the full time dependence of the 
island, which should be expressed as the time derivative of the island half width 
which is the sum of the relevant stabilising and destabilising terms. 

2 Experimental evidence: 

2.1 Early observations of large scale magnetic structures : 
Helical structures were observed in early tokamaks associated with large MHD events 
such as disruptions and sawteeth, either with Mirnov coils or using soft X-rays emis
sion [33], [34]. The first direct X-ray tomographies were done on PLT [35]. Other 
island structurer were further observed on many other machines e.g. [36], [37], [38]. 
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2.2 Existence of large VT = 0 structures in the profiles 
from Te measurements : 

Electron Cyclotron Emission measurements (ECE) gave evidence in JET of local 
plateaus in the temperature profile located at the q=l surface associated with partial 
sawteeth [39]. More recently development of high resolution Thomson scattering 
enabled direct measurement of plateaus in the temperature profile. They were first 
observed in JET by Nave et al. {40]. Large structures were observed and were 
correlated to various MHD events. These plateaus were located on rational surfaces 
(q=m/n) with small toroidal and poloidal numbers ( m = 1, 2, 3): see Pig 1. 

More recently on TFTR, Grek et al [41] observed flattenings in discharges which 
showed no obvious MHD activity on either the ECE signals, the soft X-ray emission, 
or the Mirnov coils. An analysis of the absolute error calculations over 5000 TFTR 
shots was presented and led to the conclusion that the large scale structures were 
related to the q profiles, and that they could exist even in tokamak plasmas showing 
no obvious MHD activity on other diagnostics. 

Figure 1: LIDAR Tc profile in JET with rational q surfaces indications 

Figure 2: q-profile with plateaus in Tore Supra from pellet ablation signal 

2.3 Analysis of Ha striations during pellet injection : 

Analysis of the Ha signal during pellet injection also shows that large magnetic struc
tures exist in tokamak plasmas. The Ha light signal emitted during ablation of an 
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injected hydrogen pellet does not follow a smooth curve but presents negative peaks 
corresponding to dark striations on optical recordings. These striations may in some 
cases be due to an oscillation of the neutral cloud surrounding the pellet [42]» but then 
the striations are narrow, sharp, and very regular, and this mechanism cannot explain 
the large and irregular striations as those observed in Tore-Supra, TFTR, Textor and 
in some JET discharges. These large striations can be explained by the intersection 
of the pellet trajectory with resonant surfaces, where, due to the closed nature of 
the field lines, the energy reservoir for pellet ablation is lower than on irrational field 
lines. It has been shown [43) that for these striations to exist, the q-profile should 
be very fiat near the resonant surfaces. Study of the q=I striations in. JET gave a 
width of the q plateau up to 15 cm and an absolute value for ç — 1 inside the plateau 
lower than 10 -4 [44]. Further work was done in Tore-Supra and it was shown that it 
is possible to identify many more striations from an experimental Ha signal [45] and 
therefore to deduce a q-profile. Since the rational q-values should be associated with 
a shear plateau to yield a striation, the q-profile presents a staircase structure; see 
Fig. 2. 

The q-profiles obtained by this method were compared with those given by equi
librium reconstruction using Faraday rotation [46]. The q-plateaus are more likely 
due to an island structure than to an axisymetric flattening in the q-profile: in fact, 
a direct visual evidence of their existence, and of the radial electrostatic field which 
they induce, has been obtained on Tore Supra [47]; this is an indication that the 
dichotomy between electrostatic and magnetic turbulence may be misleading- Us
ing the widths of the q-plateaus as values of the island widths, one can obtain an 
electron energy diffusion coefficient in good agreement with the experimental energy 
balance values ~ lm2/s [48] [49]. Confirmation of the localisation of large striations 
on rational surfaces was provided by Mansfield, Ramsey et al in TFTR [50]. The 
displacement of the striations associated to q = 3/2 and 2 , using shot averaging 
of J7Q signals between low and high recycling series, is consistent with the increase 
of the internal inductance Li of the low recycling series with respect to that of the 
high recycling series. Moreover averaging pellet shots with very similar L< (differ
ences lower than 0.003) let appear the striations associated with 4/3 and 5/3. The 
technique of q-profile identification using the Ha signal is now being developped on 
several machines. 

2.4 The problem of fast electrons confinement times: 

While the confinement time of fast electrons on JET is shorter than for bulk electrons 
[51], it has been noted e.g. on Asdex and Tore Supra that it is substantially longer [52] 
[53]; this has been used as an argument against the importance of magnetic turbulence 
as a transport mechanism [54]. A possible explanation has been proposed, that due 
to their large Lannor radius and shifted trajectories, the fast electrons average the 
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fluctuations and do not follow the exiting flux lines . Although this may play a role, 
an other possible explanation is that the stochastic regions have a finite radial extent 
and are intermingled with regions where some isolating KAM torii are still present: 
due to their low collisionnality, the fast electrons are contained by these non-destroyed 
surfaces which are permeable to more collisionnal bulk electrons. 

2.5 Observation of coherent medium-m magnetic struc
tures: 

Observations of a quasi-coherent mode with m = 12 in a TEXT plasma has been 
made in the edge region using Langnmir probes, and more significantly for us, in the 
plasma core near q = 3 using a heavy ion beam probe (HIBP) with B/B « 10 - 5 [55]. 
Although it would be premature to draw conclusions from this observation, it may 
be an useful experimental approach ( larger structures with low m-numbers had been 
observed previously on this machine with the same diagnostic). 

2.6 Observation of filamentary structures: 
During ECRH on the TFR tokamak, very sharp and narrow temperature spikes have 
been observed inside the ç = 1 surface [56], Similar structures have been studied in 
more detail on RTP , where thin filaments with a lifetime of hundreds of microseconds 
and an approximately neoclassical confinement were detected inside the 9 = 1 surface 
[57]. More recently, quasi periodic structures with higher Te Have been observed 
outside the sawtooth inversion radius, both in ohmic and ECRH discharges [58]. 

2.7 Direct measurement of high frequency B in t he plasma 
core: 

An original diagnostic [59] using cross polarization scattering of a 60 Ghz beam is 
used on Tore Supra, with a fluctuation wavenumber centered at 12.56cm"1. A wide 
magnetic turbulence spectrum is observed (up to 2 Mhz), with È/B « 10"4, compati
ble with the energy balance heat diffusivity. An interesting point is that the magnetic 
turbulence increases linearly with the mean electronic density in the range studied 
(from 3.31019 to 5.01019m-3 [60] (see Fig. 3). 

The high frequencies observed would correspond to m numbers of 30 to 100, and 
no clear theoretical mechanism rAv be invoked for this. The interaction of islands with 
m ranging from 2 to ~ 20 will give rise to secondary ( tertiary etc... ) islands with 
correspondingly higher m numbers, but the small island-like KAM torii obtained do 
not possess an intrinsic B. Nevertheless, they are well insulated, and a destabilising 
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Mean volumic electronic density (m-3) xlO" 

Figure 3: Dépendance of magnetic turbulence on density in Tore Supra ohmic shots 

term can appear in their core, creating a negative / and thus an intrinsic B. The 
wide spectrum is consistent with the multiple possible secondary structures. 

3 Conclusions: 
Important theoretical progresses have been made in the understanding of the mech
anisms of a small scale magnetic instability. Future developments should address the 
self consistency of a plasma where transport depends on the fine scale magnetic 
s t ructure , the latter being dynamically dependent upon the quantities and gradi
ents it controls. Moreover, a careful evaluation of the electric component of magnetic 
modes should be done, and its effect on transport evaluated. 

On the experimental side, the use of new or improved diagnostics brought recently 
a growing and impressive evidence of the existence, generality, and importance 
of fine scale magnet ic perturbations in tokamak plasmas, and confirmations or 
new results keep appearing on many machines. 

Although it would be premature, and perhaps wrong, to conclude that anomalous 
energy transport is due to magnetic turbulence, the likeliness of its role has increased 
considerably in the last few years, and direct detailed comparisons of experimental 
results and theoretical predictions can be expected in the near future. 

Acknowledgments: Very helpful were: C. Desgranges, H.W. Drawin, X. Garbet, 
A. Géraud, A. Grossman, D. Guilhem, E. Joffrin, F. Nguyen, Y. Peysson . 
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Effects induced by ICRF waves on various confinement 
schemes in Tore Supra 

E q u i p e T o r e S u p r a , p r e s e n t e d b y B . S a o u t i c 
Association Euratom-CËA sur la Fusion Contrôlée. C E . Cadarache. 13108 
Snint-Paul-Lez-Durance. France 

Abstract. The 1993-94 experimental campaign has seen a significant in
crease of the application of waves in the ion cyclotron range of frequency on 
Tore Supra. Ion cyclotron resonant heating has been applied to plasmas 
with strongly radiating layers, pellet-enhanced performance and lower hy
brid enhanced performance. Initial experiments on direct coupling of the 
fast magnetosonic wave to the electrons have demonstrated coupling up to 
5 M\V to the plasma and have demonstrated an efficient electron heating in 
these discharges. A significant bootstrap current fraction is observed. This 
heating scheme leads to a stationary improvement in energy confinement, 
with implications for the Rebut-Lallia-Watkins local transport model. 
Finally, preliminary experiments on antenna phasing have shown clear 
evidence of fast wave current drive. 

1. Introduction 

The Tore Supra (TS) ion cyclotron range of frequency (ICRF) system is 
composed of three resonant-double-loop antennas [1]. The experimental 
campaign 1993-94 has seen a significant increase of the use of this sys
tem on TS. In this paper, we first review recent results using ion cyclotron 
resonance heating (ICRH). Then we report initial experiments with direct 
coupling of the fast wave to electrons during which up to 5 MW of fast 
wave electron heating (FWEH) power were coupled to the plasma. We de
scribe the FWEH experimental scenarios and heating performance. Then, 
we discuss the energy confinement of these discharges and its implication 
for Rebut-Lallia-Watkins local transport model. Lastly, we conclude by 
presenting preliminary results for fast wave current drive (FWCD). 

2. Ion cyclotron resonance heating results 

Operated in a ICRH scheme, the TS ICRF system has coupled up to 8 
MW to plasmas, leading to a fusion product ni.Te.Ti(0) of 0.5 102 0 k e v n r 3 s 
which is a TS record for L-mode discharges. 

Up to 5 MW of ICRH have been coupled to plasmas in the presence of 
strong radiative layers 12]. The best results have been obtained when using 
ICRH with the ergodic divertor activated and neon injection in the dis
charge. The radiated power has been as high as 5.5 MW. which cor
responds to about 80% of the total injected^power (ohmic+ICRH). The 
radiative layer is stable, and lasts throughout the radio frequency (RF) 
guise (4s). A very small contamination of the plasma core is observed (the 

ulk neon concentration remains lower than 1%) and no degradation of 
the plasma global energy confinement is detected. 

The TS two-stage pneumatic pellet injector has been upgraded to allow 
the injection of deuterium pellets into ICRH heated plasmas at velocities 
up to 3.3 knis-1. Pellet-enhanced performance with peak values of the 
fusion product of 1.1 10 2 0 keVnr2^ and a neutron emission rate of 1.6 
1 0 1 4 s-.1. has been achieved with 3 MW of IÇRF power. The central 
electron densitv has been raised above 2 10 2 0 n r 3 . leading to a reversal of 
the central magnetic shear, and a reduction of the local heat diffusion 



- 14-

coefficicnt [3|. 
Confinement is also correlated with shear in the lower hybrid enhanced 

performance (LHEP 14]) regime. Up to 3 MW of ICRH power has been 
coupled to LHEP discharges that were established with 3 MW lower hybrid 
power. The characteristic current profile shape and improvement of 
confinement are maintained throughout the ICRH pulse 15]. 

3. Fast wave direct electron heating 

3.1 Experimental set up 

For the FWEH experiments. Tore Supra was operated in the following 
range of plasma parameters: range of current Ip = 0.35-0.75 MA. major 
radius R = 2.23 m. minor radius a = 0.72 m . range of toroidal magnetic 
field Bt = 1.3-2 T. working gas deuterium and/or helium 4. Measurements 
of the electron temperature (Te). electron density (ne) and current density 
profile were carried out using a twelve channel Thomson scattering 
system, a Michelson interferometer for electron cyclotron emission, a five-
chord far infrared interferometer and polarimeter. The ion temperature (TO 
was measured by a system of five perpendicular and one parallel charge 
exchange (CX) neutral analysers and the neutron emission diagnostic. Hot 
ions were monitored with the charge exchange neutral analysers and the 
ripple loss diagnostic [6]. We assume in this paper that the power coupled 
to the plasma is equal to the launched RF power: this hypothesis is the 
most conservative one and agrees within the errors bar with modulation 
experiments conducted on other tokamaks [7]. 

3.2 Experimental scenarios 

The principal scenario used for the FWEH experiments was chosen in 
order to maximise the single-pass absorption of the wave by the electrons 
and to minimise any parasitic damping on the ions. The parameters were: 
toroidal magnetic field 2 T. frequency 48 MHz, dipole phasing(ky= 15 nr 1 ) . 
In this configuration, the third cyclotron harmonic layer of trie majority-
ions is at the center of the plasma, and the first and second harmonic 
layers of hydrogen are marginally present at the plasma edge. Careful 
monitoring of the charge exchange analysers data makes it possible to 
adjust the magnetic field in order to minimise the damping in the outer 
plasma layers. Figure 1 demonstrates such an adjustment: the 

0 10 20 30 0 10 20 30 
Energy (keV) Energy (keV) 

Figure 1: neutral flux observed on the perpendicular (a) and parallel (b) 
charge exchange neutral analysers lor different Bl. 

perpendicular analyser detects deeply-trapped ions produced at the low-
field side (second "harmonic layer of hydrogen), the parallel analyser 



detec ts the barely t rapped ions produced a t the high field s ide (first 
ha rmonic layer of hydrogen). One can see tha t for Bt~= 2 .15 T. there is 
scarcely any interaction with any outer p l a sma layer. In a such s i tuat ion, 
the power going to the plasma through this channel is estimated to be less 
tha t 5 % of "the input power-

No evidence of significant damping on the central third ha rmonic h a s 
been observed either" by charge exchange or by the ripple-loss diagnostics. 
This is no t surpris ing because the single-pass absorption of the wave, due 
to the third harmonic, is negligible compared to the single-pass absorpt ion 
on the e lectrons . The inverse correlat ion of the f i rs t -pass absorp t ion 
fractions on the electrons and ions is clearly demons t ra ted in a toroidal 
magnet ic field s can experiment in which the second harmonic resonance 
layer of the minority hydrogen is progressively moved inside the p lasma . 
Figure ?. displays the resul ts of this scan . As Bt decreases, the single-pass 
absorpt ion by electrons steadily increases (as B r 3 1811. from 5 to 15%. 
Meanwhile, the second ha rmonic layer en te rs the p l a sma from the low 
field s ide . When th i s occur s , the ion t e m p e r a t u r e n e a r t h e second 
h a r m o n i c laver begins to increase . Consequent ly , the s ing le -pass a b 
sorpt ion by hydrogen ions increases and competes wi th absorpt ion by 
electrons . Once the second harmonic layer moves beyond the magnet ic 
axis, the ion tempera ture decreases and the competition d i sappears . This 
scenario is experimentally confirmed by the observation (figure 2.a) on the 
CX ana lysers of a hot hydrogen tail when the second harmonic layer is 
located in the inner ha l fo f the plasma. Correlated with the formation of 
the hot ion tail, ripple losses appear (figure 2.b). 
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Figure 2: evolution of charge exchange neutral flux (a), ripple loss (b). theoretical 
absorption of fast wave directly on electrons (solid line) and on hydrogen (dashed line, 
second harmonic minority heatingl(c). Open squares corresponds to Bt=2.08T. dark 
squares to 1.93T. open triangles to 1.75T. dark triangles to 1.6T. open circles to 1.43T. 
dark circles to 1.3T. 
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The lull wave code ALCYON I9| has been used to simulate this 
competition. Figure 2.c displays the result of linear calculations and shows 
that, when the second harmonic layer is located near the magnetic axis, 
power flows essentially to ions. Non-linear phenomena as hydrogen tail 
Formation have also been included- These result in slightly enhanced ab
sorption on ions, but are noticeable only for strong absorption (the 
absorption on ions then increases from 72% of the total power to 80%). We 
conclude From this scan that scenarios, in which the second harmonic 
layer of hydrogen lies in the high field side of the plasma, offers possibility 
to study FWEH with strong single-pass absorption on Tore Supra. 

3.3 Heating performance 
• Michelson 
o Thorns, seal, 
a power dep. (a.u.) 

0.2 0.4 0.6 0.8 
normalised radius 

Figure 3: electron temperature 
during ohmic and FWEH phase and 
FWEH power deposition profile 
predicted by ALCYON. 

Figure 3 demonstrates the very efficient 
electron heating which is observed when 
using FWEH: the central electron 
temperature (Ten) rises From 1.2 keV to 
4.5 keV during a 4 MW RF pulse at a 
central density of 4.0 101 9 n r 3 during a 
0.4 MA discharge. The diamagnetic 
poloidal beta (pV>) value rises significantly, 
up to 1.1 in a 0.35 MA discharge. The 
theo re t i ca l expec t a t i on t h a t no 
suprathermal particles are produced by 
FWEH. is confirmed by the observation 
that the plasma diamagnetic energy is in 
excellent agreement with the plasma 
kinetic energy calculated From the tem
perature and density proFiles [10]. An 
important feature oF these experiments is 
that the high (3p is due entirely to thermal 
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with other high lip experiments using neutral beam 
luch as 50 % of the (3P vnlue is due to hot ions 

particles, in contrast 
heating where as mi 
[11.12.131. 

The peaked electron temperature prolile is consistent with the 
extremely peaked power deposition calculated by the ALCYON code. This 
leads to nigh electron pressure gradients wnich induce significant 
bootstrap current in the plasma. The current diffusion code CRONOS [14] 
has been used in order to simulate such discharges. The plasma current 
was ramped down from 0.7 (3.5 s) to 0.4 MA (4.5 s) then was held 
constant for the remaining of the discharge. This ramp down occurred 
during the first part of the RF pulse and was designed to avoid MARFES, 
which appear in high density low current Q discharges and drastically 
change the coupling of the antenna and impair power coupling to the 
plasma. When the Dootstrap current is included in the calculations, 
excellent agreement is obtained with experimental measurements of 
internal inductance (ii). loop voltage (Vj) and Faraday rotation angle (see 
figure 4). It is worthwhile to note that, for this shot, the bootstrap current 
fraction of 45% ± 5% is obtained for a Pp value of 0.9. This Bp value is 
much lower than that needed to get the same bootstrap current fraction 
when using other heating methods (see for example table 1 in reference 
[15]). This is not surprising, considering that 80% of the Bp value is due to 
thermal electrons which are much more effective than ions (especially the 
suprathermal ions[16]) in driving bootstrap current. A last point to 
emphasise is that, during these experiments, the loop voltage is low 
enough (0.2 V) to allow pulses longer than 30 s on TS. Further 
experiments to fulfil this goal are planned. 

3.4 Confinement 

The FWEH discharges exhibit an 
improvement in energy confinement, 
which is stationary throughout the 
RF pulse. The measured kinetic 
energy of the electrons exceeds the 
predict ion of the Rebut-Lallia-
Watkins (RLW) global scaling [17], 
which fits the Tore Supra L-mode 
data well. The enhancement factor 
(H) increases linearly with the RF 

f>ower for a given Dlasma current (see 
igure 5). In fact? H scales with Br, 

reaching 2 for a 0.35 MA/ 4 MW 
discharge corresponding to a Bp 
value o? 1.1. The local t ransport 
analysis code LOCO [18] has been 
used to study these discharges and 
compare them to L-mode discharges. 

FWEH Power (MW) FWEH is especially well suited to 
Figure 5: Improvement of confinement such studies. First, no hot particles 
versus FWEH power. are created: we can thus connect 

absorption of the wave with power 
deposition to the electrons without recourse to hypotheses regarding hot 
particle t ransport . It is expected from theory and confirmed by 
experiments 17]. that the power deposition is extremely peaked at the 
center of the discharges: conclusions on local transport at the half-radius 
can then be decoupled from uncertainties in the power deposition prohle. 
Lastly, the very peaked experimental temperature profiles permit a more 
reliable determination of the temperature gradient. . 

Figure 6 displays the results of such a local transport analysis: the 
electron diffusion coefficient Xe is significantly lower during FWEH than 
during LHCD. this despite the tact that the LHCD power (2 MW] was lower 
than the FWEH power (2.8 MW). A strong peaking of the current density 

2.0 

g 
1.5 -
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Figure 6: temporal evolution of total power, enhancement factor H and electron heat 
diffusion coefficient. Current density profiles during the FWEH, £2, LHCD phases (shaded 
area represents the bootstrap current density). Current profiles are interred from the 
CRONOS code and agree with Faraday rotation angle data (see figure 4). 

profile is observed during the enhanced confinement phase. This peaking 
leads to a higher magnetic shear, which has already Been correlated with 
enhanced confinement (191. This suggests that the improvement of 
confinement observed during FWEH originates from the current peaking. 
This hypothesis is reinforced by the observations during experiments 
where LHCD was applied to similar discharges: L-mode confinement is 
obtained when the non-inductive current is low and does not affect the 
current profile shape. On the other hand, enhanced confinement, similar 
to that obtained with FWEH, is observed when the current drive and 
power deposition are concentrated in the plasma center and strongly 
modify the current profile [5J. In the case of FWEH. the shape of the 
current profile is due to the peaked Te profile and to the strong bootstrap 
current fraction. Note that the peaking appears inside the half-radius of 
the plasma and does not affect significantly the internal inductance value 
(Ali/li<10% as shown on figure 4). This contrasts with current ramp 
experiments [20] in which current profile peaking is obtained by strongly 
modifying the current at the edge oT the plasma. Consequently, the usual 
relationship between enhancement of confinement and li (21] does not 
apply when using FWEH. 

3.5 Comparison to Rebut-Lallia-Watkins local transport law 
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We have taken advantage of the favourable characterist ics of FWEH for 
local t ranspor t s tudies to make a comparison between the experimental Xe 
and that predicted by the RLW local t r anspo r t model [17|. us ing a se t of 
four consecutive sho t s where the only pa ramete r which was varied w a s 
the FWEH power. In two of these shots . LHCD was applied after the FWEH 
pulse . One of the LHCD pulses was in L-mode. The o the r one, a t lower 
p lasma density, showed enhanced confinement. These two points as well 
a s one representat ive of ohmic confinement have been included in the 
compar ison . Since error b a r are always impor tant when determining the 
abso lu t e va lue of Xe. the u s e of consecut ive sho t s he lps to r educe 
u n c e r t a i n t i e s d u e to dr i f ts in d i a g n o s t i c m e a s u r e m e n t s , a n d 
irreproducibility due to differences in the p la sma chemical composition, 
wall conditioning.. . . This increases ou r confidence in the relative t r ends 
observed in the exper imenta l Xe- Figure 7 displays the resu l t of the 
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Figure 7: experimental (open symbols) and simulated (dark symbols) electron heat 
diffusion coefficients versus experimental ones at mid radius. Increasing experimental 
Xe respectively corresponds to ohmic (diamond). 1.2.3.4 MW FWEH (squares}. 2 MW 
LHCD L-mode" (triangle). 3 MW LHEP (circle). Figure (a) corresponds to RLW local law, 
(b) to RLW with increased critical gradient, (c) to RLW with critical gradient depending 
on shear. 

c o m p a r i s o n . Figure 7.a c o r r e s p o n d s to t he RLW local mode l . The 
agreement is good for ohmic. LHCD and the 4 MW FWEH cases . However, 
t he RLW local model predic ts a_Ye va lue two t imes h igher t h a n the 
exper imenta l Xe for the 1 MW of FWEH. One has to remember tha t the 
RLW local law is based on magnetic turbulence that arises when the local 
tempera ture gradient goes beyond a critical value VTec. Its form is: 

XRLW = Xan- 1 _ VT, ec 
VT, 

e ) 

.'tf(VTe - v T e c ) . # ( V q ) + Xneo 

/Can - c . f VT„ 

IT, 
+ 2 

Vne 

V T e c = - . 

; \ 

N 

j Te 

Te + Tj 

J. Bt3 

^ . B t . R 1 - 5 

s 

n . 

[1] 

[2] 

[31 

where q is the safety factor, s the magnetic shear, n the resistivity, J the 
cur ren t densitv. ^ ' t h e Heaviside step function. Xneo the neo-classical hea t 
diffusion coefficient, and all un i t s are SI except t empera tu re in keV. A 
straightforward consequence of formula 1 is that , w h e n VT. xs m u c h 
higher than vT e c (as in high power heating). ve is only governed by Xan and 
slightly depends of the exact value of VTec- Therefore, the observation tha t 
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the discrepancy between experimental and predicted value decreases when 
the FWEH power is higher, strongly suggests that the expression for_Yan is 
correct but that the value of vTec is underestimated. In Fact, when VTec is 
multiplied by a factor of 1.6 (figure 7.b). one gets good agreement for all 
the FWEH points. However, a strong discrepancy appears for the ohmic 
and LHCD L-mode points. Now. one has to consider that the magnetic 
shear is much higher during FWEH than during ohmic or L-mode 
operation (see the current profile shapes in figure 6). It is well known that 
high shear can stabilize several mechnisms leading to turbulence [22]. 
Such an effect is included in the RLW local model through the dependence 
of Tan on shear (see equation 2). However, if shear does govern the level of 
turbulence, it might as well have some effect on the onset of the 
turbulence. Hence. VTec might well also depend on shear, as is not the 
case with equation 3 . Remarkably, by modifying it to: 

VTec = 6 . ( i f . . p Ç [4] 

we get excellent agreement between prediction (figure 7c) and experiments. 
This result provides strong initial support for dependence of the critical 
gradient value on shear, but has to be extended to other plasma 
parameters (magnetic field, plasma current, plasma density...) and to 
other heating and plasma scenarios which are well known to modify the 
shear (LHEP. PEP. monster sawtooth, current ramp up and ramp down 
experiments...). Of particular importance is the exact determination of the 
dependence of VTec on shear, because this could yield significant insight 
into the origin of anomalous transport in tokamaks [23]. 

4. Preliminary experiments on fast wave current drive 

The first experiments with antenna phasing for fast wave " irrent drive 
(FWCD) have also been conducted during this expérimentai campaign. 
Phase diagnostics have been installed on the antenna, making it possible 
to verify that the phase between currents in the antenna straps can be 
continuously varied from K (dipole) to ± K/2 (maximum directivity), in the 
presence of plasma. An early set of experiments shows that, when 
scanning the phase toward maximum directivity, the electron heating 
degrades' and can even disappear. At the same time the cross-talk between 
antennas increases. These observations can be explained by considering 
that the decrease in launched toroidal wave number lowers the single-
pass absorption by the electrons and favours damping by other 
mechanisms (cyclotron damping, non resonant edge damping, losses at 
the reflection on the cut off...), fn fact, careful analysis of the CX neutral 
analysers data shows that in this first set of experiments, the first 
harmonic layer of minority hydrogen is slightly inside the plasma on the 
high field side. A very strong hydrogen tail, correlated with high 
outgassing and an increase of the neutral density, appears when the 
current strap phasing is shifted toward maximum directivity. After 
optimising Bt as shown in § 3. up to 4 MW have been coupled to 0.75 MA 
discharges, at a phasing close to J I /2 (co-current), 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 the relative effects of FWCD. 
Remarkably, \vhen comparing dipole to co-current operations with the 
same heating power (2.5 MW). one notes that the loop voltage drop is 
nearly the same, although the central temperature is lower in the co-
current case (see figure 8). 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 the pressure gradient decreases. In 
fact, on simulating these two discharges with the current diffusion code 
CRONOS, we fincf that the 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 
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Figure 8: T e and FWEH power (shaded area. a.u.) versus time (top row). 
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Experimental (dotted lines) and simulated loop voltage versus time (bottom 
row). Dashed lines correspond to simulation without bootstrap current, dot-
dashed lines to simulation with bootstrap current only, solid line to simulation 
with bootstrap and fast wave currents. Left column corresponds to dipole 
operation, right column to co-current operation. 

operation data. However, the value of bootstrap current that results, is 
only 90±20 kA during co-current operation. One then has to infer that 
80±40 kA have been generated by the fast waves. 

This observation of FWCD is in good quantitative agreement with the 
results of the ALCYON code which predicts 30 kA/MW for these plasma 
parameters (see figure 9). One has to use a broader current profile than 
the one predicted by ALCYON, to obtain good agreement between 
experimental and simulated internal inductance and Faraday rotation 

angles. This broader current 
profile might be explained by the 
sawteeth which occur during these 
d i s c h a r g e s . F o k k e r - P l a n c k 
calculations [241 are also being 
undertaken in order to check the 
influence of transport of electrons 
on the fast-wave driven current. 

Figure 9 displays the result of 
the phase scan experiments . 
Counter-current operation does 
not lead to a significant KF-driven 
counter-current. The experimental 
fact t h a t c o u n t e r - c u r r e n t 
operation generates less current 
than co-current operation for 
equal phase directivity, has 
already oeen observed on DIII-D 
(251. This asymmetry cannot be 
explained bv synergistic effects 
with the ohinic E-field. because 
the particles carrying the current 
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are mainly thermal. ALCYON docs predict some asymmetry due to the 
poloidal mode number enrichment of the fast wave which asymmetrically 
shifts the k./value ixi the plasma because of the pitch of the field line 191. 
However thLs is not sufficient lo explain the experimental observations. 
Further experiments are planned in order to investigate this asymmetry. 

5 . Conclusion 

FWEH has proved to be a very efficient heating 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 suprathennal 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. This 
enhanced confinement regime is well described by the FtLW local transport 
model, provided a dependence of the temperature critical gradient on 
shear is introduced. Finally, preliminary experiments on antenna phasing 
have shown clear evidence ot FWCD and agree well with predictions of the 
ALCYON full wave code for co-current operation. 
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Introduction 
The particle balance in the plasma core of TS is investigated for ohmic deuterium 

discharges leaning on the inner wall. The neutral density profile is deduced from the simulation 
of charge exchange fast neutral spectra. The resulting neutral density, which depends 
principally on the hot charge exchange neutrals, is compared to a neutral transport calculation 
assuming a diffusive approximation in the central pan of the plasma and a non-local slab 
description at tile plasma edge. Diffusion and convection coefficients are then deduced by fitting 
the electron and neutral density values. It is shown that these coefficients follow an Alcator like 
dependence at low density, then saturate at higher density, similar to die heat conduction 
coefficient IM. At high density, die ratio between die heat and particle diffusion coefficients is 
equal to 4-3. Particular attention is also given to the particle confinement time. 
Experiment and comnuter analysis 

In order to calculate the average neutral density on a magnetic surface inside the plasma 
core, the neutral spectra given by five charge exchange analysers is used. Consistant ion 
temperature and neutral density profiles are simulated /2/, including a best fit of the passive 
measured neutral spectra and the consistency with neutron yield and plasma composition. The 
energy resolved flux measured in a range above 2 kev, is mainly sensitive to die thermal neutral 
density in die vicinity of r/a=0.7 where die densities can be assumed to be homogenous on a 
magnetic surface. The deconvolution of die charge exchange signals is shown on die Fig.l for 
different electron densities and q values. The general trend in the density variation can be 
qualitatively understood by considering die opacity of die plasma to die neutrals. The vertical 
bars shown on Fig.l represent errors due to die uncertainty on the ion temperature profile and 
on the plasma composition. At low density die neutral density appears to be slighty dependent 
on q and dierefore is correlated to the total ohmic power deposited in die plasma. 

The neutral density profile is next calculated using a fast ID neutral code. In the plasma 
bulk where the neutral mean free path is smaller than the gradient density characteristic lengtii, a 
diffusive approximation is used. At the plasma edge a non local slab description of the neutral 
transport is used. The resulting density profile is compared on Fig.2 to a full non local transport 
calculation in cylindrical geometry. 
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Ion transport coefficients are obtained by simulating ohmic dicharges during stationary 
and transcient states. Assuming that deuterium and impurity ions have the same transport 
coefficients and using the standard panicle flux expression r = -Ddn/dr-nV(r/a) , the 

diffusion (D) and convection (V) coefficients are deduced by fitting die electron and neutral 
density profiles and Zefr value. The main impurity is carbon. The computed transport 
coefficients, averaged in the range .6<r/a<.8, are ploned on Figs.3-4 versus the average 
electron density. At low density (n < 2-3 I019 nr3), we observe an Alcator like variation and a 
q dependence, partly reminiscent of die neutral density behaviour. For such plasmas die Zen-
can be high and due to dilution effect die deuterium contribution to die total electron density is 
low (up to 30%). The error bars take only account of die uncertainty in die separation of die 
convective and diffusive parts of die particle flux. For densities higher dian 3 I019 nr3, die 
particle diffusion coefficients (D, V) saturate widi the average density /3A This result is mainly 
obtained from gas puff modulation and ramp up experiments. A comparison on the Fig.3 is 
also made with diffusivity calculated from a direct analysis of die density modulation without 
reference to equilibrium /4/. These values arc always greater tiian die values obtained from 
balance equations, implying mat die particle diffusivity D could depend on die density gradient 

A change in die radial diffusion coefficient profile is observed at high density. Indeed 
die diffusion coefficient is lowered near the edge when die density increases (Fig.5). This is 
mainly due to die decrease of the neutral source. The convection coefficient increases toward 
die edge at low density, as seen for impurities 151, and becomes flattened at high density 
(Fig.6). For low density plasmas, the ionisation rate could reach Kp, mainly due to die 
impurity penetration. Such a value is close of the instability threshold of drift waves 161. As 
impurity contend increases when die density decreases, impurities, via die ionisation instability, 
could play a role on die transport coefficients at low density. At high density the ionization rate 
falls well bellow die threshold value, implying tiiat diis instability does no more play a role. 

The Ha radiance measured along 9 chords looking at die upper part of die inner wall HI 
is used to estimate die total deuterium flux leaving die inner wall. As shown on die Fig.6, die 
particle flux increases with density then saturates at high density .This result is compared to die 
neutral flux at die LCMS, calculated from die ex datas. At high density, die difference observed 
between the two curves can be understood by considering the opacity of die SOL. A more 
serious discrepancy is observed at very low density, which could be due to die dissociative 
ionisation of D2 producing ions not accounted in die H a datas. Finally die variation of die 
panicle confinement time for die plasma bulk is shown on die Fig.8 with a tendency to sligdy 
saturate at high density At medium density these values agree with results deduced from wall 
particle balance and isotopic measures /8/. 
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Conclusion 
Analysis of ohmic discharges shows that a saturation of the transport panicle 

coefficients occurs at density close of 3 1019 nr3. ic at the saturation value of the Alcator law for 
the energy confinement time. The bulk particle confinement rime increases with density and 
saturates, reaching 0.8 s for dense plasmas. The ratio between the particle confinement time and 
the energy confinement rime in the plasma bulk is of the order of 3 for dense plasma. When the 
average electron density increases, the convection and diffusivity are lowered near the edge. 
References 
/M X. Garbet et al., Nucl. Fus., 32,2873,(1993) 

HI T. Hutte? et al.. Ion energy balance during fast wave heating in Tore Supra, this 
Conference. 

/3/ O. Gehre et al., Proc. 16th Europ. Conf., 13B, partl,167. 

/4/ J.C.M. de Haas et al., Workshop on Local Transport Studies in Fusion Plasma, Varenna, 
(1993) 

/SI B. Denne-Hinnov et al., Proc. 22th Europ. Conf., 1-57 and M Mattioli et al. EUR-CEA-FC-
1491(1993) 

/67 A. S. Ware at al., Phys. Fluids B 4,877, (1992) 

fil C. Klepper et al., Proc. 16th Europ. Conf., 111,1007. 

HI C. Grisolia et al., Journal of Nucl. Mat 196-198, 281 (1992) and T. Hutter, private 
communication. 

5F 

3 -

2 -

1 

• 

Neutral Density (1013 m "* ) 

i 

( 

(r/a= 0.7) 

> 

. i 

x 
f J 

+ i i 

I ° 4 = 3 
I * q=6 

i 

i 

X 

I 

> 

si i 
i i i i 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Average Density (101 m" ) 

Flg.1 

o.o 

1 : 

0.1 • 

0.01 • 

0.001 -

Normalized Neutral 

—Cylindrical 
• Slab + Oiffusiv 

• 1 i >-

Density 

i 

S u 

Su 

1-

/a 
/ • 

m 

1 

0.2 0.4 0.6 

r/a 

Fig.2 

0.8 1.0 



3 

2-

1-

D ( m / * ) 
§ 

X 
D 

q=3 
q=S 
Modulatloi 

•••• ejWl 
H h •+• -1 h 

2h-

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Average Density (to" m 4 ) 

0.6-f 

0.5 

Î0.4 

E0.3 

Q0.2 

0.1 

0.0* 

FIg.3 

—* 1—-+ 

- <nf> =2.3101f m " l 

- - <nt> =3.4 10 n m 4 

-t-
0.0 0.2 0.4 0.6 0.1 1.0 

r/a 

Fig.5 

Y ( m / i ) 

• q=5 
X q=6 

%-*m 

0.5 
H 1 1 1-

r~*r*H 
H 1-

1.0 1.S 2.0 2.5 3.0 3.5 4.0 

Average Density (101 m 4 ) 

Flg.4 

6 

54 

î < 
-<n|>s2J101,Bi'î 

,.<!),> = 3.4101' m'1 

0.0 0.2 0.4 0.6 0.8 1.0 

r/i 
Fig.6 

l d " f 

2 

10 

10'S 

Particle Flux 
8 • • • 

Ï 1 * o 8 
S 0 

• At the Inner wall (q=3) 
0 At the LCUS (q=3) 
X At the Inner wall (q=6) 

H 1 i 1 1 1 H 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Average Density (101 ' m"3 ) 

Fig.7 

1.0-

0.8-

0.6-

0.4-

0.2-

0.0-

Partlcla Conflnamant Tlma (a) 

• 

• 

• 

• 

• 
• 

l 1 1 1 1 _l !_ 

• 

• 

I 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Average Density (10 m ' ) 

Fig.8 



-27 -

Screening and radiating properties of Tore-Supra ergodic divertor 
during impurity injection experiments. 

P. Monier-Garbet. C Chamouard, C DeMichelîs, E. Gauthier, Ph. Ghendrih, 
C Grisolia, A. Grosman, R. Guirlet, W. Hess, J .C Vallet 

Association EURATOM-CEA sur la Fusion Contrôlée 
Centre d'Etudes de Cadarache, 13108 St-Paul-lez-Durance, France 

LIntroduction 
Edge radiative layers are a possible solution for energy exhaust in the next step tokamak. For 
this scenario, the high radiative loss is triggered either by deuterium or gaseous impurity 
injection. Therefore the main difficulty lies in minimizing the plasma core contamination by 
the injected species. In Tore-Supra, the impurity seeding technique is used and the ergodic 
divertor (ED) is activated to shield the plasma core from the impurity influx. Indeed, the ED 
configuration in Tore-Supra has given evidence of good screening properties for most 
species. A purification of the plasma core has been observed in ohmic plasmas, both for 
intrinsic carbon and for injected nitrogen and argon (1). The scope of this paper is to assess 
the efficiency of the ED configuration to produce a controlled radiating edge in auxiliary 
heated plasmas, by an impurity injection technique, and with low plasma core contamination. 
A series of experiments with up to 5 MW of ion cyclotron resonant waves heating (ICRH) 
and neon injection is analysed. A few experiments with argon and médiane injection are also 
shortly discussed. Similar experiments with neon injections, in a limiter configuration, are 
reported from Textor in reference (2). 

II.Edge radiative layer experiment 
The main plasma characteristics are : deuterium gas, a=0.74m, R=2.41m, Bt=3.6T, 
Ip=1.56MA satisfying the resonant ED conditions (q\jKa) = 3). The outboard carbon limiter is 
inserted 0.03m radially ahead of the ED modules. A total input power of up to 6.5 MW is 
achieved by means of up to 5 MW of ICRH and 1.5 MW of Joule heating. In a first series of 
experiments the ED is activated all along the plasma discharge. In a second series the ED is 
not active (limiter configuration, comparable to Textor experiments). The volume averaged 
electron density is 3.2 101 9 m"3 in the ED configuration, and 4.5 101 9 m - 3 in the limiter 
configuration. The impurity is puffed into the plasma 0.5s after the ICRH pulse is started. The 
impurity injection is monitored by a set of visible and VUV spectrometers. The global power 
balance of the discharge is deduced from both bolometric measurements for the radiative 
fraction, and infra-red thermography of the main plasma-facing components for the 
conductive-convective fraction. The bolometer array gives a measurement of the radiative 
power profile in a complete poloidal section, but only at one toroidal location. The infra-red 
thermography measurement is a useful cross-check for the calculation of the total radiative 
losses in case of toroidal inhomogeneities. It is also directly relevant to the goal of the 
experiment which is to reduce the heat flux to the wall. The duration of the impurity puff is 
increased from shot to shot to maximize the radiated power. 
Argon, methane and neon have been used. However an extensive set of experiments has been 
performed only for neon for reasons related to the sake of simplicity in the discharge analysis. 
For argon, the wall retention plays a prominent role. Indeed the quantity of argon injected 
during a shot is not completely recovered at the end of the plasma discharge. Consequently 
the argon wall inventory increases from shot to shot during the day, reaching saturation after 
less than 3. 10 l 9 argon atoms in the wall. Their subsequent desorption from the wall results 
in a shot to shot modification of the gas quantity which it is necessary to inject. Nevertheless, 
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the few experiments performed with argon before the wall is saturated indicate that only a 
low quantity of this impurity, typically 40 Pal = I. 10^9 atoms, is enough to radiate close to 
100% of the total input power {Ptot = 3.5MW in this particular experiment) when the ED is 
activated. The resulting argon concentration in the plasma core nAr^ne is lower than 0.3%. 
For methane, a high quantity has to be injected, close to 1500 Pal. This is of the same order as 
the quantity of deuterium which is necessary to inject to radiate the same power. Only less 
than 1% of the injected carbon atoms penetrate into the confined plasma, yielding an increase 
of the carbon concentration in the plasma core lower than 0.5%. Results on the low fuelling 
efficiency of methane and carbon monoxide in Textor and Asdex are reported in (2) and (3). 
The experiments with neon are easier to analyse than with argon, because they have no shot-
to-shot retention and release problem. The rest of this paper is devoted to neon injection 
experiments. 

III.Neon injection : comparison of ED and limiter configurations 

III.l.Radiative fraction 
Figure I shows the ratio of the radiated power measured by bolometry to the total input 
power as a function of the number of injected neon atoms in the limiter and ED 
configurations. In the limiter case the radiated fraction reaches 80%, when 12. 10*9 neon 
atoms are injected.The radiation profile is roughly poloidally symmetrical up to 9.0 10^9 
injected neon. The electron temperature measured by Thomson scattering at r=0.70±0.03m is 
practically unaffected by neon injection, at approximately 200 eV. For 9.0 10^9 < Nmj < 12. 
10*9 a high-field MARFE appears, and a higher injection level leads to a disruption. In the 
ED case, the radiative fraction is Prad^Ptot - 50% before neon is injected. However the 
effective charge is low, close to 1.3. The edge electron temperature at r=0.70±0.03m is 90 
eV. Radiation is located on the plasma low-field-side (Ifs), close to the ED modules. In this 
configuration, less than 2.0 10*9 injected neon are enough to bring the radiative fraction in 
the 80% range for 3MW < PiCRH < 5MW. The radiation profile remains poloidally located 
on the plasma Ifs. The edge electron temperature drops to about 60 eV (at r=0.70±0.03m). 
Hence, when comparing the two configurations, the first point to notice is that the limiter 
configuration requires much more injection than the ED one (about 7 times more) for a 
similar radiative loss increase of about 1MW. 

III.2.Neon penetration probability 
The number of neon atoms in the confined plasma is measured by the NeX Lyman a (1.2nm) 
line brightness, correlated with soft X-rays and visible bremstrahlung absolute brightness 
values. The neon experimental penetration probability (P) is calculated by dividing the 
number of neon atoms in the confined plasma by the number of injected neon atoms. The 
penetration probability is shown on figure 2 for the limiter and ED configurations. The 
penetration probability is found to be 4.5 times higher in the ED configuration than in the 
limiter one. In other words, although the ED configuration requires 7 times less injection 
through the valve, the resulting neon density in the plasma core is only lower by a factor 
7/4.5 = 1.6 compared to the limiter case. Indeed, the neon density in the plasma core 
corresponding to a peripheral radiation loss increase of 1 MW is close to 2.5 10l7m~3 in the 
ED case and 4.0 1 0 l 7 m"3 in the limiter case. Note that, due to the different values of the 
plasma electron density in the two cases, the corresponding neon concentrations nNe/ne are 
roughly equal : 0.8% in the ED case, and 0.9% in the limiter one. 
In order to understand this lower apparent screening of the injected species in the ED case, 
the wall retention has been investigated (no pumping system was activated). The residual gas 
analyser data show that the exponential decrease of the neon partial pressure in the torus is 
slower in the limiter configuration than in the ED one. In both cases the time constants (45s 
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and 15s) are larger than the pumping time constant (7s) if the origin of neon was only 
recombination at the end of the shot. Thus, a transient retention is clearly shown and it is 
much higher for the limiter configuration than for the ED one. It is important to note that the 
retention time is much longer than the neon residence time in the plasma, but much smaller 
than the delay between shots. As a consequence, a major part of the injected neon could stay 
in the wall during the shot but would have disappeared before the next one. 
These obseivations show that an impurity which is not pumped (either by the wall or any 
other pumping system) eventually contaminates the plasma core despite the ergodic region. 
Its penetration probability is of the order of 1. In the case of neon, the lower apparent 
screening in the ED configuration is due to the measured lower retention in the wall and not, 
as could be first proposed, to deleterious transport effects in the edge region. In this frame, 
when using a recycling impurity to produce edge radiative layers, the problem to be solved is 
to distribute a given number of impurity ions ( = the number of injected impurity atoms) as 
adequately as possible in the edge so as to maximize the radiated power. 

III.3.Neon radiation capability 
The radiation capability of neon can be defined by the volume integrated radiation function : 

Prad(neon) f 

— — = LfTe)dV 
< n e x n n e o n > J 

where Prad(neon) is the power radiated by neon, L(Te) is the cooling rate and the integral is 
over the volume of the radiating zone. The radiation capability of neon has been measured for 
the ED and limiter configurations in our experiments, the power radiated by neon in the edge 
being estimated from the peripheral NeVII (55.8nm) line brightness. The result is shown on 
figure 3 where îhe radiation capability of neon is indicated by the slope of the two lines. It is 
3 times higher in the ED case than in the limiter one, i.e. for a given neon density in the 
plasma core, the neon radiation is 3 times higher in the ED configuration than in the limiter 
one. These observations indicate that the distribution of neon ions achieved by the ED is 
better compared to the distribution achieved by the limiter configuration. This optimized 
distribution can be due either to a modification of the electron temperature profile, or to a 
modification of the impurity transport in the edge. 

IV.Conclusion 
Controlled radiating edge layers have been obtained in Tore Supra both in limiter and ED 
configurations, the latter having shown some advantages. The plasmas were heated with up to 
5 MW of ICRH, added to 1.5 MW of Joule heating. A highly radiating edge was obtained by 
neon injection. Conditions where more than 80% of the total power is radiated were achieved 
in both limiter and ED cases, but with an order of magnitude more neon injected in the 
former case. Nevertheless the neon concentration in the plasma core remains low in both 
configurations : 0.8% in the ED one, 0.9% in the limiter one. This result is explained by the 
retention of neon in the wall, which has been shown to be much higher in the limiter case. 
Yet the radiation capability of neon has been proved to be larger in the ED case, the neon 
density in the plasma core corresponding to a typical edge neon radiation being 3 times lower 
in the ED configuration than in the limiter one. 
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Introduction. 
The knowledge of current density profile inside the q= "I surface and its evolution are 

crucial to understand the phenomenology of normal sawteeth as well as the stabilization of 
monster sawteeth. On Tore Supra (a=0.8m, R=2.36m), about 300 monster sawteeth of up 
to 950 ms have been achieved with ion cyclotron frequency heating combined with lower 
hybrid current drive [ 1 ] . They are exhibiting strong variations of the central current 
density at the sawtooth crash. The Tore Supra polarimeter is particularly suitable to study 
the current density profile evolution inside the q=1 surface because of the central location 
of its five chords (R=1.97 m; 2.135 m; 2.3 m; 2.46 m; 2.63 m). 

In this paper, we briefly describe the Tore Supra polarimeter used to measure the 
poloïdai field distribution. The current density profiles are computed in two different ways 
using the interferometric and polarimetric data in conjunction with the magnetic data and 
the location of the inversion radius determined by the soft X-ray camera. The current 
density inside the q = l surface is investigated for normal and monster sawteeth. Its 
variation are also measured by the polarimeter and compared with that predicted by the 
current diffusion equation assuming complete reconnection. Finally, the safety factor 
profile is compared wi th that obtained with the striation data of the pellet ablation. The 
results of the evolution of the q profile during sawteeth are in good agreement with those 
obtained in other devices such as JET [2] , and PBX-M [3 ] . 

Analysis of magnetic and polarimetric data. 
The five vertical chords of the Tore Supra far-infrared (/i=195um) interferometer 

[4 ] have been modified in order to measure the polarization changes of the probing beams. 
The rotation of the polarization vector is dominantly produced by Faraday effect. With 
respect to this effect, the linearly polarized infrared beams are experiencing a rotation of 
their polarization induced by the parallel component of the poloïdai magnetic field B// along 
the beam path. The Faraday rotation angle is given by: 

a(x) [ rd ] = 2.615 1 0 - 1 3 J ne (x,z) . B// (x.z). dz where n e is the electron 

density and (x,z) the horizontal and vertical coordinates respectively. 
The Tore Supra polarimeter measures the Faraday rotation angles with a maximum 

time resolution of 2ms and a sensitivity of the order of 0.05°. The absolute error made on a 
is mainly systematic and does not excess 0.5°. 

Identification of the current density profile is realized with the equilibrium code 
IDENT-D [ ] by solving the Grad-Shafranov equation, and by minimizing a cost function to 
obtain the best f i t of the measured quantities (i.e. 17 measurements of the tangential 
magnetic field and 14 measurements of the poloïdai flux, and the five measurements of the 
line-integrated densities and of the Faraday angles). The minimizing function also contains 
regularising terms on the current and density profiles. The weights of the regularising 
terms are chosen so as to allow a fit of the data within their error bars. The code is using 
first or second order Finite Elements according to the desired accuracy on the poloïdai flux. 
In steady state, current density profiles and q profiles can be inferred with an accuracy of 
about ±10%, despite the lack of data outside the r=a/2 surface. 
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The second method assumes a geometry of non-concentric circular flux surfaces. The 
Shafranov shift is assumed to be parabolic with a central value determined by the zero of 
the a(x) function [5 ] . The density profile is first calculated using the interferometric or 
Thomson scattering measurements, and then the Faraday angles are Abel-inverted to carry 
out the poloidal field distribution BQ with an error bar close to that of IDENT-D (=15%). 
The current density profile is deduced from Be with respect to the total current. 

In addition, the evolution of the q on axis (q 0 ) is calculated with the two central 
chords (R=2.3 and 2.46 m) by a differential method [5 ] . The q 0 value calculated by this 
method exhibits a strong absolute error bar (±0.2). However, like the error bar on the 
Faraday angles, the error bar on q 0 is mainly systematic over the duration o f a discharge. 

Current density profile inside a=1 at the sawtooth collapse. 
Several sawtoothing discharges exhibiting monster sawteeth have been investigated. 

The time evolution of the parameters of a typical monster sawteeth Is presented on 
figure 1. When the ICRH power (resonant position at 2.30 m) is turned on the sawteeth 
begin to lengthen and eventually some are stabilized for a few hundreds of milli-seconds. 
For normal sawtooth, the excursion of q 0 is of the order of 0.02 in ohmic phase to 0.07 
with RF power. During monster sawteeth q 0 varies linearly with time from about q0=0.87 
to 0.75. The temperature reaches 4.5 keV and stabilizes after 140 ms. A t the sawtooth 
crash the central safety factor increases by about 0.10 to 0.15 for monster sawteeth. 
Simultaneously, the magnetic axis moves by about 4 cm and the q=l surface determined by 
soft X-rays moves inwards by about 5 to 8 cm. Such a displacement of the current density 
profile occurs in about 100us which is very small compared to the resistive diffusion time 
(«5s) calculated on the q= l surface. This gives support to the hypothesis that a shear 
plateau of a few centimeters could exist on the q= l surface prior the crash. 

Shot 8871(Ip=1.5MA, B- r^^T , PRF=3.5MW) 

q profile before the crash (plain line) 
and after the crash (dashed). 

10 1QI 102 103 fl.4 10.5 106 10.7 10.8 10.9 11 
Time [sec] 

Fig 1: Evolution of the temperature, magnetic 
axis and qo for a typical monster sawtooth (top 
to bottom respectively). The calculations of q0 

and of the magnetic axis made with IDENT-D at 
10.4 and 10.5 s are also shown with their 
error bars, (filled circles) 

Fig 2: q profiles before the crash 
(10.4s), and after the crash (10.5) 
determined with IDENT-D. The filled 
circles are the values of q determined by 
Abel inversion at the location of the 5 
chords. The positions of the q= 1 surface 
(crosses) measured by the soft X-rays 
at both times are also indicated. 
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Current density profiles have been carried out with IDENT-D for discharge 8871 at 
10.4 s (before the crash) and 10.5 s (i.e. 24 ms after the sawtooth crash) using 
polarimetric and magnetic data (fig 2). At 10.5 s, the q profile calculated with IDENT-D is 
in agreement within the error bars with the profile determined by Abel inversion. Both are 
indicating that q 0 remains below unity. q 0 exhibits a variation of the order of 0.1 at the 
sawtooth crash (fig 1 ) consistent with the variation calculated with the simplified method 

In order to assess the accuracy of the q profile at 10.5 s, the IDENT-D code has been 
run for different values of the regularising weighting factor of the current density profile. 
This study shows that the data are f i t ted within the error bars for a large range (0.05 to 
0.001) of weighting factor. Correspondingly, q 0 varies between 0.81 and 0.88 confirming 
again the result that q 0 remains less than one after the sawtooth crash. 

To characterize the rate of current diffusion between sawteeth, the change in q 0 at the 
sawtooth collapse is plotted as function of the sawtooth period x for normal and monster 
sawteeth in the current flat-top in ohmic and RF phase (fig 3). These data are compared 
with the change of q 0 calculated with the diffusion equation [2 ] assuming neoclassical 
resistivity and complete reconnection inside q= l at the sawtooth crash. This comparison 
shows that the measured AqQ is not high enough to be explained by complete reconnection. 

Fig 3: Measured 
change of qo at the 
sawtooth collapse as 
function of the saw
tooth period. The plain 
line indicates the 
lowest limit in Aq0as 
determined by current 
diffusion calculation 
assuming complete 
reconnection and neo
classical resistivity. 

0i05 0.15 0.25 0.35 0.45 

Comparison with striations data. 
Another possibility of identifying the q profile is proposed by the analysis of the Ha 

light emitted by the ablation of a deuterium or hydrogen pellet injected into the plasma. The 
ablation cloud exhibits dark striations corresponding to dips in the Ha signal. The largest 
striations can be interpreted by the presence o f rational surfaces along the pellet 
trajectory [8 ] . 

Rational surfaces related to the experimental set of depth and location of all most 
visible striations are identified by minimizing a functional. This functional is constrained 
on a monotonie q profile and on theoretical striation deeper than the measured depth [9] . A 
given q profile close to unity inside the q=1 allows t o discriminate between multiple choice 
of rational surface when it is required. 

The rational surfaces have been identified by this method for several sawtoothing 
discharges in ohmic phase in which the pellet reached the center. The q=1 surface 
determined by the striation method matches the location of the inversion radius given by 
the soft X-rays. The q profile obtained by striations is compared with the profile 
determined by IDENT-D using polarimetric data and the location of the q=1 surface from 
the soft X-rays (Fig 4). For the presented discharge, the sawtooth period was about 70 ms 
and the variation of q 0 did not exceed 0.03. The agreement between both methods is very 
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good inside the q=1 surface. Both are indicating independently that the q profile remains 
well below unity for sawtoothing discharge. This again confirms that complete reconnection 
does not occur on Tore Supra. 

3 

25 

2 

15 

1 

q profile for choc TS10537 

- — IDENT-D / 
-+ q with striations / 
o q=l surface from soft X-rays / 

/ y 
*~—'^~^ 

R[m] 

Fig 4: Comparison of the profile 
determined with the striation 
data with the q profile computed 
with IDENT-D. Fair agreement is 
obtained betiwen these tivo 
methods. 

2.4 25 2.6 27 18 2.9 3.1 3.2 

inclusion; 
Perturbation t o the q profile induced by normal and monster sawteeth has been 

analysed using polarimetric measurements. The evolution of q 0 and the calculation of q(r) 
with IDENT-D and Abel inversion are both indicating that the q profile remains below unity 
during the sawtooth crash. This is also confirmed by the measurements of q profiles with 
the ablation data. These results implie that complete reconnection does not occur in Tore 
Supra. They are also in agreement with those found in other devices such as JET [2 ] and 
PBX-M [3 ] . 

Further studies will concentrate on the detailed evolution of the q profile during the 
sawtooth crash by increasing the sample time of the polarimeter to 100 u.s and by 
modelizing the Faraday angles evolutions. 
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ABSTRACT : Fast Analysis of diagnosdc signals of a tokamak discharge is demonstrated by 
using 4 fundamentally different techniques. A comparison between Function Parametrization 
(FP), Canonical Correlation Analysis (CCA) and a particular Neural Network (NN) 
configuration known as the Multi Layer Perception (MLP) is carried out, thereby taking a 
unique linear model based on a Singular Value Decomposition (SVD) as a reference. The 
various techniques provide all functional representations of characteristic plasma parameters in 
terms of the values of the measurements and are based on an analysis of a large, experimentally 
achieved database. A brief matematical description of the various techniques is given here, 
followed by two particular applications to TORE SUPRA diagnostic data. The first problem is 
concerned with the identification of the plasma boundary parameters using the poloidal field 
and differential poloidal flux measurements. A second application involves the interpretation of 
line integrated data from die multichannel interfero-polarimeter to obtain the central value of die 
safety factor. 

/. INTRODUCTION 

Successfull high performance long pulse operation of large tokamak devices 
has increased the need for 'on-line' interpretation of diagnostic signals. 
Especially during long pulse operation, feedback on characteristic plasma 
parameters has to provide efficient heating and current drive schemes, thereby 
continiously assuring safe operation of the machine. Presented here are four 
general methods for fast fitting of two multidimensional spaces. Once 
obtained, the mappings can be performed directly on new data and they are all 
sufficiently fast to serve in real time control loops. A further advantage of this 
approach of data interpretation is that it allows a fast analysis between 
successive dicharges allowing a fast setting of the next discharge parameters. 

/ / . MATHEMATICAL DESCRIPTION 

2.1 Creation of the Database 
Since all fast data analysis methods described here rely on an analysis of a 
large database, special attention should be given to its creation. The database 
contains a n dimensional input matrix X (usually measurements) and a m 
dimensional output matrix Y (usually containing the results of a slp>v 'off line 
data interpretation code). For a good statistical treatment the database should 
contain a large number (N) of datapoints. Further, it should cover a laijje 
variety of plasmas and, preferably, have a uniform distribution. It is the aim 
of a fast approximation to find that simple (fast) mapping F between X and Y 
which approximates best the complicated (slow) mapping F* between X and Y 
used to generate the database. Both precision and speed of the algontm 
performing the mapping F in real time are limited by the available computing 
capicity and so one should find a suitable agreement. . 
Two things should be noted in particular : 1) The input matrix X is nearly 
always Tjad conditioned' due to multicollineanty (i.e. near linear 
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dependencies) in the measurements and 2) The mapping F should Teduce the 
dimension m of the input matrix X to the dimension n of the output matrix Y 
thereby retaining all relevant information. A reduction of the 
multicoUinearity can already be obtained by normalising the data matrices to 
uint standard deviation ana zero mean, denoted as NJO.l). In general, a 
simple linear mapping (obtained using the Singular Value Decomposition, 
SVD) between X and Y is not expected to suffice, but can serve as a good 
reference. 

2.2 Function Parametri?atign 
A detailed description of FP can be; found elsewhere [1-3] The FP technique is 
based on the Principal Component Analysis (PCA), which consists of a 
projection of the matrices X and Y (both N(0,1)) on two sets of orthogonal 
axis (the eigenvectors of the dispersion or covariance matrices of X and Y). 
The dimension of the new matrix X*, containing the transformed 
measurements, can be reduced by an examination of the corresponding 
eigenvalues (the Principal Values). The dimesion reduction provides a matrb. 
Xy, which can now be fitted with a set of orthogonal polynomials to the 
matrix Y \ The physical interpretation of the transformation is that the PCA 
is taking those linear combinations of tine input signals which show the largest 
variance throughout the database. 

2.3 Canonical Correlation Analvis 
A dimension reduction based on variance is a rather crude one. Crucial 
information about the plasma parameters might be hidden in measurements 
that show little variation over the range of the database. Canonical Correlation 
Analaysis (CCA) [3] provides a much more appropriate technique for 
dimension reduction than a PCA since it considers bom input and output at the 
same time. With a CCA, two matrices AT and BT are obtained together each 
defining; a transformation of the data to an ormogpnal set of axis or dimension 
m : X*=AT*X and Y'=BT*Y. The matrices A and B are constructed in such a 
way that the transformed measurements X* and Y' have the largest possible 
correlation. Now the parameters of Y ' are those linear combinations of the 
output parameters that are best predicted by linear combinations of the 
measurements in matrix X. A dimension reduction can be obtained by 
neglecting two signals having a very low correlation. When the CCÀ 
technique is applied to the pseudo input matrix (X, X2 , X3) one obtains a full 
third order non linear mapping between X and Y. 

2.4 Multi Laver Perceptron 
A MLP-1 (one hidden" layer) neural network was trained on using the 'GAR 
error minimising algorithm, described in detail elsewhere (4J The MLP is 
capable of producing_a non-linear mapping between X and Y and has been 
implemented at the TORE SUPRA tokamak to produce an 'on line' (open 
loop) determination of plasma parameters using magnetic measurements. 

/ / / . RESULTS 

3.1 Magnetic Measurements 
Fast determination of the plasma boundary, the Shafranov parameter Bp+/i/2 
and the boundary safety factor, q(a), is carried out by using 30 magnetic 
measurements as input signals. Since the circular TORE SUPRA plasmas are 
limited by 3 displacable hmiters, the position of these limiters should be added 
to the measurement vector. As can be seen from figure 1 & 2, the neural net 
provides the best approximation to the code results and so the MLP was 
chosen to be hardwired in the poloidal field control system using a 
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INTEL80/386 33 MHz card. Preliminary results indicate a cycle speed of 65 
Hz for the 34:12:6 MLP. 

è.2 Interferometrv & Polarimetry 
nee an accurate plasma position has been obtained, the Faraday rotation 

angles and the line integrated density signals of die 5 cordai interfero-
poTarimetry diagnostic can serve as additional input to a second mapping 
>erforminé a fast approximation of the central value of the safety factor qO. A 
arge database (5000 datapoints) was created using the equilibrium code 
DENT D. Figure 3 shows the two best candidates for performing such a fast 

approximation : FP and a Neural Net. 

FIGURES INCLUDED: 
1. Comparison of 4 fast data interpretation methods for identifying the 

outermost point of the plasma (in meters). Code results are plotted against 
the result of the 4 fast approximation methods described here above. 

2. Fast Approximation of the safety on the plasma boundary, q(a), obtained by 
the NN t—) and the off line plasma boundary identification code 
'TEMPETE' (—). 

3. Fast Approximation of the Central value of the safety factor qO using the 
magnetic measurements, the interferometry and polarimetry.diagnostic The 
results of FP(—-) and the NN (—) approach are compared to the results 
obtained by IDENT D (—). 
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I. Introduction 
Internal magnetic turbulence spectra have for the first time been measured directly in the 

Tore Supra tokamak using the Cross Polarisation Scattering (CPS) diagnostic for radial wave 
numbers kr around 10 cm"1 [3]. A large spectral broadening effect (2 MHz) is observed witii 

the CPS process, and is considered to be the signature of cross polarisation scattering by the 
magnetic turbulence. A relative level of the magnetic fluctuations, B/B in the range of 10*4 is 
deduced from the measured fluctuation spectrum. In this paper new results for this diagnostic 
are presented, especially the parametric dependence of the magnetic turbulence and its 
correlation with the energy confinement time. 

IT. Diagnostic and Experimental Conditions 
The principle of this diagnostic is based on the polarisation change of the 

electromagnetic wave scattered by magnetic fluctuations [1] [2]. By introducing the cut off of 
the incident wave in the plasma, the Polarizing Mirror Effect (PME) is used in order to separate 
the two competing scattering processes, one with density fluctuations and the other with the 
magnetic fluctuations [3]. The millimetric source used has an effective output power of 8 Watts 
at 60 GHz, and the Noise Equivalent Power of the heterodyne detection system is NEPH=10"18 

W/Hz. A slow data acquisition (1 ms), records two continuous signals, the first one, Sy^eo, 
corresponds to the direct transmission signal, and is used for die antenna alignment The 
second one, SW3oo, measures the spectrum power level of 6 around 300 kHz in a window of 
100 kHz, obtained witii a Spectrum Analyser. The typical plasma used in mis experiment is: 
Helium gas, R=2.462 m, a=0.68 m. Two scenarios can be used: 

1) Xj + B" -» Os: the PME is due to an X mode cut-off and the plasma parameters are limited to 

a low magnetic field and a low density domain (nft<4.45 10 m , B0<2.14T) [3] 

2) Oj + S -> Xs: the PME is due to the O mode cut off layer allowing higher density operation 

(ne>4.45 1019m"3, B0>2.5T ) [3J. However due to its shape this layer tends to reflect the 

wave towards the emitting antenna and can perturb strongly the millimetric source. By simply 

using a circulator, it has recently possible to use also this operation mode. 
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III. Physical Process for Antenna Positioning 

Figure 1 and 2 show the time evolution of some plasma parameters and of the 

transmission signal S y ^ . The plasma parameters are chosen to have the X mode cut off in the 

plasma: B 0 = 1.9 T, rig,, = 3.6 10l9m"3, Ip = 0.7 MA and die receiver antenna is set with a 

polarisation parallel to the O mode. Note diat due to die non-linear response of the heterodyne 

detector, above -5 dB (in Fig. 2) the signal is ancf,-iated by up to 5 dB for largest signal. 
- Between t = 4 s and t = 5 s , just after the plasma shift from the inner wall to die outboard 
limiter, the emitting antenna rotates for 360°. During mis phase Sy^^, is used to find the 
antenna position where O (Svideo maximum ) or X (Syideo minimum) mode are launched. 

- Between t = 5 s and t = 6.4 s the emitter is tuned to O mode. 

- After 6.4 seconds die emitter is tuned to X mode i.e. CPS configuration: X—>0. 

The difference between die maximum and minimum is of order of 30 dB i.e. the precision in 

antenna alignment can be less man 2° by this process. 

6 8 
t (sec) 

Fig.l Transmission signal and plasma 
parameters during die shot 11655. 

5 6 
t (sec) 

Fig.2 Transmission signals of 2 shots. 

The plasma is identical for shots 11655 and 11654. The only difference is mat in shot 

11654 (11655), the receiver antenna is in X (O) mode. Two conclusions can be drawn: 

- After 7 seconds in bodi case X mode is launched by die emitter and the difference between the 

two cases demonstrates that die waves detected by die receiver antenna are really an O mode in 

die CPS configuration. It excludes a priori the possibility that the detected signal is a projection 

of die spurious X mode signal, coming direcdy from die emitter by multi-reflection on die wall. 

- For shot 11655 at t = 7s the wave is launched in X mode. Due to the cut off layer the receiver 

can only see O mode coming from i) misalignment of emitter, ii) X mode depolarized by 

reflection on the wall. The signal is nevertheless 25 to 30 dB below die one received at t = 5.5s. 
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This indicates that the depolarisation effect on the received signal by the reflecdon on the wall is 

less than -30 dB. In consequence the O mode convened from the X wave scattered by density 

fluctuations due to the wall depolarisation is neglected. 

IV. Magnetic Turbulence in the Ohmic Discharges 

It has been observed that die density fluctuations, decrease with the mean density as 

(H/ne) «x=l/<ne>t and then saturate (5]. This behaviour is correlated with the behaviour of TE-

Magnetic fluctuations have been observed in a similar series of shots. This result is obtained 

with the O—»X CPS process after eliminating the scattering volume effect in the CPS signal. 

Magnetic and density turbulence have a different behaviour. The first one is observed to be a 

linear function of <ne>, (see Fig.3) in particular for the density range of 3.6-4.8 1019m"3, 

(S/B0) « <ne>, whereas density fluctuations saturate. This seems to indicate that in tokamaks 

there exist two types of turbulence. Experiments will be done to clarify whether the magnetic 

turbulence plays a role in the saturation of confinement time with density described by the 

Shimomura law [6]. 

3.5 4 4.5 
<H e : (10 I 9m : ) 

Fig.3 Dependence of the magnetic (*) and 
electrostatic turbulence (o) as a function of 
the mean density in the ohmic phase. 
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Fig.4 Additional heating effects on the 
magnetic turbulence normalised to the ohmic 
level. 

V. Correlation with Confinement Time in L regimes 

It has been commonly observed that there is degradation of the energy confinement in 

the L regime where additional power is injected in to the plasma. In Tore Supra, a strong 

correlation between the magnetic turbulence and additional heating (LH, ICRH) is observed 

(see Fig.4), while the density fluctuations measured by Altair diagnostic [4] are insensitive to 

the additional heating. Fig.5 displays the dependence of magnetic turbulence as a function of 

the poloidal beta number Pp. It clearly shows that the magnetic turbulence increases linearly 

with pp , which at the same time correlates with electron temperature. This explains why on 
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Fig.4, ICRH hearing affects more magnetic turbulence than LH. Fig.6 shows that the energy 
confinement time xE decreases with the magnetic turbulence, and hence xE «= pp. This can be 

explained by the Goldston scaling law for the energy confinement time in die L regime [7]. In 
fact, by eliminating the total injected power P tot in the following relations: xE = W / P ^ 

(definition) and xE « IpPiot"1^2 (Goldston), we obtain x^1** W/Ip « Pp. This fact suggests 

the essential role played by the magnetic turbulence in the L regimes. 

160 F 
=) 
< 
0> 
SJ 

c a* 
3 

X) 

3 
^̂  t_> 

QJ 
c 
DO C3 
2 

140 

120 

100 

80 

60 

40 

20 

1 I 1 1 1 1 
'o*: Ohmic 

- '+*: ICRH 
V : LH 

-

, 

• w 
1 1 1 1 1 

1 

X 

- 4 -

T T " 1 \ 

+ 

• "$iM 

F f 

i i i l 

-~̂  
• u 
42. 
T -

UJ 

t» 

10 

5 

0 

• 'o ' : 
. V : 

'x': 
• 

• 

Ohmic 
ICRH 
LH 

/ 

JC < Ï0*d / f w 
/ ' 

o 
* • 

y 

• * 
/ 

^ t x 

É** w 

% 
, 

±< 
• 

• 

« 

• 

• 
0.1 

W 
0.2 0.3 

Fig. 5 Dependence of S as a function of pp 
in die ohmic and L regimes. 
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Fig.6 Dependence of the confinement time as 

a function of S. 

VI. Conclusions 

Three important results have been obtained: 

1.) Operation of the diagnostic in both scenarios and good understanding of spurious effects 

(reflections, misalignment.) 

2.) In ohmic plasmas, a linear dependence of S with <ne> is observed for a density range of 

3.6-4.8 1019 m , while ne saturates. 

3.) A strong correlation between S and additional heating (ICRH and LH) is observed. The 

dependence found experimentally between S and pp is compatible with the Goldston law in 

the L regimes. 
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Link between magnetic shear and energy confinement 
on Tore Supra 

L. GUEIOU, D. VAN HOUTTE, G. T. HOANG, X. GARBET, C GIL, E. JOFFRIN 
Association Euratom-CEA/DRFC CE- CADARACHE 13108 Saint-Paul-lez durance Cedex 

Introduction 
Global analysis of OH discharges shows that for low density, kinetic energy of electrons agrees 
with the global Rebut-Lallia-Watkins scaling. In die Saturated Ohmic Confinement (SOC) 
regime, the discrepancy of electron energy content with global RLW scaling is explained by 
comparing the experimental electron heat diftusivity with the local RLW model. The influence 
of the current density profile on confinement is analysed during fast current ramp down in 
ohmic plasmas. Strong modification of current profile and magnetic shear of die plasma is 
deduced by using the IDENT-D code. Thus, the confinement can be correlated with the external 
magnetic shear. 

Energy confinement for stationary ohmic discharges 
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FIG.l: Measured kinetic electron energy plotted 
versus the RLW prediction o 0.4<Ip<1.7MA, 
22< BT <3.8 T and 0.7 « n e x 3.5 1019 m"3 
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The measured kinetic energy of electrons (open 
circles in Fig 1) is in fair agreement with the 
Rebut-Lallia-Watkins (RLW) scaling [1] for 
volume averaged densities lower than 
3.5xl0 1 9 m"3, Ip ranging from 0.4 and 1.7 
MA and B T between 2.2 and 3.8 T. However, 
at higher densities (<ne> > 

3.5xl0l9m-3) for 
ohmic deuterium discharges (Ip=1.6 MA and 
BT=3.8 T), the global RLW scaling disagrees 
with experimental values (black points). In 
order to explain this discrepancy, the heat 
transport has been analysed using the LOCO 
code[4]. 
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FIG 2 : Variation of global parameters with average density; a/ global energy confinement time; b/ Effective 
charge number Zeff; c/ Ohmic power; d/ experimental and RLW electron kinetic content 



- 4 4 -

For these deuterium discharges, confinement time calculated from diamagnetic measurements 
is constant versus average density (Fig2.a). In spite of Zeff scaling as <nc>"3/4 (Fig2.b), the 
ohmic power increases slighdy with density (Fig2.c) due to an increase of the loop voltage[3]. 
As shown in Fig2.d, the density dependence in RLW prediction is more important than the 

experimental one. Experimental values are found to scales as <nc>^-3 while W . behaves 

as <ne>0-6. In the Rebut-Lallïa-Waùans model, W c is given by the offset-linear scaling [1]: 

w j 0 ^ 2.6 10-2 ne3/4Ze£fl/4BTl/2 Ipl/2 (a2R)ll/12+ L 2 1Q-2 IpPtol(a2R)V2Zeff-l/2 (1) 

This global scaling is consistent witii the local model based on critical temperature gradient [2]. 
In this model, the expression of local heat diffusivity is given by: 

RLW 
*e (2) with VTec= 

6 ^ /iTJBT3 

(3) inkeV/m 

rf 
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• I . - - - • . 

*W 
. Xc(P=0-5) 

+ *RJ,w(P=0.5) 

neVTe" 
where H is the heaviside function and Xan is die anomalous heat diffusivity given in [2].VTCc 
is the critical temperature gradient above which the heat transport is anomalous. 
In (I), the first term corresponds to plasmas with VTe close to VTec- It generally describes 
ohmic and low power plasmas. The second term corresponding to high additional powers 
refers to plasmas with VTe » VTec- The numerical coefficients of die global scaling have 
been obtained by a fit to JET ohmic and L-mode data. 

Local transport analysis shows that 
experimental electron heat diffusivity at 
r=a/2 remains roughly constant at a value 
of 0.8 m^/s within the error bars over the 
density range (Fig 3.a).This result is 
consistent with a constant global 
confinement time. On the contrary, the 
RLW heat diffusivity decreases 
continuously with increasing average 
density and is close to die neoclassical 
value for <ne> - 5.10*9 m - 3 . The critical 
temperature gradient calculated with 
Spitzer resistivity remains constant at about 
3 kcV/m over the density range. In the 
expression (3), the increase of die term 

(neVTe)r 

=a/2 w* t n increasing average 
density is balanced by the increase of the 
electric field E=n"ij. On the other hand, the 
experimental temperature gradient 
decreases from 5.5 to 3 keV/m. 
Consequently, (l-VTec/VTe) decreases 

g with the increase of <ne> and closes zero 
at the highest densities. This explains the 
discrepancy between experimental and 
RLW heat diffusivities. It is clear that the 
saturation of confinement cannot be 
reproduced by the critical gradient 
temperature model [2]. 
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FIG 3 : Comparison between a/ Experimental (•) and 
RLW(+) heat diffusivities (r=a/2) versus average 
density b/ Experimental^) and critical(+) temperature 
gradient 
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Effect of magnetic shenr on confinement 

In order to study the dependence of 
magnetic shear on the confinement, ohmic 
current ramp discharges have been carried out. 
In these experiments, the current density profile 
is transiently decorrelated to the temperature 
profile. Such a discharge is shown on Fig4. At 
t=6.5s, die current is ramped down from 1.7 to 
0.7 MA at a rate of -1.5 MA/s. During the 
ramp, the internal inductance \[ which gives 
global information on the current distribution 
increases, reaches a value of 3 at the end of the 
ramp and relaxes for about 2 sec. The density is 
maintained constant at 1.4xl0l9m-3. Whereas 
the electron energy content is in agreement with 
the RLW scaling during the two stationary 
phases, an enhancement of RLW normalized 
electron content reaching 40% is obtained 
during the ramp-down phase. 

This improvement is correlated with the 
increase of U as it is observed in L-mode in 
various odier tokamaks[5-7]. The origin of the 
dependence on li is specified by analysing the 
link between the electron energy content 
normalized to the RLW scaling and die magnetic 
shear which can be written in cylindrical 
geometry as: 

rdq rZj(r) 
s " q d r ~ z r 

Irj(r)dr 
0 

(4) 

A good accuracy of the magnetic shear 
measurement (5s/s <15% for p>0.7) is 
achieved from current density profile obtained 
with IDENT-D using polarimctry, 
interferometry and magnetic measurements. 

An analysis of numerous experimental current 
density profiles in various heating regimes 
shows an increase of the magnetic shear with 
the internal inductance U and a saturation of the 

5 10 
time (s) 

15 

FIG 4: Time evolution of the main parameters of 
the shot 13087 : a/ Plasma current (Ip(MA)), 
Internal inductance li; b/ Average density( <ne> 
10*9 m-3) and H: ratio of electron kinetic content 
and RLW prediction 
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FIG 5 : Variation of magnetic shear at two radial 
surfaces with the internal inductance li for current 
profile in steady state or slow current ramp external shear (p>0.7) at a value of 2 for the 

highest values of li (Fig 5).This limitation of the 
local magnetic shear is associated with positive current density as clearly shown in the 
expression (4) and may be exceeded by forcing a negative current density at die edge of the 
plasma (Fig 6).During the fast current ramp down, a shear up to 2.5 at r/a=0.85 has been 
obtained. During die current profile relaxation characterized by die decrease of U, H=We/We 

decreases together with the magnetic shear at r/a=0.7 while the shear calculated at r=0.4 
remains roughly constant (Fig7). 
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FIG 6 : Radial profiles of a/ current density 
profile and b/ magnetic shear for li=3 (solid line) 
and li=1.7 (dashed line) 

2.5 

5 ° 2xshearp=0.4 
-* 2.0 

«3 
M 1.5 h 
as 

1.0 

shear p=0.7 

^o*»* 9 , - o 

• • 

o w o 

1.5 2.0 2.5 3.0 
1; 

FIG 7 : Variation of the magnetic shear during the li 
decrease (Ip=cte) o shear at p=0.4 • shear at p=0.7; 

References 

1.8 2.3 
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FIG 8 : Variation of electron energy content 
normalized to the RLW scaling as a function of the 
shear at p=0.7 

Time evolution of the internal inductance H is 
then strongly correlated with the one of the 
magnetic shear in the outer half of the 
plasma.The global li-dependence of 
confinement is precised by correlating 

•RI W 

H=We/W. with the shear m outer region 
of the plasma (p=0.7) (Fig 8). The enhanced 
factor H increases linearly with the external 
shear and reaches 1.4 for a shear of 2.2 
because of negative current density at the 
edge. 

Conclusion 

Experiments conducted at Tore Supra to 
investigate the functional dependences of the 
local heat diffusiviy Xe, indicate that in one 
hand critical temperature gradient as used in 
RLW scaling is not sufficient to reproduce the 
saturation of confinement at medium and high 
densities. In other hand, an additional 
dependence on the magnetic shear in outer 
region (p=0.7) is required to reproduce 
experimental results. 
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Turbulent Transport Coefficient in Tore-Supra : 
Instant Measurements by Collective Light Scattering. 

E Gervais. D. Grésillon, P. Hennequin, O. Ménicot. A. Quéméneur. A. True, 
Laboratoire PMI (UPR 287 du CNRS), Ecole Polytechnique, F-91128 Palaiseâu (France) 

R Devynck, X. Garbet, C. Laviron, R. Gaillard and G.T. Hoang 
Association Euratom-CEA, CEN Cadarache, F-13108 Saint-Paul-lez-Durance Cedex (France). 

Fusion plasma confinement is limited by radial energy losses across the magnetic field. 
Tn the frame of weakly out-of-equilibrium thermodynamics, cross B energy flux is proportional 
to the temperature gradient, times a constant coefficient which depends only on the equilibrium 
properties. For turbulent fluids, the "turbulent" transport is also assumed to be proportional to 
the temperature gradient, although the transport coefficient is much larger than the equilibrium 
one, and cannot be a-priori predicted. An appropriate control of a fusion plasma requires an 
access to this coefficient. Until now, two types of procedures, active and passive, have been 
applied. The active method uses a strong energy deposition perturbation (additional heating 
modulation, sawtooth disruption) and observes the heat pulse cross-B propagation. The passive 
method requires a fully diagnosed plasma, where the temperature as well as a detailed power 
density deposition profiles are simultaneously available. An energy balance numerical model then 
provides the heat transport coefficient profile. These two methods however are either strongly 
perturbative, or indirect, and require expensive power \osxs or extensive diagnostics. 

The collective scattering of electromagnetic waves can directly provide a localized, instant 
measurement of a plasma turbulent transport coefficient. Plasma non-uniformities provokes the 
scattering of a monochromatic light beam. Since in addition the scattered light frequency is 
shifted from the incident light frequency by plasma motion, a detailed analysis of the scattered 
light frequency spectrum provides direct informations on this plasma motion. 

It is this information which we like to present and qualify in this paper. A model for the 
collective scattering line shape formation will first be presented, as well as the method by which 
a direct measurement of the electron cross-B diffusion coefficient can be obtained. Observations 
have been conducted with an infra-red laser scattering diagnostics in "Tore-Supra" tokamak. The 
spectral features characteristic of a diffusive plasma motion have been found and the "collective 
scattering" electron diffusion coefficient is thus obtained. This diffusion coefficient is compared 
with the classical "balance deducted" heat transport coefficient, in a series of ohmic and lower 
hybrid heating experiments. 

1. Collective scattering from a magnetized non-steady diffusive plasma. 

A plane electromagnetic wave incident on a non-uniform plasma is partly scattered. When 
the incident frequency is much larger than plasma frequency, the electric polarization is 
proportional to the plasma density. A heterodyne detector looking at the light coming at an angle 

6 from the incident light beam then detects a scattered electric field [1] 

E ( r \ t ) = E f ( r ' , t ) d r 3 e * i k r n ( r , t ) 
iv (1) 

where E f ( r \ t ) is the monochromatic spherical wave (Thomson-) scattered by a single electron, 
n (r, t) the electron density, V the observed volume and k the analyzing k-vector 
k = k s - k j (2) 
a difference between the scattered and incident wavevectors, k s and k j respectively. 

file:///osxs
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The scattered field is a monochromatic wave, amplitude modulated by the electron 
density spatial Fourier transform. The scattered light spectrum will show a profile broadened by 
plasma density fluctuations. 

What can be told of the relation between these fluctuations and plasma motion ? In a 
strongly magnetized plasma, densiry irregularities are aligned with magnetic field, and their 
motion is perpendicular to B. The question is whether these fluctuations are propagating waves 
or irregular convection motion. Coherent scattering turbulence observations in tokamaks have 
long been thought as evidence for drift "waves". But for neutral gases at thermodynamic 
equilibrium, density variations are well known to develop in two normal sets, the "constant 
specific entropy", and the "constant pressure" variations. Of the first type is the sound wave. Of 
the second type is the non-propagating "entropy wave", which is weakly (molecular diffusion) 
damped in a stationary fluid, or plainly convected if the medium is moving. A magnetized two 
dimensional plasma can also develop these two types of motion. Propagating waves are well 
accepted, but the "constant pressure" density variations should also be so : as in collisional gases 
where a short mean free path confine particles, plasma electrons keep isolated on their different 
field lines. An electron density irregularity might be just convected in the plasma motion. 

When plasma density fluctuations are of this second, incompressible type, their motion is 
divergence free and follow that of the plasma. This leads to an explicit relation between this 
fluctuation collectively scattered light spectrum, and the plasma morion statistical properties. 

The scattered electric field complex amplitude time correlation function has been shown 
[2] to be 
< E ( t ) . E " ( t + x ) > = C t . < e i k - A ^ ) > (3) 

where < e >k •A ( T > > is the statistical "characteristic" (i.e. a Fourier transform) of the fluid 
displacement-in-a-time-x, A, probability distribution function, P(A 1x). 

The statistical characteristic takes definite values in two different limiting conditions, 
depending on how the fluid turbulent motion correlation length compares with the scattering 
analyzing wavelength : 
-For large correlation length, the collective scattering frequency spectrum is the Doppler 
frequency transform of the fluid velocity probability distribution. 
-For small correlation length instead, any lagrangian trajectory is a brownian-type diffusive 
motion, the pdf of which is a gaussian, with a variance 

< A 2 ( x ) > = 2 D x (4) 
where D is the (turbulent, electron, cross-B) diffusion coefficient. This pdf statistical 
characteristics is a decreasing exponential function of time. Its time Fourier transform is the 
frequency spectrum. It takes on a Lorentz profile 

S(co) = k^D 
( t û - k . U ) 2 + ( k 2 D ) 2 (5) 

The frequency at maximum is the mean velocity U Doppler frequency, and the (angular) 
frequency half width at half maximum (HWHM) is 
Au) = k 2 D .<6) 

A simple analyzis of the scattered light frequency profile indicates which type of motion 
is observed : large scale motion with gaussian Doppler frequency profile, or small scale diffusive 
motion with lorentzian profile, from which the HWHM frequency directy gives the turbulent 
(electron cross B) diffusion coefficient. 

2. Experimental conditions 

Density fluctuations are measured in the Tore Supra tokamak using a collective scattering 
CO-, laser experiment [3]. Some spatial resolution can be obtained along the observed vertical 
chord, taking into account the magnetic field lines pitch angle variation in the tokamak cross 
section, and assuming the perpendicularity of the fluctuation wave vectors to these field lines [4]. 
An observation position can be selected by rotating the scattering plane at an angle a around a 
vertical axis. In the following experiments, the radial position resolution is of the order or 
smaller than the plasma radius a. 
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Sevcral shots in the presence of additionnai heating (lower hybrid- with occasionally 
additional ion-cyclotron) have been analyzed. Plasmas conditions were as follows ; (B = 3T, 
Ip= 800 JcA, q(a)=7, <nc>=3 1019 m"3 ). For all of these shots the density fluctuations have been 
observed along a central chord, simultaneously for two different and indépendant wave vectors 
(kj=600 m"1, k 2= 1200 m"1). The diagnostic scattering plane angle o is set to analyze turbulence 
coming mostly from the bottom plasma, for both wave vectors. 

3. Frequency spectra. 
l. 

choc = 12466(1), kl=6cm-l 

~ fm»U)=-0-
0-8!- dfn)=0.12 

I 
— 0.61-

StT 
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f[MHz] 

-1 -Oi 0 
Figure 1 
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Fig.l is a typical frequency spectrum 
obtained for kj = 600 m"1. It was previously 
observed, in ohmic heating plasmas, that edge 
fluctuations are made of two different lines : a ~ r 
gaussian profile line with a mean frequency shift °» o.*j-
in the electron diamagnetic direction, and a I 
lorentz profile line in the ion diamagnetic 0^i. 
direction [2]. These two lines are observed in ~f 
additionnai heating plasmas, although their 
mean frequency shift can be smaller than their 
widtfi. 

Fig. 1 shows the experimental spectral 
density in linear units, and its best fit wim a 
gaussian line (electron diamagnetic side, largest 
amplitude) and a lorentzian line (ion diamagnetic 
side, smaller amplitude). 

Fig. 2 shows the same datas, but in 
logarithmic vertical unit. The Lorentz and Gauss 
fits are also shown, as well as the result of a 
two-gaussian fit. Only the Lorentz fit is able to 
account for the extensive line wings. This is the 
first signature of a random diffusion scattering 
spectrum. 

The second signature is shown in Fig.3. 
The same plasma as in Fig.l was observed at 
the same time and position, with a second 
scattering channel, tuned to k2=l200 m"1. If the 
previous Lorentz profile is that of a diffusion 
line, it should also appear on the k2 frequency 
spectrum, with a new frequency width that 
should be, according to Eq.6, in the squared k 
ratio. The "hwhm" in Fig.l was 120 KHz. The 
Lorentz line "hwhm" in Fig. 3 is 620 KHz This 
widtfi ratio is close to the expected value, within 
the wave-number resolution (4 ± 20%). 

4. Scattering-obtained cross-B turbulent transport diffusion coefficient 

A number of scattering spectrum observation have been collected in Tore Supra plasmas, 
during lower hybrid heating experiments. All of these spectra were analyzed and fitted to Gauss 
and Lorentz lines, along the way shown in Fig.l to 3. The Lorentz line frequency width was 
systematica^ used as a measurement of the electron cross B diffusion coefficient, Eq.6. 

1 1.5 

O 
Figure 3 

0.5 1 1.5 
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These diffusion coefficients are shown in Fig.4, as a function of the plasma total heating 
power. Different plasma conditions (ohmic, lower hybrid, and LH plus ion-cyclotron), as well 
as different scattering k, are labelled differendy. 

For comparison, an 
electron heat transport 
coefficient obtained from the 
detailed plasma energy balance 
analysis (xe

 a t r/a=0.5) is also 
plotted in Fig.4. It should be 
noted however that since the 
temperature profiles were 
unfortunately unavailable for 
tiicsc shots, these heat transport 
datas were taken from other 
plasmas but with identical 
heating schemes and similar 
plasma conditions (B=2 T, Ip= 
400kA, <nç>=4,5 1019 m'3). 
This heat coefficient is seen to 
fall well within the other 
scattering obtained diffusion 
coefficients. All of these are 
slowly but significantly 
increasing with the additional 
heating power. 

An additional remark should be made, on the total scattered signal power. This scattered 
E-field power was also recorded as a function of plasma additional heating power. Although a 
large dispersion was observed, no significant correlation could be noted. Contrary to previous 
observations [5], in the present experiments the turbulent diffusion characteristics are only 
manifested in the spectral width, but not in the signal mean square value. 

The collective scattering deftned-elecrron diffusion coefficient and the balance equation 
found- electron heat conductivity fall in the same range, within the experimental dispersion. This 
indicates that, in these experiments where mainly the electrons were heated, electron turbulent 
diffusion is the main cause of anomalous heat transport. 

Conclusion 
Fig.4 observations of the electron diffusion coefficient, together with those on Fig.l to 3 

on the spectral shape and k-behaviour, provide a validation of this direct method of measurement 
from the Lorentz profile in the collective scattered light spectrum. In addition, a new 
interpretation is suggested of the observed "drift wave" tokamak turbulence, which could be 
submitted to further analysis. 

From the present result, collective scattering can be used to provide a direct on-line 
calibrated measurement of electron anomalous transport. 
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Snake studies on TORE-SUPRA 

P.Cristofani, C.Desgranges, X.Garbet, A.Geraud, C.Gil, 
G.T. Hoang, EJoffrin, A-L Pecquet 

Association Euratom-CEA sur la fusion contrôlée, CE.Cadarache, 
13108 Saint Paul Lez Durance France 

Introduction. 

Snakes have been achieved after pellet injection in TORE-SUPRA during ohmic as well 
as ICRH discharges as it has already been observed in odier machines [1]. They are usually 
localized on a region around the q=l surface, and correspond mainly to a perturbation of the 
density profile. The formation of the snake depends on the penetration depth Lp of the pellet 
[2]: the maximum of ablation must be well inside the q=l surface, this condition is necessary 
but not sufficient to produce snakes. For example on TORE-SUPRA high speed H2 pellets 
(1500 m/s and approximately 10^1 atoms)[3] were injected into D2 plasmas with following 
parameters: Ip=1.4 MA, B(()=3 T, Te=1.7 KeV, <nc>»2-3 1019 nr-*, a=0.78 m, R=2.4 m, 
and qa=3.3. In such experimental conditions, the matter is deposited in the centre and snakes 
are produced in 50% of the cases, but they are created on a second much more internal q=l 
surface leading probably to a non monotonie current profile. The first two paragraphs describe 
the properties of the snake and the induced current modification. The latter paragraph discusses 
the important role of the bootstrap current in the snake formation. 

Experimental observations. 

Two soft X-ray cameras are mounted on TORE SUPRA, one viewing the plasma 
vertically with 43 detectors allowing a spatial resolution of 3 cm and a time resolution of lus, 
and a second viewing the plasma horizontally with the same resolutions. The soft X-ray signal 
depends on the energy kTe, the square density ne

2 and the impurity content of the plasma, and 
is the main diagnostic used to study the snake in this paper. 

A detailed study of a particular snake obtained on Tore-Supra after injection of an 
hydrogen pellet (1021 atoms) at a moderate velocity (1500m/s) into a deuterium plasma 
(Lp/a=.94) has been carried out. As one can see on Fig.l, the snake exists immediately after 
pellet ablation, but is detectable on soft X-ray signals only after a few 10ms because of the 
energy function response of the measurement. The density decreases in 600ms while the central 
temperature regenerates with the same time evolution. The snake remains during 500ms 
although sawteeth are present in the plasma, the period of the sawteeth is 45ms. 

. Physical properties 
The snake oscillations reach more than 100% of the soft X-ray signals, and have the same 

frequency as those detected on the line-integrated density signals. These oscillations are not 
visible on the electron cyclotron emission (Fig.l) indicating that the snake is mainly a local 
density perturbation. The snake contains approximatively 5.5 1019 atoms representing less than 
10% of the quantity of matter contained in the pellet. This has been deduced from the 
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inierfcromctry diagnostic using the snake rotation. It is compatible with specific soft X-ray 
emission, providing any impurity accumulation effect. 

The parameters which characterize the snake dimensions are its minor radius r$, which 
corresponds to the radial location of its maximum density, radial and poloidal extensions Ir and 
Iff. For the experimental condidons described above, the typical dimensions deduced from the 
soft X-rays are r s =14.5 cm, lr =12 cm and le =14 cm (=80°) (Fig.2). A low/high field side 
asymmetry is observed on the dimensions of die snake attributed to the Shafranov shift effect: 
high field side lr =15 cm, low field side lr=12 cm. 

. Magnetic properties 
Soft X-ray cameras identify die snake as a m=l magnetic perturbation, a correlation with 

the interferometry, toroidally located at 60° of die soft X-rays, allows to determine a n=l 
toroidal mode number. Sawteedi reappear on die soft X-rays 170 ms after the injection, but are 
visible on the central temperature only after a delay of 500 ms (Figl). On the other hand when 
no snake is produced, sawteeth affect the central electronic temperature right after the pellet 
injection. 

Looking into die inversion radius of die soft X-rays during the snake leads to a radius of 
die q=l surface rq = i =29 cm (Fig.3). This value is identical to that before injection which is 
also similar the value deduced from the position of the dip in die Ha emission during the 
ablation process [4]. Comparison of rq=i =29 cm and rs =14.5 cm clearly indicates diat die 
snake rotates on a more internal q=l surface on which no sawtoodi is observed. Usually for 
standart Tore-Supra snakes, rs/rq=l =0.8, but for this particular experiment rg/rq-i =0.5, 
which may correspond to a non monotonie current profile. 

. Influence of sawteeth on the snake 
As mentioned before, the snake survives to the sawtoodi crashes, but with some changes 

in its behaviour. 
Firsdy, soft X-ray measurements underline an effect on die snake position. Tine minor 

radius rs decreases from 14.5 cm down to =10 cm at each crash and relaxes during die 
sawtoodi ramp. This point is confirmed by die time evolution of the central soft X-ray signal 
which exhibits inverted sawteedi as seen in Fig.4. When rs decreases, die snake rotates on a 
trajectory always intercepted by die central chord, leading to an increase of die emissivity and 
dien to central inverted sawteedi. The variation of rq=i along die sawteedi has been reported by 
JET [2], but they observe a linear dependency of rq=i with the time during die regeneration 
phase. On Tore-Supra r s recovers its initial value more rapidly 0?ig.4). 

Secondly, die snake rotation is affected by die sawtoodi crashes (Fig.5). On Tore-Supra 
commonly die snake rotates in the electronic drift direction, slows down and sometimes locks 
before die crash. In die particular case described here, two phases may be distinguished: 

* phase I corresponding to an erratic rotation direction at low frequency (a few Hz): every 
crash corresponds to an abrupt change from electronic to ionic rotation direction, between two 
consecutive crashes die frequency decreases locks and reverts; 

* phase II corresponding to a rotation in the electronic drift direction only widi a 
frequency modulated by the sawtoodi crashes from quasi-stationary up to 700 Hz as seen on 
Fig.5. But contrary to an usual m=l,n=l tearing mode which slows down before die crash, die 
snake slows down at die crash. One interesting point is to understand how diis difference is 
determined. Botii the fluid particle and die momentum balance equations have to be written 
including of course die neoclassical friction forces and turbulence to determine the rotation 
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mechanism. At the end of this phase, the crashes affect the amplitude of die snake which is then 
eroded at every internal disruption. 

Local modification of the current density profile. 

In order to study the current modification caused by the pellet injection, different methods 
are used: 

- the transport code LOCO using Thomson scattering data and assuming a Spitzer 
resistivity which underestimates the on-axis current density; 

- the equilibrium code EDENT-D using magnetic and interferometry measurements and 
q=l surface position deduced from soft X-rays; 

- the striations of the Ha emission [4], 
Fig.6 shows the q profiles obtained by these methods. Before the pellet injection, the 

results are in relatively good agreement, showing a monotonie q profile with qo=0.85±0.15. 
The profile given by striations indicates the presence of a large plateau around rq=i, but no 
particular structure near r$. After the pellet injection LOCO calculates a non monotonie profile, 
due to the very flat or may be hollow electron temperature profile. 

Discussion. 

The experimental observations require two explanations: 
- the first one generating the modification of the current profile leading probably to a 

double q=l surface 
- the second one generating the m=l,n=l snake island destabilization and self-

sustainmenL Pellet injection suffers important modifications of density and temperature profiles 
involving also modification of the bootstrap current distribution of both ions and electrons: 

j t a « —^vOfl—— , where e is the inverse aspect rano. 
r B, 

The bootstrap current calculated by LOCO (Fig.7) remains constant (70 kA) and 
represents 5% of die total current but with a different shape. Bootstrap takes place exacdy 
between rs and rq=j. Both effects, Te decrease and bootstrap modification, may explain the 
appearance of a non monotonie current profile. 

Inside the snake island die pressure gradients are not flat as usually considered in tearing 
mode theory, and also lead to a bootstrap contribution [5]. This current which can be significant 
plays an important role on the mode stability dirough die sign of die shear parameter. Non 
linear treatment taking into account the local bootstrap current effect associated with non 
monotonie profile, and the island pressure gradients are needed to investigate the snake 
stability. 

Others scenarios as a temperature perturbation driving the island growdi or the presence 
of a large region at very low shear value must also be studied in parallel of funher experiments. 

references: 
[1] A. Weller, A.D. Cheetham, A.W. Edwards, et al., Phys. Rev. Lett. 59 (1987) 2303 
[2] R.D. Gill, et al., Nuclear Fusion, Vol.32, No.5, (1992) 723 
[3] A. Geraud, et al., Proc. 20th EPS, Lisboa, Vol.l7C, Part.I (163) 
[4] M.A. Dubois, et al.. Nuclear Fusion, Vol.32, No.ll, (1992) 1935 
[5] A. Thyagaraja, F.A. Haas, Proc. 20th EPS, Lisboa, VoU7C, Pan.IV (1323) 

http://Pan.IV


-54-

• »0 "i * t 

a» -

,00 -

Soft X-rays 

rillJcm hmmtt) 
8.6 «LI « 

Fig. 1 Density temperature and SXR evolutions 

F « 1 S > : lr"I Jem. k>>l«an. r,>lVn «w r V | > 

u in in m 
•MW 

F f J I 

« a » i » a U4 

• Wtk t rq . l M r t M . 

rJrtftj^ 
t - .! ' " 

u ïï û 5 î îi S u » 

ur 

M a n i 

• «i u u •• u 

FIJ " luui r»» carriM anlUn c ik .uu ( »| l.«MTll. 



p^f5oo 6 °Z^ 
- :o-

Fast e lectron ripple losses during L H C D on Tore Supra: 

Model and experiments 

J. Carrasco, V. Basiuk, R. Arslanbekov, G.T Hoang, X. Litaudon, 
G. Martin, D. Moreau, Y. Peysson 

I) Introduction 
During lower hybrid current drive (LHCD) experiments, pitch angle scattered fast 

electrons with a large perpendicular energy can be toroidaily trapped in the magnetic mirrors 
which exist outside the good confinement domainl*]. Collisionless ones are then lost to the wall 
during their vertical drift motion. The current carried by these electrons (called electronic current 
later on) is measured by an array of twelve polarisable electric collectors, located inside a 
vertical port!2!. The total electronic current and its profile were measured in various plasma 
conditions (electron density ne, plasma current Ip) and power injection conditions (power level 
Plh). Scaling laws of the total collected current versus ne and Pjj, were found for different 
plasma currents. In order to analyse experimental results, a kinetic model was developed, based 
on the appropriate Green's function (consistent with the ripple loss cone in velocity space). 
II) Theoretical model 

a) ripple losses 
The ripple effect is modelled by a loss cone in velocity space. This cone represents the region of 

velocity space where fast electrons whose 
banana tips are outside the good confinement 
domain. Electrons entering this cone are 
assumed to be lost when their energy is above 
a threshold energy, related to the collisionnal 
detrappingPl effect. This threshold energy Et 
depends on the electron density (ne, figure II-
1), the effective charge (Zeff), and the depth of 
the well (§*). It is not a sharp limit in energy 
since the fraction of electrons remaining 
trapped in ripple wells is a smooth increasing 
function of the electrons energy. Therefore, 
this uncertainty on Et is taken into account by 
assuming an excursion of ± 20 % around Et. 

b) Kinetic model 
The kinetic model is based on the 

resolution of a Fokker-Planck equation by using Green's function technique M, where the LH 
source term SLH is balanced by the collisional term. 

collisional operators Here, p and u. are the 
momentum and pitch angle 
variables of the fast 
electrons, r is their radial 
location and fe the non 
thermal part of the 
distribution function. On the 
basis of an expansion on the 
eigenfunctions of the adjoint 
collisional operator, we 
found the Green's function 

2 3 4 5 6 
rie (1019 m-3) 

Figure II-1: Evolution of threshold energy 
with electron density (error bars ±20 %) 

SLH(p.M=A(r) 

avec : A(r) = 
4 Ji e„2 m,2 tfp) =/H r̂ 
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associated with the loss cone boundary conditions-
An analytical resolution may be carried out when the 
loss cone is reduced to the perpendicular velocity 
axis. Otherwise, the calculation of the pitch angle 
scattering eigenfunctions, must be carried out 
numerically (figure 0-2, *?£). 
The Green's function is then given by: 

G(p. |L / p0. m. r0) = "jjP-ft* ... 
2ïlA(rD)tfpoy 

«•• ^ e W l (Y(p)- l)(^Po)+l)J 
and, the distribution function fe is expressed as: 

f,(Po- Ht>- ro) = J J 2 Jt p2 dp dp. G(p, p. / p0. HQ. r0) S(p. p., r0) 

The fast electron ripple losses are defined by the electronic flux through the loss cone and the 
related power 

J -^o» J 'Sam 
Here Zcone is the surface of the loss cone, T is the total electronic flux in phase space through 
the loss cone, Ec is the electron kinetic energy. These quantities depend on the collisional 
detrapping (Et) and on the spatial and spectral characteristics of the LH power absorption 
(PLH). 
c) Numerical investigation 

Calculations are done for Tore-Supra using a code which takes into account the 
geometry of the good confinement area. The source term SLH is related to the spatial and 
spectral LH power absorption profile PLH by the relation: 

= J-\<: LH 

30 measured electronic 
current 

01 dp„l P// , 
Here, p// is the parallel momentum. PLH is estimated by a standard ray-tracing+Fokker Planck 
codetfl. In addition the effect of the toroidal magnetic ripple on the LH wave propagation and 
absorption can be included in the calculations^. 

Ill) Experimental results and interpretation 
Each collector of the diagnostic is related, by the drift trajectory of the localized 

electrons, to a known vertical chord across the 
plasma. Consequently, the collector array gives a 
radial profile of the current carried by the trapped 
electrons drifting in its direction, 
a) LH power scaling 

The measured electronic current varies 
roughly linearly with the LH injected power level 
above a threshold power Pt. Under this threshold, 
there is no collected current related to the fast electron 
ripple losses. Pt is an increasing function of the 
electron density (1.5 < nli (* 10 l9 nr2) < 4.8 and 
0 < Pt (kW) < 400, nu = central line-integrated 
density) and could be related to a less efficient 

Figure III-I : Simulated and measured collisional detrapping when the density is low. This 
total electronic current vs PLH offset linear law is found for all the collectors and for 

Ej + 20 % 

1.4 1.8 
P L H (MW) 

2.2 



various electron densities (n|,- (*101 9 nv 2 ) : 1.5 - • 6). Numerical calculations are carried out 
for Tore-Supra shots whose plasma and LH parameters are: Bo = 3.7 T . Ip = 1.2 M A , 

n c 0 = 3.7.1019 m - 3 , T e 0 = [2.5 ; 2.7 ; 3.0 
; 3 3 ; 3.4] (keV), P ^ = [0-76 ; 13. ; L5 ; 
1.9 ; 2.0] (MW), and n//0 = 1 . 8 . 
Simulations reproduce quite well 
experimental data (figure III-l). The linear 
dependence is explained by the fact that 
above some LH power level, a quasi-linear 
plateau is formed on the distribution 
function. Then simulations show that the 
spatial and spectral LH absorbed power 
profile are simply proportional to the injected 
LH power. 

b) 

2.5 3 3.5 4 
nH(*10 l9nr2) 

Figure 111-2: Measured electronic current vs. nli 
and nli'afitsfor various collectors. I p = 1.2 MA, 

PLH^IMW 

Electron density scaling 
The measured electronic current is a 

decreasing function of electron density. For 
each collector, the current varies as n i f ° where a depends on the collector. The maximum value 
of a is related to the collector which receives the largest current (Figure HI-2), and is = 2 for 
the total electronic current. When the density decreases (Figure ÉI-3), the electronic current 

profile peaks at a distance 10-20 cm outside the 
limit of the good confinement domain (Rastar)-

30 6-

§ 3 

astai 

-

-

-

'•i 

= 2.53 m 
—nli = 1.5 10 1 9 m - 2 

^ n l i = 2.4 1 0 1 9 n T 2 

^ n l i = 3.2 1 0 1 9 m - 2 

^ n l i = 4 . 0 1 0 1 9 n r 2 

Lnli = 4.8 10l9m"2 
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0 
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E t + 20% 

1.5 2 2.5 3 3.5 
n H ( * 1 0 1 9 m - 2 ) 

Figure III- 3: Measured electronic radial profile for 
various electron density. 

Figure 111-4: Simulated and measured total 
electronic current vs. density. 

Simulations have been performed for various shots with different electron density and 
temperature conditions (rieo = [1-5 ; 2.2 ; 3.0 ; 3.7 ; 4.2] (*10»9 n r 2 ) ; Teo = [4.0 ; 3.4 ; 2.9 ; 
2.5 ; 2.2] (keV)). Other plasma parameters and LH power conditions are: Bo = 3.7 T, 
Ip = 1.2 MA, P L H = 0.76 MW, and n//o = 1.8. Numerical results show that the collisional 
detrapping (by means of threshold energy variations: Figure II-1) and LH power profile and 
spectrum modifications are the major effects which explain the scaling law (Figure n i -4) . 

c) Plasma current scal ing 
Two effects are observed: 

-an increase of electronic current with Ip , 
-a displacement of the profile towards the centre of the plasma (figure III-5). 

The first point can not been explained by a ripple effect. Actually, the good confinement 
domain, which increases with Ip, should provide a decrease of electronic current (by means of a 
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Figure Ul-5: Measured radial profile 
evolution with Ip. 
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Figure 1H-6: Simulated and measured total 
electronic current vs. lp./P. without ripple, 

^ . with ripple 

better confinement with respect of magnetic well). Besides the profile change is rather small 
compared to the modification of good confinement domain (AIp = 1 MA —» 
ARastar = 20 cm). Simulations have been performed for various plasma current (Ip = [0.7 ; 
1.0 ; 1.4 ; 1.7] (MA)), and power input. A rather good agreement is observed (figure HI-6) in a 
large current domain, except below Ip = 1 MA, where the simulated current is found to be 
smaller than the experimental value. This discrepancy disappears if the ripple is considered 
initially in the calculation of the LH power deposition^]. These simulations show that the major 
effect, both on the radial profile and current intensity, comes from modifications of the radial 
LH power deposition (more central in these conditions when Ip decreases). 

IV) Conclusions 
A kinetic model was developed to describe electron ripple losses. The total electronic 

current and the scaling of the ripple losses with electron density, LH power and plasma current 
are found to be in good agreement with the calculations. The mean energy of fast electrons lost 
by the ripple varies in the range 100 to 120 keV. For various plasma conditions in Tore-Supra 
(ne(0)=[1.5 1019 ; 6 1019] nv3 ; Ip=[0.8 ; 1.6] MA), the amount of lost LH power is evaluated 
from the model to be a small fraction (1% -» 5%) of the injected power. 
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PELLET INJECTION IN THE 2-3 KM/S RANGE ON TORE SUPRA 

A.Géraud, CDesgranges. H.W.Drawin, CGil, EJoffrin, AL.Pecquet, B.Pégourié, B.Saoutic 

Association Euratom-CEA sur la Fusion Contrôlée CRCadarache, 13108 Saint-Paul-Lcz-Durancc. France 

INTRODUCTION 
The Tore Supra two-stage high speed pellet injector, initially limited to a velocity of 2.4 

km/s \\\ has been modified after optimization studies carried out by SBT-CEA at Grenoble 
[2]. Unsupported deuterium pellets have been injected into ohmically (Ip from .6 MA to 2 MA) 
and ICRF (up to 5 MW) heated plasmas at velocities up to 3.3 km/s. Attempts to optimize the 
transient improved performance regime previously obtained [1] and extend it towards higher 
electron temperatures under high power ICRH conditions have been undertaken. A record 
value for Tore Supra of the fusion product ni(0).Ti(0).TE of l.l 1020 nr3keVs has been 
transiently achieved with 3 MW of ICRF power. Pellet ablation studies have been continued 
and a very extensive and unique ablation database is now available on Tore Supra. The 
measured penetration depths are compared witii the predictions of the NGS model and with a 
refined NGPS [3] model for a very large range of pellet characteristics and plasma conditions. 

ACHIEVED PLASMA PARAMETERS 
Two different gun barrels, in which the pellet is formed by "in situ condensation" 

without sabot, are used to change the pellet content from 0.3-1.2 1021 (3mm diameter) to 2.5-
3.5 1021 atoms (4mm). Experiments started with the 3 mm barrel and highlighted a strong 
erosion effect for velocity higher than 2.5 km/s, reaching 50% of the pellet content at 3 km/s. 
This effect has been compensated by increasing the pellet diameter. Big pellets fired with the 4 
mm barrel, representing a plasma density perturbation ANe/Ne of up to a factor 5, could be 
injected without plasma disruption provided that the target plasma is hot enough 
(Te(0)=4keV). A volume average electron density of 1.4 10^0 m"3 was then transiently 
obtained. Although no particular study of the density limits has been undertaken, the maximum 
density, measured just after injection, has been plotted in Fig.l in a Hugill-Greenwald diagram 
[4] K<J>R/Bt versus neR/Bt (where K=l,<J>=Ip/7ca2 and nc is the line average density). In 
ICRF heated plasmas the "Greenwald limit" (hVK<J> =1014 A^-nr1) is exceeded by a factor 

of up to 2 with a single pellet. Very peaked density 
profiles have been obtained (ne(0) up to 2.8 
1020nr3 corresponding to a peaking factor of 5). 
The duration of the peaked phase can reach Is. 
Even at high electron temperature (Te(0)=4-5keV), 
central penetration is possible leading to strong 
density profile peaking and then to a high central 
pressure. 

Fig. 1 : Hugill diagram for TS shots after injection of a high-
2 4 0 8 10 speed pellet (+ ohmic, o ICRH). The dashed line represents 

19 .2 . i the Greenwald limit and the vertical line is the Murakami 
<ne>R/B, (10 m T ) limit for PICRH=3MW 
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ENHANCED PLASMA PERFORMANCE 
The capability to centrally deposit the pellet mass, even in the case of high central 

temperature, has been used in order to optimize the transient improved confinement regime 
previously observed. Since initially high, the plasma temperature does not drop too strongly 
and a high central pressure (8.104 Pa) and a high neutron emission rate (1.6 1014 sr1) have 
been obtained 300 ms after injection of a single big pellet with 3 MW of ICRH (Fig.2). A 
value of n,(0).Ti(0).TE =1.1 1020 nr3keVs is then achieved. A strong density increase with a 
central value reaching 2.1020 n r 3 is caused by the pellet. A moderate increase of the global 
energy confinement (1.2 time the L-mode value) and the strong increase of the neutron rate 
during the peaked density period suggest a modification to the plasma transport in the core. 
The increase of the central density during the relaxation phase of the density shows also a 
modification of the particle transport near the center. Nevertheless no impurity accumulation is 
observed during this phase. The end of the enhanced performance phase is correlated with 
strong MHD activity. A local energy transport analysis of several shots exhibiting such an 
enhanced performance has been carried out using the LOCO code [5], which shows a reduction 
of the heat conductivities in a large central region where the current profile also appears to be 
modified. A similar result is obtained from a TRANSP analysis in progress [6]. A shear 
inversion experimentally deduced from Faraday rotation and soft X-ray signals (Fig.3), is 

interpreted as the result of the central temperature 
decrease in the initial phase followed by the 
creation of a localised bootstrap current (=15% of 
the total current), when the pressure is maximum. 
After a phase of weak amplitude, sawteeth 
reappear during the enhanced performance phase 
which contribute to slightly modify the current 
profile. The q=l surface seems to be present only 
== 10-20 ms before the crash, as shown by the 
Faraday rotation and soft X-ray measurements (on 
Fig.3 no q=l surface is present at t= 11.3s ), when 
the central pressure recovers a high value. 
New experiments are planned with higher ICRF 

power (5-6MW) and pellet velocity (3.3km/s) and 
without power cut off after injection in order to 
increase again the central electron pressure and 
the bootstrap contribution to the shear inversion 
which is relatively weak in the presented case. 
A two-pellet injector is in preparation to maintain 
peaking over longer durations and to try to 
lengthen the shear inversion and enhanced 
performance phase. In particular a study of the 
MHD behaviour will be undertaken to check if 
the MHD increase is linked to the non-monotonic 
q profile [7,8]. 

t (s) 

Fig.2: Time evolution of the plasma parameters for 
a typical Tore Supra shot (TS13656) with injection 
of a big (2.5 10:i D atoms) and fast pellet (2 km/s) 
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Fig-3: j and q profiles deduced from perimetry 
signals (5 chords) and the corresponding Te, ne and 
pressure profiles for TS13656 at t=l U s (maximum 
of Wdta) The dashed curve in the upper part is the 
calculated bootstrap current profile using an 
expression including the effects of both finite aspect 
ratio and finite collisionality [5]. The dashdotted 
curve is the j profile before injection (t=10-9s). After 
the enhanced performance phase at t= 11.5s the j 
profile is similar to the latter. 
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ABLATION STUDIES 
The very high velocities (up to 3.3 km/s, exceeded by nearly 2 km/s the maximum velocity 
covered by other pellet ablation experiments) and the large size of the injected pellets into Tore 
Supra plasmas have significantly increased the available ablation database. Fig.4 shows the 
range of pellet characteristics covered by the Tore Supra experiments. Most of them were 
deuterium pellets, but some hydrogen pellets have been fired with a velocity limited to 1.7 
km/s. The plasma conditions were also widely varied (ne=1.1019-7.1019nr3, Te= 1.5-5 keV) 
with ohmic and ICRF heating. The penetration depth Lp

e*P, determined from a photograph of 
the ablation cloud obtained with a high dynamic 12 bit CCD camera, compares well with the 
predictions of the NGS scaling law (drp/dt = -c rf2^ ne1/3 Te1-64 [m, m*3. eV], where rp is the 
spheric equivalent pellet radius and c=1.21 (1.78) 10*14 for deuterium (hydrogen)) in all the 
ohmic cases but overestimates slightly (15-30%) the penetration when ICRH is applied at a 
level higher than 1.5-2 MW, suggesting a weak fast ion effect. The agreement is also 
satisfactory between Lp

exP and the results of a refined NGPS model [3] provided that the 
plasma density is not too low (>2.2 1019nr3) and not too high (<5.5 10I9nr3), showing an 
unsatisfactory density dependence in the model. When ICRH is applied the agreement is better 
if a fast ion effect is taken into account; this is 
done in the NGPS simulation by considering 
the contribution of ions of 100 keV (for 2 
MW) or 400 keV (for 4-5 MW) representing < 
respectively 3% or 5% of the central density, 
localised in a region of 20cm around the axis. 
These values are coherent with usual values 
deduced from a Fokker-Planck code. Fig.5 
shows the comparison between calculated 
and experimental penetrations. The NGS and 
NGPS calculated mass loss profiles are 
displayed in Fig.6 and are compared to the 
experimental Ha profile for a typical ohmic 
shot. 
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Fig.6: Ha signal and calculated matter deposition 
profile for a typical ohmic shot (TS12672, vp=3km/s) 

TS12671 

Fig.5: calculated versus experimental penetration depth 

Matter deposition: Since the models can reproduce the measured penetration depth, with a 
calculated matter deposition profile not too different from the Ha emission, we can hope to 
predict the density profile just after ablation, assuming no significant radial transport during 
the few ms following it. The H a signal and the difference Ane between the density profile 
(combined profile from Thomson scattering and IR interferometer data) about ten ms after 

ablation and the density profile before are 
plotted on Fig.7 for two typical cases: Ane, 
which represents the real matter deposit 
after the fast symmetrizing process, shows 
a radial behaviour rather similar to the Ha 
profile (if we except the central region 
where the limited volume can be filled 
quickly by classical transport) for a deep 
penetration inside the q=l surface. On the 
contrary, for a penetration outside or close 
to the q=l surface, Ane and Ha profiles are 
different (like on JET or TFTR [9]), which 
can suggest that a fast transport process 
outwards has to be taken into account. 
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Fig.7: Ha emission and Ane profile (dotted curves) 
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THE COMPARATIVE ANALYSIS OF THE DIFFERENT MECHANISMS OF TOROIDAL 
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Recent results on die physics of L-H transition {II emphasise the role of the toroidal plasma rotation as one of 
die possible mechanism for suppression of plasma turbulence. Several mechanisms are believed to contribute 
to die toroidal plasma rotation. We present the results of numerical analysis of the toroidal rotation on JET for 
which we include the effects of: the neoclassical viscosity due to banana and ripple trapped particles, the 
anomalous viscosity due to plasma turbulence, the momentum input by NBI and ion momentum loss near the 
separatrix due to prompt ion losses. 
Though all the mechanisms under consideration have a kinetic nature, we used dieir fluid form, die momentum 
balance equation for die ions is thus: 

n S m i ^ = n i e i ( E + v l x B ) - V p i - V . j i n e o - V . 3 t n ' P - - V . J c a n o + F N B , + r ! d 9 e x B (1) 
at ' 

where Pj is die ion pressure, x"60 the neoclassical viscous stress tensor, x1* the viscous tensor due to ripple 

trapped particles [2], x3 0 0 the anomalous viscous tensor [3], F*®1 the momentum source from Neutral Beam 

and r ^ 9 8 the prompt ion losses current [4]. 

We consider only steady state and neglect inertia and variations of temperature or density on flux surfaces. The 
toroidal projection of (1) leads after averaging over flux surfaces to : 

- ( R 2 V 9 . V . £ n P ) - ( R 2 V 9 . V . £ a r o ) + (R 2 v-9 . r^ B I }+rxe i (R 2 V9. ( r f c ^xB) ) = 0 (2) 

Using the circular magnetic field model B = B0/(1+ecosO)((l+8(r,e)cos(N9))uç + eUe) with 

E = r/Rrj, 8 = e/q, 5 me ripple value and N die number of coils, we estimated the ripple contribution in the 

ripple plateau regime [3], [5]: 

( R 2 V 9 . V . » " P ) = ^ T ' N < S 2 > 3 f - V f O) 
^ Y ' vthi e3+(NqS)3 * 

where vuu is die ion thermal velocity and v ç = ( ( B O / B Ç ) v ^ the flux average of the toroidal velocity times 

B 0 / B 9 . The anomalous stress tensor is estimated from [3). For simulation of JET shots we used for F1®1 the 

Neutral Beam momentum deposition profile computed by a multiple pencil beam code. This leads to die 

differential equation for v^: 

r a r | ^ 9r J v,niR0 e
3 + (Nq5)3 9 9 " r 



wherc u. = r\mjP-Q is the anomalous viscosity. 

Non ambipolar losses of ions at the plasma edge can also contribute to plasma rotation. In spite of the fact that 
such losses are important only within one poloidal larmor radius inside the LCFS, they can be a significant 
source of momentum for the bulk plasma due to the anomalous viscosity which redistributes the toroidal 
momentum along minor radius. We take the losses value from [4]: 

with v«j = VjRq/e3' vtni, p$ is the poloidal ion larmor radius and v, the ion collision frequency. To obtain 

expression for die radial electric Meld we should use the poloidal and radial projection of (1). The poloidal 

projection comprises only two terms: the momentum produced by prompt ions losses and the neoclassical 

viscosity for which we obtain [3]: 

(R2Be-V.icneo} = -(ni^mivtniERoBo/6)(ve-vSeo) (6) 

•with VQ60 = -(y2e^0)[dTj/dr]. Substituting the average poloibal velocity vg in the radial projection of (1) 

gives the radial electric field. The differential equation for the radial current together with (4) closes the 
differential system for the toroidal rotation: 

l ( 3 r n i < v f d 9 e > > \ rwi , ,-\ 

7\^-ff J^expHx") (7) 

. i th x=v, iPeif^a+ |^iiyg^-^go < »T» >f, 
[ *\ dr 2 dr j vtni VTCOJE vthi 

The system (4,7) was solved with the following boundary condition. Inside die SOL die only drag force is the 
anomalous viscosity, and it should compensate the momentum produced by losses of ions in the SOL. The 
integration over die SOL leads to: 

-H^T2" 4jt2R0a = njA47t2Roa-%-miv(p (8) 
or Jg ZJtH0 

where a is the minor radius, Q the sound speed and die SOL width A is estimated by: 

(9) 
A2 L7/ 27cqR0 

HO c s c s 
This leads to the boundary condition: 

*[a)+i qCs dr^ 

System (4,7) together with boundary condition (10) was solved for typical JET condition: Ro=3 m, a=l m, 
B0=1.5-2.8 T. Ipiasma=1-5-3 MA, PNBi=3-8 MW, 8(0)<10-6- <5(a)>=0.3% with 32 coUs, 6(O)=10'3. 
<5(a)>=3% with 16 coils. The results of numerical analysis are shown on Fig 1-2. 
Fig la and lb show die modifications produced by different damping mechanisms of die plasma toroidal 
velocity profile induced respectively by NBI and prompt ion losses. With constant anomalous viscosity, the 
edge rotation induced by prompt ion losses is important and can dominate the rotation produced by NBL But 
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if the anomalous viscosity increases toward the edge (\IQ « q or q2), the edge rotadon is strongly reduced. A 
large ripple (16 coils in JET, <5>=3% at the oige) can almost stop the NBI toroidal rotation for p>0.5, and 
damp the edge rotation induced by ion losses. 

This ripple damping was studied on JET during the 1992 campaign when plasma rotation in similar shots with 
16 and 32 coils was examined [7]. In fig 2a and 2b we present the rotation profile for 2 similar shots: 27147 
with 32 coils, and 27125 with 16 coils. With 32 coils the rotation velocity, measured by charge exchange, is 
large in the centre and decreases toward the edge. We managed to simulate it with Ho=1.5 m2/s. With only 16 
coils, the central rotation is small, and almost constant for p>0.5. With the anomalous viscosity deduced from 
the 32 coils shot, and including the large ripple damping we can simulated quite well the velocity profile for 16 
coils including the small central value and the flat profile for p>0.5, but we cannot explain the counter rotation 
shift. This could be either due to a systematic measurement error or due to an acceleration produced by the 
ripple, but in any case it cannot be explain by localised losses of ions at die edge. 

CONCLUSIONS 
The comparative analysis of the different mechanisms of toroidal plasma rotation initiation and damping was 
done for characteristic JET plasma parameters. 
The NBI appeared to be the principal source of toroidal plasma rotation although prompt ions losses can 
contribute to plasma rotation near the separatrix. 
In all the results we present, we take an anomalous viscosity into consideration. Its presence is compulsory to 
link the toroidal rotation across the minor radius. The values used (of die order of lrrP/s) correspond roughly 
to the values of the anomalous ion thermal diffusivity for L-mode plasma. 
The ripple viscosity, although much smaller than the momentum produced by prompt ion losses at the edge, 
can damp this edge rotation because it exists within a much larger volume (half minor radius against a poloidal 
larmor radius). This damping can in particular explain the small toroidal rotation observed in die 16 coils 
experiment in JET. 

The authors gratefully acknowledge discussions with N. Hawkes and B. Tubbing. 
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Fig la: Effect of ripple on the toroidal rotation 
generated by NBI with U0=°-5 m ^ s (dotted) or 
H0=0.4q2 (dashed). Solid line- rotation without 
ripple losses widi Ho=0.5 m2/s. 

Fig lb: Ripple (dashed) or viscous damping 
Ç\iQ=0Aq2 dotted, Ho^-^ solid) of the toroidal 
rotation generated by prompt ion losses. 

Fig lc : Simulation of experimental rotation (solid line) including both NBI 
and ions losses with two different \IQ profile: Ho=0-5 m2/s (dotted) and 
H0=0-4q2 (dashed). 

i. 
•2 

\ 

0.2 0.4 <u as 
p 

Fig 2a: The solid, dashed and dottted lines show 
the experimental and computed (with Ho=l-5 
m^/s or 1.5q2) toroidal rotation 

Fig 2b: The solid and dottted lines show the 
experimental and computed toroidal rotation with 
large ripple damping (16 coils), the dashed line 
includes edge ions losses. 
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The problem of particle and energy transport in a magnetically confined plasma, 
in a region where the magnetic field is completely stochastic, is of major importance for 
controlled fusion. Here we concentrate on the purely magnetic aspect of the problem, 
i.e. the spatial diffusion of magnetic lines. The magnetic field is supposed to contain a 
fluctuating component, perpendicular to the main field, due to internal instabilities or 
to irregularities in the external coils ("braided field"): 

B_(x) = Bo (e* + MsOSx + M * k y ) (!) 

where Bo = const, and bx,by <C 1. In order to ensure the divergence-free condition 
3£_L " Mî.) = 0, 6 is represented by the vector potential a[x) = ^{x}e^. The equations 
for the magnetic line are Hamiltonian ( l1 /2 degrees of freedom): 

^ ± =b(x±,z) r V x W i ) . , ) (2) 

This is a 2-D Langevin type equation (where z plays the role of time). It contains the 
Lagrangian nonlinearity which comes from the x_± dependence of the magnetic field. 

The total magnetic field in such a "stochastic layer" must be described statistically. 
The statistical assumptions are introduced at the level of the potential ip(x) which is 
taken as a Gaussian random field, spatially homogeneous and isotropic in the (x, y) 
plane. Its Eulerian (fixed points) autocorrelation function is supposed to be Gaussian: 

A(r) = ty(x + r> (x )> = <*(c)*(0)> = P2\lexp (-^- - ^ U (3) 

(the average (...) is taken over an ensemble of realizations of the fe-field). 
The Eulerian autocorrelation functions for the magnetic field components are de

rived. They form a nondiagonal matrix. This is a consequence of the divergence-free 
condition. 

Brnn{rJ = P2{(l-^6rnn+r-^)e(L) (4) 
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(-4-4) where: £(r) = £(rz,rx) = exp ( — ̂ rA- — £r ) . Similar expressions are obtained for the 

Eulerian correlations of the gradients of the magnetic field 6m,a(î.) = ^abm(z), m,a = 
x,y: B£i(r) = (6m>Q(x + r) 6„.^(x)) = (6m ,a(r) bn^(0)). 

The solution of Eq.(2) is obtained by integrating b_ along the magnetic field line: 

*£j.(C) = / dCi6[xx(Ci),Ci] 
Jo 

(5) 

where %j_(Ç) = xJL(Ç) — (xjJÇ)) = i x (Ç) - xj.(0). The Mean Square Deviation in the 
x-direction at "time" <" is: 

r(c) = <s*2(0) = / da f dc2£xx(Ci,c2) 
7o Jo 

(6) 

It is determined by the Lagrangian correlation of the magnetic field fluctuations which 
is defined as: 

A n n ( Ç l + C C l ) S <6mfej.(Cl + C) ,Cl+C]6nl£x(Cl) ,Cl]> (7) 

For a homogeneous and stationary turbulence, the Lagrangian correlations are station
ary: £m„(Ci +Ç,Ci) = £mn(0 

We have adopted Corrsin approximation which relates the Lagrangian correla
tions to the corresponding Eulerian ones: 

£mn(C) = J dr± Bmn{r±, Ç) 7 ( r ± , Ç) (8) 

where 7(»1JL»C) = {&\L± — £±(C)1) is t n e probability of finding the current point on a 
field line at the perpendicular position rj_ at "time" Ç, starting from x.j_(0) at "time" 0. 

We have shown that, in a homogeneous, stationary and gyrotropic state: 

1) the Lagrangian correlation matrix of the field components is diagonal: 

£mn(C) = *mn£(C) (9) 

and £(£) is the solution of the following nonlinear integral equation: 

£<C) = /32exP ( ? ) - — & - j (10) 
V 2A// / [Ai + 2 J* dCr (C - Cr) ^(Cr)J 

2) the Lagrangian correlations of the field gradients are expressed in terms of a single 
scalar function AC«) as: 

* S ( 0 = £ # « ) = - £ x 2 « ) = - 4 5 ( 0 = «(C) (ID 
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££(0 = c%iC) = 3/c(ç) 

£g(0 = £™K) = £$(0 = ££(0 = 0 
where AC(0 is given by: 

K(Ç) = /^exp Ai 
2 V [Ai + 2/0

CdC.(C-Cr)£(Cr)]' 

(12) 

(13) 

(14) 

The integral equation (10) can be transformed into a differential equation forT(C) 
given by Eq.(6): 

<*2r«) a 
-JÇ2- = 2 ^ " P V 2A}y [Ai + r(0f 

(15) 

with the initial condition T(0) = 0 and r'(0) = 0. The diffusion coefficient is defined as 
Dm = lim Dm(Ç), with: 

C 'oo 

» - c o - i ^ = / dCi£(Ci 
Jo ) (16) 

Analytical solution for Eq.(15) can be obtained for two limits: 

1) Ax —» oo (quasilinear, small a limit): Dm = DQL = yfl.^'^ll 

2) \// —* oo (percolation, large a limit): Dm = 0\± 

The numerical solution of Eq.(15) shows the transition from the quadratic to the linear 
regime as a = 0jf- increases. The resulting diffusion coefficient of the magnetic lines is 
plotted in Fig.l as a function of a. 

Fig. l : Dimensionless magnetic diffusion coefficient (Vm = A//Dm/Aj_) as function 

of a. 
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The relative diffusion of the magnetic lines was also studied. The equation for the 
distance between two magnetic lines (Ax X(C) = xx.2(Ç) - x j^Ç)) . linearised around 
£j_i(C) is: 

^ P = &x.x(C) Ax(C) + 6Xiy(C) Ay(Ç) (17) 

Using the Lagrangian correlations for the field gradients and the quasi-linear and marko-
vian approximations, the following equations are obtained for the first stage of the 
evolution of the relative distance: 

^ <Ax2(Ç)> = 2K <A*2(0> + 6K <Ay2(0) 

^ (Ay2(C)) = 6AC <Ax2(<)> + 2AC <Ay2(C)> (18) 

d 
dc(Ax(C)Ay(C)> = -4/C<Ax(C)Ay(C)> 

with the solution: 

(Ar2(C)) = <Ax2(C)> + <Ay2(C)) = Ar2(0)exp ^ £ ) 

<Ax2(C)> - <Ay2(Ç)> = [Ax2(0) - Ay2(0)]exp ( - J - ) (19) 

which shows that in the average picture the distance between magnetic lines grows 
gyrotropically (the initial differences are washed out). Here, K = ^ j - = f£° dÇ AC(Ç) 

(LK = ïD%Z = Kolmogorov length). 

This study shows that the effects of the Lagragian nonlinearity (finite Ax) result 
in: 

- a transition of the adimensional diffusion coefficient Vm = Dm xr from a 2 to a 

or equivalently the decrease of the dimensional Dm when Aj_ decreases (at fixed 
/3,A//). 

- the onset of the chaoticity of the magnetic lines (finite Kolmogorov length) as soon 
as Q ^ 0. 

The condition V. • k = 0 is responsible for the gyrotropiration (19) of the mean square 
distance between magnetic lines and for an increase of the nonlinear effects (squaring 
the nonlinearity in Eqs.(lO) and (15)). 

The study of the diffusion problem through the solution of a differential equation 
is a rather new methodology. It leads in particular to an analytic expression of the 
diffusion coefficient, both in the quasilinear limit and in the oposite, percolation limit. 
In between, the numerical solution of the equation exhibits a transition from a regime 
Dm ~ P2 fco a regime Dm ~ 0: this is very reminiscent of the transition from the 
quasilinear to the "Bohm-like" regime in the electrostatic drift wave turbulence. The 
same method is also applied to particle diffusion. 
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A diagnostic of the fast alpha particle content is of major 
importance in a tokamak reactor to monitor the fusion reactivity. Among 
the various methods, the measurement of the direct cyclotron emission, 
if possible, appears to be one of the simplest. The paper first presents a 
theoretical approach of the direct emission of the fast magnetosonic wave 
In the ion cyclotron range of frequency (-10-500 MHz). The radiated 
spectra are then computed in several situations, and the role of the 
various parameters is discussed. 

I. The energy transport model 

The model solves the continuity equation which governs the 
behaviour of N<*(CD, x. t). the occupation number of the mode o\ at the 
location x. at the time t. and for the frequency a>. The label a 
characterises a given solution of the WKB dispersion equation A(k, co. x. t) 
= 0. so that a single-valued relationship exists between the wave vector kCT 

and the position x. for a given frequency a>. The continuity equation reads: 

^ + V(vg<*N<*) ^ŒP + W + ^C* (D 
G 

where Vg^co. x. t) Is the group velocity of the mode, ŒP accounts for the 
emission on o, %? for the absorption and C°a' for the possible mode 
conversion between o and a'. Note that the energy locally (hi k and/or in 
x) contained in a is Na ft to. 

The expression of fL° could in principle be derived from the 
dielectric tensor K. However, due to necessary approximations (Larmor 
radius expansion, aspect ratio expansion. Maxwellian distribution 
functions...) the self-consistency existing between the elementary 
absorption-emission processes is extremely difficult to insure. One can 
alleviate this difficulty with proper quantum mechanics considerations. In 
fact, eq.l derives from a master equation!1) accounting for spontaneous 
emission, absorption and stimulated emission. Each process appears 
through a probability of transition between an initial (p) and a final 
(p'=p±Ap) quantum state of a test particle interacting with the mode c. 
Resulting from the existence of the Einstein relations, the three 
probabilities of transition are equal. This is closely linked to the possible 
existence of an equilibrium state, the so-called "black body". Performing a 
statistical treatment for each plasma species (labelled s). in the presence 
of a magnetic field and for the classical limit ft->0. <EP and PP read: 
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£°{œ.x.t) = X J dP "S fs 12) 
s 

J I»U«. l ) -N»Çjdp u s ( » ^ f ^ ^ ; + M t o f £ ) - N» «» (3) 

where fs(p.x,t) Is the distribution function of the species s which depends 
on the particle phase space variables (p.x) and on time. u>3(p.ka(x).t) is 
the transition probability per unit time and k of, say. the spontaneous 
emission process. The projections / / and ± refer to the confinement 
magnetic field. Note that 2P accounts for both absorption and stimulated 
emission (the so-called "net absorption") and is thus proportional to NF. 
The conversion term C°°' couples the evolution equations of different 
modes. In the present paper, we deal with a given mode (here the fast 
wave) and carefully avoid any conversion process (on Alfvén resonances, 
ion-ion hybrid layers. Bernstein waves. ...). 

The spontaneous emission probability density per unit time ujg is 
directly the emitted power density F** divided by the elementary energy 
h<ù. P° is evaluated with the particle current j p a r t and the field amplitude 
E through: 

P*(p.k«(x).t) = - jpart(p.x.t) . E*(k°(x).t) (4) 
The field amplitude in (4) is linked to j p a r t through the propagation 
equation: 

c2 
L B = - k x ( k x E ) + KhE = - 1 /(eo o) j p a r t - K*E (5) 

where the dielectric tensor Is splitted in hermitic K1* and antihermitic Ka 

contributions and where K a , which represents the absorption. Is 
neglected. One then obtains!1): 

uç(p.k<\x.t) = ^ — T T T T — 2 1 eff*.V(n) 12 Sfa-kz/v/z+nwcs) ( 6) 

where qs is the charge of the species s, cocs its gyrofrequency, trX the 
trace of transposed matrix of the cofactors of L. eCT the polarisation vector 
of the mode a. Moreover. 

V(n)=[ vi^Jn . -lvi.Jn'. V / / J n ] (7) 
where u=kxvj./o)Cs. and J n represents the Bessel function of order n and 
argument u. Finally, note that the group velocity is computed from the 
dispersion equation A(k. ca, x. t) = det(L) = 0. which Is itself derived from 
the hermitic part of (5), also neglecting Jpart-

II. Direct emission of the fast magnetosonlc wave 

The equation (1) is now solved for the fast magnetosonlc wave, 
emitted and absorbed by tokamak plasma particles. In the 10-500 MHz 
range. The present description allows a clear disconnection between the 
wave propagation and the source terms. In fact, the propagation equation 
is solved using the cold plasma dielectric tensor, in order to derive the 
local values of the group velocity, the polarisation vector, the wave vector 
kCT. trX and 9A/9CÛ. i.e. of all the propagation characteristics. Note that a 
hot tensor description would simply yield corrections on the former 
values, and allow new mode conversions. On the opposite, the particle 
kinetics V(n) is computed exactly for the required set of the cyclotron 
harmonics n. 

An axisymmetrical one-dimensional tokamak plasma (-a£x£a). with 
proper magnetic field, density and temperature profiles is studied. The 



- 7 3 -

large aspect ratio limit is assumed, so that the parallel and toroidal 
directions merge. For each frequency co. the wave propagation is 
computed. TP and SV3 are estimated Including all particle ana harmonics 
contributions (thermal ions, thermal electrons, suprathermal particles), 
leading to N<H<U, X. t). The boundary problem exists. In the present model, 
the fast wave propagates with a constant toroidal mode number N„ 
(k/ysN/z/R) ana experiments a reflection on a limit density layer at the 
plasma edge. This limit density Increases with k „ . The 1-D model thus 
deals with a forward(o+) and a backward(o-) mode for a given N„. having 
locally the same group velocity and k modules. An analytical solution can 
be found for (1): 

N<*(x) = 
e-*(x) 
vg±(xl c°± + jdx £°(x')e ,W : ^(x)* - fdx 

I ) X 
,gg(x') 
vg±(x) (8) 

where cCT± are constants VBC and éBa are identical for both modes). 
Moreover, a realistic model must take into account parasitic edge 
absorptions or conversions, representing a certain amount of losses. The 
boundary condition is thus represented by a certain energy reflection 
coefficient R, chosen as a free parameter, which influence can be studied. 

(9) 

magnitude of N<* is given by the Rayleigh-Jeans 
*EP kBTi 
ŒP h® 

where keTi is the thermal energy of the ion species 1, assumed to be 
dominant in the process. For R->0. £ ° is much larger than %? so that 
V(v«<*N0) - ŒP leading for u « l to Na proportional to Tin. This reveals that 
the interaction process is not strong enough to insure a local "black body" 
solution, but needs edge reflections or strong plasma températures?). 

(b)R- 1 

a.u.4 " 

As an example, a 
stationary ITER-Iike plasma is 
studied (B0=6T. R0=7.75m. 
a=3m, T D - T T = T e = 2 5 k e V 
parabolic profiles, Tainha^lMeV 
peaked, ne=1.5 1020m-3, flat 
profile). For ÛÎ/2IC=200 MHz and 
k„=l , fig.l shows the N°+ and 
N°- profiles, in the cases R=0 
(a) and R=l (b). Fig.2 displays 
the radiated power spectrum 
(proportional to N°(x=a}} for 
kz/slm-1 , R=l. The frequency 
range avoids the mode 
conversion on the ion-ion 
hybrid layers. The spectrum 
exhibits the various alpha 
cyclotron harmonics n=2.3.4.... 

centred on tû=ncûca(x=0) and which width is consistent with the alpha 
particle pressure profile, also taking into account the (small) Dôppler 
effect. The visible downshift of the peaks in frequency is due to a profile 
effect combined with the presence of several harmonic layers at high 
frequency in the plasma. The typical power level raises up to -70dBm per 
cm* and per toroidal mode number. This is to be compared to -lOOdBm, 
predicted and measured on typical Tore Supra plasmas. This gives 

-1 -0.5 0 0.5 
Normalised Radius r / a 

fgl: N&+ and N°' profiles. Jbr R=0 (a) and R=l (b) 
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c o n f i d e n c e for 
p o s s i b l e d i r e c t 
m e a s u r e m e n t s on 
ITER of the alpha 
particle temperature 
by a simple RF probe. 
One can also notice 
t h a t the electronic 
contribution affects 
the low-frequency 
part of the spectrum, 
especially at nigh Re
values, symmetrically 
to the ELD/TTMP 
damping of a launched 
f a s t wave on 
e l e c t r o n s ( 3 ) . This 

~~5o ~ 100 150 2oo 250 300 350 could possibly lead to 
Frequency In MHz a diagnostic of the 

Jig2: power spectra wtth and without fast alpha particles. The e l e c t r o n p a r a l l e l 
arrows display the alpha partide cyclotron harmonics at the t emperature , dur ing 
plasma centre. The Rayleigh-Jeans predictions (with central LHCD for i n s t a n c e . 
temperatures values) are plotted in (a) (with alphas) and (b) Finally the introduc-
'">">*>"* tion of an ad-hoc 

population inversion 
(fast alpha particles at the plasma edge for instance) reveals the 
occurence of possible Instability effect, leading to radiation levels well 
above the Rayleigh-Jeans predictions(4). 

CONCLUSION 

A fluid description of the fast wave emission-absorption-propagation 
is presented, in order to address the ion cyclotron direct emission in a 
tokamak plasma. This method can easily be extended to possible mode 
conversion effects (coupled equations), kinetic effects (arbitrary 
distribution functions), as well as be used for more classical heating 
considerations (propagation, single-pass absorption...). On a tokamak 
reactor, the "black body" level seems to be obtained, almost 
independently of the exact edge reflection coefficient. The question of 
measuring this radiation through an RF probe system requires further 
studies (edge propagation, other propagation branches,...), but seems 
rjossible. 

Unfortunately, the alpha particle density effect is small, or even 
inexistent. A way to obtain the alpha particle density profile could be a 
measurement of the phase of the radiation, through probe correlations, 
coupled to a complete field reconstruction^). This requires further 
developments. 
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Introduction The problem of the vertical instability of elongated plasmas and/or iron 
core tokamak plasmas remains a crucial issue for the feedback synthesis of present machines 
[\\ and the design of future ones [2]. The aim of the paper is to characterise the open-loop 
behaviour of the complete plasma-vessel-coils coupled system, and to analyse the 
consequences on the feedback design. Analytical expressions are derived from a lumped 
parameters description. Applications to TORE SUPRA and ITER are presented. 

Model The vertical instability, due to the negative curvature of the equilibrium 
field ( fig 1.), is characterised by the well-known decay index n < 0, such as : 

SFzdetab = - nYoSz NKg'1 

where Yo - ^ 
IpoBgttOJ 

lOV1 

nip 
corresponds to the Alfven growth rate. 

We consider the axisymmetric rigid-
displacement model of a plasma coupled with: 

• a passive structure (vacuum vessel, 
shield...) represented by the leading mode of an 
expansion of the structure current in harmonic or 
orthogonal modes [3]. 

• an active structure (poloidal field control 
coils) represented by a pair of PF coils ( fig 1.) 

Basic equations The basic equations are the 
vertical equation of motion and the circuits 
equations of both structures: 

•ctlv» PF 
control colls 

fg. 1 : Schematic configuration 

& = - ny^fiz + — ToSly + — Yo5I. 
Wy " | 

8l"v = -YvSly - w v & - ~ - 6 i , and 81, = -Y.81. - w.fe - ~ - 8 i » + -J-SU, 
i v i» »i 

where : yv. Ya are the r/1 decay rate of induced current in the passive and active structure 
respectively. lv, la. rr»va are ^ x^ and m u t u a l inductance of the structures, wv, wa are the 
current induced in an ideal conducting structure by an unit displacement. 

nv , n a are their critical indexes: n v , = — — & - — I J"'* 1 . It represents the value 
- * B e x i O I v . i V OZ ) 

of |n| up to which an ideal conducting structure alone can marginally stabilize the plasma 
displacement. Weighting up the stabilizing efficiency of a structure, it essentially depends on 
die distance between the structure and the plasma (we suppose nv > na). 

5Iv, a and 5Uv. a refers to the antisymmetric part of the structures' currents and voltages. 
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By Laplace transformations of these equations, the overall transfer function G of the 
system can be obtained: G(s) = ^ - « ^^-

5U,(s) den(s) 
Poles analysis The denominator of G is the characteristic equation of the problem : 

a-X2)x4+(YT+Y.)x3+lYvY.+Yo(0-tf)n+nv+n,-2XVnvn,]x2 

+YotYv(n+n,)+Y.<n+nv)]x+nYoY*T«=0 
where X is the coefficient of inductive ,or 

coupling between the active and passive 

structures : X =, 1-™̂ —**-

Given the ordering on the growth i . 
rates: 70 » Yv » Ya ( TO-IOV1; ? 
Yv-lOV1 and Ya-ls'1 for TORE SUPRA; f >» 
Yv-Ss"1 and Ya-Os"1 f<>r ITER), we can 
define two small parameters : 

E = Yv/YD « 1 and a=Ya / Yv « 1. 
Dividing the above equation by YD4» 

we get a polynomial equation : "is -2 -i.s -i -as 
P (n, nv, na, X, e, a, xn) =0 

where xn denotes x normalized to the 
Alfven growth rate. The implicit functions theorem ^ 2 . Growth raIe of ^ 
guarantees the existence of an expansion of the open-loop' instability as a function 
solutions in powers of e and a. By identification, 
we find (using Landau notation): 

n+n. 

10" 

10* 

MI nun it iMiini i i j ! ! ! Fnriinif i in i 

!!i!!!!H!!i! ,wùhàctivêco ,fls ,^1U!însi 

IS!!i!!mi!l!!!!;ll!!!!!!m!UI!l!!THl!l!' 

-n c -n y 
— 4 — I — 

-n n 

of n for typical parameters 

x u =±V = (n+ïÔY 0 + 2(l-X2)(n+ne) 
Yv(l+0(e+a)), x 3 = -

and x4=— n - Y, (1+0(e+a)) where nc = 
l-2Xu+u2 

= 1-XJ "' 

(l-X2)(n+nc) 

and u,= 

Yv0+O(e+a)) 

n+n, »-«, ,«v 
The growth rate of the instability, i.e the maximum real part (noted real) of the roots, is: 
real(xi) when n < -nc, real(x3) when -it < n < -na, and real(x4) when -na < n < 0. It is plotted 
in fig. 2 . The result obtained on the plasma-vessel system alone is given to be compared with. 

Two points should be noticed: 
• the critical decay index nc , 

beyond which the damping effect of eddy 
currents is unefficient -instability growth rate 
being then of the order of Alfven growth rate, 
is found to be higher than the index ny 
usually considered ( fig.3 ). This gain on the 
stability boundary is due to the "passive 
effect" of the active structure. It occurs even 
if the only active structure can't passively 
stabilize the displacement 

It depends on the two parameters X 
and |i and is all the more important as these 
parameters are différents. This result Can be fig. 3 : Dépendance of the critical index on the 
explained as fol lows : the effect Of the active coefficient of inductive coupling and on the stabilizing 
Structure, which interacts both with the efficiency ratio of the active and passive structures 

£ 

c 
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passive structure (X) and the plasma Qi) is all the more favourable as the two interactions do 
not compete with each other. Close results were noticed in [4]. 

• when n is higher than na , the instability growth rate can be reduced to the 
decay rate of the active structure. 

Zeros analysis The numerator of Gi s : K0 [(1 ) s+y v ] where Kg is a simple gain. 

•\ 
If X > u,, we find a positive zero: z = ( — l ) ' 1 Y. . It means that a counter-effect 

P. 
appears in the response of the system ( fig. 5 ). In this case, when a voltage is applied to the 
poloidal control coils, the plasma tends initially -typically during a period of the order of the 
passive structure time constant- to react in the opposite way of his steady state response. As a 
matter of fact, during this period, the eddy currents in the passive structure, which play the 
main part in the displacement of the plasma, oppose the control coils voltage. 

This effect, which characterises what is called in control theory a "non minimum phase 
system", may have serious implications as we 
shall see in the following. 

Applications 

TORE SUPRA: The condition n > -na is 
most of the time fulfilled in Tore Supra ( fig 4 ). 
It could explain that no violent vertical 
instability has been observed despite the 
destabilizing effect of the transformer iron core. 
The counter effect, if present, doesn't cause any 
trouble in pratice, as his time scale is by several 
orders lower than the dominant dynamics of the 
system [6]. 

0.2 

0.0 

•0.2 

• 0.4 

• 0.6 

-0.8 

V 

! * 
x 

: 

j 

: / 

* j 
i 

l 

X 

10 

n% 

0 5 
core flux (Wb) 

fig. 4 : Decay index and active critical index versus 
the iron core flux in TORE SUPRA 

I 

ITER: We have typically [5] : n » -0,5; 
2 (from the ideal stability margin with the 

only passive structure m , - 3 ) ; n a £0 .2 so 
H £0.35 and X - 0 . 6 

Hence we find Y"0.28yv . which is 
approximative^ 20% lower than the value we 
get if we only consider the passive structure. 
This order of the gain is confirmed by the codes 
simulations (PF coils open or shorted [5]). 

Yet, a counter-effect ( fig. 5 ) will 
certainly occur as the critical active index is low. 
It is of great importance for ITER, as the 
counter-effect duration is of the order of the 
growth time of the open-loop instability, which 
indicates the time scale on which the feedback 
must efficiently react. It imposes intrinsic 
constraints on the feedback design, notably with 
regard to robustness. 

More precisely, these limitations on 
performances can be expressed in terms of the 
sensitivity function of the problem. Let's consider the standard feedback configuration ( fig 6 ) 
where G represents the transfer function of the tokamak and K the feedback compensator, d 
represents input disturbance and/or error modelling and m measurements errors. 

0.4 

0.3 

0.2 

0.1 

o.o 

-0 .1 

a . . . . — . i. • • • • — . à 

: î 
•i • • • • - . — • t 

: : 
•A — — J 

O.O 0.2 0.6 0.4 
time(s) 

fig. 5 ; Response to a step in 
the control coils voltage 

0.8 
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zrcf 
K **W—> 

mf 
fig. 6 : Standard feedback configuration 

From fig.6., we can write: 
z = T z ^ + S d - T m 

where T is the closed-loop transfer function 
and S is called the sensitivity function: 

s=-L_ 
l+GK 

SG'co) characterises the rejection of input 
disturbance and/or error modelling as a 
function of the frequency Co. Moreover, 1/|SL 
(1SL = max|S(j(D)|) measures the distance from the critical point of the Nyquist stability 

to 

diagram, and so denotes a closed-loop stability margin. 
The open-loop unstable pole imposes a lower bound on GK bandwith [6] and 

conscquendy imposes to keep S small up to frequencies about TV. Intuitively, it means that we 
must "keep in the loop" the signals whose frequencies are on the range of the open-loop 
instability growth rate, in order to signifîcally counter-react against them, and so assure 
stability. 

On the contrary, the positive zero roughly imposes an upper bound on GK bandwith 
[6] and therefore prevent S to be very small up to yv. Intuitively, the presence of a systematic 
counter-effect limits the capability of tracking signals on a faster time scale than the counter-
effect period. If one tries to push the sensitivity lower on a larger frequency range, we get a 
peak value of S at some higher frequency and consequently a worse stability margin. This 
phenomenon, known as the waterbed effect [7] is all die more serious as the unstable pole and 
the positive zeros are close togeuier [8]. 

In brief, we are likely to have very difficult tradeoffs to make, and that, whatever the 
feedback design method, as these limitations are indépendant of the compensator. 

Conclusion The analytical expressions obtained through a simple description of the plasma-
vessel-active coil system sets: 

- the passive role of the PF control coils, which can lower the open-loop instability 
growth rate (e.g about 20 % in ITER), and even reduce it to a low active decay rate (e.g. in 
Tore Supra). 

- the major importance of the relative value of the inductive coupling coefficient of the 
structures, and the ratio of their damping efficiency, on the dynamics of the system. 

More precise conclusions would require full MHD equilibrium calculations. Yet, the 
counter effect seems to raise a crucial issue for ITER plasma controllability and robustness. 
This is all the more important as it puts limitations on close-loop performances which are 
indépendant of any particular feedback design. 
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STRUCTURE OF THE TEMPERATURE AND DENSITY FIELDS IN THE 
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SUPRA 

DeMichelis C , Ghendrih Ph., Guirlet R.. Hess W., Monier-Garbet P., Capes H., Grosman 
A., Guilhem D., Nguyen R, Vallet J.C., Valter J. 

Association EURATOM-CEA, DRFC/SPPF, 
C.E. Cadarache, 13108 Saint Paul-lez-Durance, France 

Active control of the edge plasma (in view of minimizing the impurity influx) is one of 
the crucial issues to be solved for tokamaks. Much work has been recently devoted to 
axisymmetric poloidal divertor configurations III. An alternative possible solution, the 
ergodic divertor (ED), is being studied in the Tore Supra tokamak. Here, the idea is to 
destroy the magnetic surfaces in the edge plasma with a weak resonant perturbation 121, thus 
leading to an edge layer where the field lines are stochastic. The expected result is an 
enhancement of both the particle and heat transport coefficients 131. We have already 
demonstrated the ED capability to screen the main plasma from impurities 14/, and to 
stabilize the (2,1) MHD mode 151. 

Tore Supra is the first tokamak in which the ED concept has been integrated in the 
machine design. The ED configuration consists of six, toroidally equally spaced, octopolar 
coils installed inside the vacuum vessel. Their toroidal and poloidal extensions are 13° and 
120°, respectively. The ED toroidal and poloidal mode numbers are n = 6 and m = 18 ± 3 in 
the correct magnetic coordinates (i.e., the system is resonant for a safety factor value q = 3), 
thus providing an ergodic layer that is well located in the plasma edge (with a thickness 10-
20 % of the plasma radius), with a rapid spatial decay towards the plasma core 161. 

A theoretical analysis of transport in presence of the ED, including the effect of the 
wall, shows that one can expect two domains in the edge layer: a laminar region, where the 
field line connection lengths are short (and therefore there is little stochasticity), and the 
proper ergodic region, where the connection lengths to the wall are large. As a result of the 
transport properties imposed by the presence of different flux tube lengths and by the 
existence of localized sources and sinks, one expects some modulation of the electron 
temperature and density HI. 

Figure 1 shows a few experimental data for an ED deuterium discharge with R = 2.39 
m, a = 0.75 m (set by a carbon limiter, 4 cm ahead of the ED modules), Ip =1.4 MA, and Bt = 
3.4 T, with the ED coils activated at their maximum current from the beginning. This series 
of discharges was characterized by an almost completely saturated carbon wall, since in the 
reference (no ED, same ne) ohmic discharge the electron density was built up without gas 
injection (apart from a small pre-fill for breakdown). The central electron density and 

temperature values were ne(0) = 5.5 x 10"19 m"3 and Te(0) = 1.7 keV, with Ti(0) = Te(0). 
As expected, due to the ED effect, both the dominant impurity (carbon) and the injected 
deuterium gas were screened out (Zeff = 1.05), and a large quantity of D2 had to be injected 
to reach the requested ne value. The radiative behaviour of these discharges is shown in 
figure 2, giving the total ohmic and radiated (calculated from bolometry) powers, as well as 
two bolometric radial profiles. ED ohmic discharges of not too high ne are characterized by a 
low field side (exterior) radiating layer, possibly not completely toroidally uniform (because 
of the recycling pattern on the discrete ED coils). However, as the electron density is pushed 
up by the strong gas injection, recycling on the inner wall becomes important, the radiating 
layer moves to the high field side (interior), and a Marfe-like structure develops. Note that 
the Marfe is stable, and that a large fraction (> 75 %) of the ohmic power is radiated away. 
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Tangential views of the plasma with a visible (unfiltered) CCD camera show, when the 
internal Marfe appears, an "island"-like structure of the magnetic flux tubes on the high field 
side /8/, The visible light (essentially deuterium emission) structure is interpreted as due to 
the temperature and/or density modulations associated with the modulation of the field line 
connections. Such T e and ne edge modulations have actually been detected with a 
reciprocating Langmuir probe /6/; in the following we shall show that they also affect the 
emission of light impurity peripheral ions. 

Spatially resolved profiles of several peripheral light impurity ions have been obtained 
with the experimental set-up schematically shown in figure 3. A grazing incidence vuv 
spectrometer (spectral range 50 - 2000 À, spectral resolution 1.3 À), equipped with two 
movable, metallic anodes, microchannel plate detectors 191, views the plasma through a gold-
coated, grazing incidence, vibrating mirror (vibration frequency 2 Hz, i.e., four profiles per 
second, acquisition time 2 ms, time for an entire scan of the plasma lower half 90 ms, spatial 
resolution 4 cm). Figure 4 shows the profiles of three carbon ion lines as a function of the 
mirror angle a defined in figure 3. The three lines are: CIV 312 À ls22s - ls23p (a An = 1 
transition, n being the principal quantum number), OH 538 Â ls22s2p - ls22s3s (An = 1), 
and CHI 977 À ls22s2 - ls22s2p (An = 0). For each line we have shown one profile before 
the Marfe (i.e., when the radiating layer is on the low field side), and one during the Marfe 
(radiating layer on the high field side), at approximately the same times as the two bolometric 
profiles of figure 2. The most striking feature is the strong modulation observed on all the An 
= 1 transitions of low ionization potential Ei impurity ions (but not on An = 0 transitions), 

when the Marfe appears. Other, higher Ei, impurity ion lines (such as CVI182 À 2s - 3p, OV 
630 À ls22s2 - ls22s2p, or OVI 1032 Â ls22s - ls22p) do not show any modulation, 
probably because they are emitted further inside the plasma, where the ergodic perturbation 
has become negligible. The observed modulation structure is stable during the current 
plateau, as well as from shot to shot in a series of approximately reproducible plasmas (but its 
observation requires always the presence, at the same time, of the ergodic divertor and the 
interior Marfe). There are six peaks in the lower half plasma profile, corresponding to a 
poloidal angle of 120°, i.e. a poloidal number < 18 (the dominant mode of the ergodic 
perturbation). 

The observed radiance of a given spectral line being given by 

B 2
n = f ne nz Qzn(Te) r n dr / 4K 

(photons cm"2 s"* sr"l; ne and nz are the electron and ion impurity density, respectively, 
Qzn(Te) the effective exitation rate coefficient, and T n the branching ratio of the line 
transition), the high field side structure modulation cannot be due to a modulation of ne 
and/or nz, since in this case it would result in a modulation of both An = 1 and An = 0 
transitions. It is therefore due to a Te modulation, as a consequence of the different Te 
dependence of Qzn(Te) for the two types of transitions; indeed, the intensity ratio of the two 
CIII lines indicates that T e varies between 7 and 10 eV, a T e range where Qzn(Te) for the A n 
= 1 transition is a strong increasing T e function (also for the CIV line), whereas it is 
approximately constant for the A n = 0 transition /10/. 

Going back to figure 4, some structure is also seen on the profiles before the Marfe, 
when bolometry shows an external radiating layer. However, in contrast to what is seen 
during the Marfe, these broader modulations are seen on all the ion lines emitted in the 
ergodic region (independently of their An = 0 or 1 nature). Also, there are only between two 
and three modulations, mainly because of the smaller poloidal angle spanned on the low field 
side (60°), thus corresponding to a poloidal mode number between 12 and 18. The fact that 
the structure is now seen on all the lines emitted by ions in the ergodic layer indicates that it 
is not due to Te , but rather to ne or n2 modulations. This implies that the peripheral T e value 
is higher in the low field side (since Te must be large enough to have approximately constant 
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Qzn(Tc) values); indeed, a Langmuir probe in one of the ED modules shows Te = 20 eV, 
probably due to the lower ne value. As far as the ne and/or nz modulations are concerned, it 
is not possible to discriminate between them from the spectroscopic results. Electron density 
modulations have been seen by Langmuir probe measurements, but impurity source 
modulations are also possible, since for these low ionization potential carbon ions there is no 
time to achieve complete poloidal and toroidal uniformity. 

The spectroscopic results discussed above give clear evidence of poloidal density 
modulations when the radiating layer is on the low field side (the usual ED situation when 
the electron density is not too high), and temperature modulations when the radiating layer is 
on the high field side (at high electron density, where, in the ED presence, a stable Marfe-like 
structure develops). Density and temperature modulations are predicted by the ED theory. 
They originate outboards (where the ED modules are located), from the connections of the 
flux tubes either towards the plasma core (yielding a large heat source) or towards the wall 
(yielding a small heat source), depending on the direction of the local radial magnetic 
perturbation due to the ED. From there, they propagate along field lines. On the low field 
side the peripheral Te value is large enough not to have any effect on the impurity line 
brightness (because in this temperature range the relevant excitation rate coefficients are 
approximately constant), which is therefore affected only by the density (electron and/or 
impurity) modulations (of course, only the emission from ions existing in the ED peripheral 
layer is affected). However, as the modulations propagate from the exterior along flux lines, 
the density modulations are smoothed out, because the ED induced particle transport is of the 
same order as the usual radial transport, and they do not propagate very far. On the other 
hand, the ED induced parallel heat transport is much larger than the usual perpendicular 
transport, and therefore the Te modulation is not easily destroyed. Moreover, when the 
interior Marfe develops, the peripheral Te value is lower, because of the larger electron 
density, and is such that An =1 transitions are modulated (because in this temperature range, 
below or of the order of 10 eV, the Qz11 rate coefficients are an increasing Te function), but 
not An = 0 transitions (because their Qzn rate coefficients are roughly Te independent). Lines 
from more ionized ions (having Ej> 100 eV) do not show any modulation, since they are 
emitted further inside the plasma, where the ED perturbation has become negligible. 

A field line tracing code (MASTOC) /l 1/ has been used to study the intersection of the 
laminar layer and the wall. The derived connection lengths to various parts of the wall are 
used to analyse heat and particle flux deposition. Since the geometrical features of the 
laminar region are closely related to the structure of the field lines, most of the observed 
effects can be modeled by using the properties of the field lines. This simple model, based on 
the connection properties, allows the expected modulation to be calculated for different 
dominant poloidal numbers. A comparison with the impurity profiles shows that the observed 
modulations are characterized by a poloidal wave number m = 16, thus allowing to locate 
radially the emission region at r = 0.71 m. Note, however, that there is no atomic , nor 
plasma-wall interaction, physics in these calculations. 
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Experimental investigation of power deposition on the 
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It is widely accepted that achieving the relevant central plasma performances in steady 
state requires control of the plasma wall interaction. Indeed, in order to keep under control the 
central plasma impurity concentration it is necessary to ease the power deposition on walls 
(power density < 5 MW/m1) in order to minimise the main impurity sources. However, if some 
impurities are generated at the plasma edge, it is also necessary to reduce their penetration 
depth into the main plasma. For these purposes axisymmetric divertor configurations are used 
worldwide III. On Tore-Supra the ergodic divertor (E.D.) is used as an alternative scheme 121. 
The plasma edge physics is quite the same in spite of the different approach. The goal of the 
E.D. is to destroy the magnetic surfaces at the plasma edge (last 20% of the plasma volume) 
with a weak (<5Br> / Bcp - 10*3) resonant magnetic perturbation. Two main regions can be 
identified within this controlled plasma volume /3/. The laminar zone where one can find open 
field lines as in axisymmetric divertors (defining the heat load pattern) and a stochastic zone 
(close to the main plasma) where field lines experience long connexion length (>10^m) before 
impinging on the wall 141. From the properties of such an E.D. system, one can expect an 
enhancement of the transport of heat and fast particles in the periphery I SI. This paper presents 
new results on power deposition on plasma facing components and especially on a dedicated 
target plate designed for this study. 5 such plates equip each E.D. module. Six identical 
modules are equally spaced toroidally in the main vacuum vessel of Tore-Supra 161. The 
extension of each module is 120° poloidally and 13° toroidally. The set of 6 coils has a poloidal 
mode number m=18±3 and a toroidal number n=6 being therefore resonant for q~3 when the 
Shafranov shift is small (q-3 for Pp+ty2=0.7 and q~4 for pp+lj/2=1.5). Since the radial 
perturbation of the magnetic field Une is rapidly decreasing away from the E.D. bars, only 
resonant field lines will experience a large radial excursion into the main plasma (5r~2 to 3 cm 
per poloidal turn). Each time a field line encounters the radial magnetic field very close to the 
bars, it will receive a small radial kick. Only field lines having coherent deflections will be able 
to escape from the confined plasma. As a result, we can find a number of flux tubes connected 
very deep into the main plasma (down to r/a = 0.7). We shall show that the heat load pattern 
on the main plasma facing components, namely the E.D. target plates or the main limiter, 
presents such localized hot spots due to flux tubes connected with the hot plasma, visualised 
and predicted at the very edge. They correspond to strong modulations of the density and/or 
temperature at the plasma edge 111. For the sake of simplicity only shots 13360, 13361 (to 
compare the relative power depositions with/without E.D.) and 12797 (to compare code 
prediction and temperature surface measurements), will be analysed. Shots 13360 and 13361 
correspond to Ip=1.51MA, V-loop=l.lV, <ne.l>=6.10l3m-2, T?0= 1.8keV, R=2.41m, 
r=0.76m, Bt=3.3T so that q-psi~3 at the very edge. The plasma is limited by the E.D. coils. 
The current in the divertor coils for shot 13360 is I<iiv=27kA constant during the entire 
plasma. For shot 13361 ldiv=0 but all other macroscopic parameters are identical to shot 
13360. 
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The radial position of each coil has been measured (Figure I). One can see that there is 
a radial excursion of ±5mm with respect to the average value. Since we have measured that 
the e-folding length for power deposition is 12mm when Ip=1.51MA and ldiv

=0 /8/, we can 
expect a non uniform toroidal power deposition when the plasma is leaning on the E.D. 
module even if no current is flowing in the E.D. modules. This can be seen figure 2 which 
shows the power density on different actively cooled plasma facing components. However, 
there is almost no E.D. induced modification of the average surface power deposition on the 
target plates, which varies from 1.5 to 3.0MW/mJ. This is due to a reorganisation of the power 
density distribution on the plates with a constant extracted power. When Id iv^ . only the part 
of the target plate emerging from the coil casing (5r=20mm) limits the plasma (more or less 
uniformely illuminated). On the other hand, when I(jiv=27kA deeper regions of the target 
plates between bars (5r=40mm) collect power by direct deflection of heat along field lines. The 
"apparent" e-folding length for power deposition is increased, on average, by a factor of 2 
when Idiv=27kA. More power is then spread out on remote plasma facing components (such 
as the inner wall located on the high field side) than on the ED coils located on the low field 
side. The casing of the E.D. coils then takes less power (from 0.15MW/m2 to 0.10MW/m2), 
but the overall power is conserved. All these relative observations can be seen on figure 3, 
where the variation is ±20% on the target plates (0.061m2), -20 to -70% on the E.D. casing 
(3.6m2) and +40 to +100% on the remote inner wall (12m2) located 0.1m away from the last 
closed flux surface when Idiv3^- ft ' s interesting to note by comparing figure 1 and figure 3 
that the power loading reduction corresponds to the closest target plates with respect to the 
plasma. This shows clearly the robustness of such a system with respect of gross misalignments 
of more than ±5mm. 

The presence of a limiter in front of the E.D. coils has several consequences. Firstly, 
field lines directly connected to two of the E.D target plates are intercepted by this object. The 
consequence is that the power deposition on the limiter is strongly affected by the E.D. These 
modifications have already been described 191. The symmetry of pov/er deposition on 
electron/ion, top/bottom sides of the limiter is no longer preserved. A strong modulation is 
observed with some hot and cold zones, qualitatively reproduced by the MASTOC field line 
code /4/. These strong modulations can be correlated to the modulations seen on the target 
plates as described below. When the limiter is in front of the E.D. coils, if the difference in 
radial position is < 0.03m only 2 target plates are affected, (one on each module on the sides of 
the limiter) but with no consequence on the physics within the plasma volume affected by the 
E.D. If the radial distance is increased then the number of E.D. modules concerned is 
increased, but only one target plate on each module is concerned. However, the limiter is 
always located in the laminar zone; consequently a well defined pattern is observed. 

Each E.D. coil consists of 8 actively cooled current bars. The current in the bars 
ensures a self protection by channelling the field lines in between bars where the target plates 
are located. In fact the channelling is more or less efficient depending on the local pitch angle 
since the bars have been designed to accomodate pitch angles corresponding to q=3 (for 
3p+lj/2=0.7). For different q values, some shadowing of the target plates by the casing of the 
coils is observed. Figure 4 shows surface temperatures of one of the target plates, obtained 
with an infrared camera during shot#12797. One can clearly see a non uniform power 
deposition corresponding to different flux tubes which penetrate to different minor radii. 

The dedicated target plate is made of an actively cooled copper structure covered with 
a 60um B4C layer. The thermal conductivity of such layer has been measured to be -1.0 W / 
m. °K. The time constant of such a structure has been calculated with a 2D mesh code 
(CASTEM) with the real geometry. Two very different time constants can be identified: a 4ms 
time constant for the B4C layer (an analytic formula gives -11ms) and a 5 seconds time 
constant (25 seconds to reach true steady state) for the copper structure. The large difference 



berween these time constants indicates that if measurements are made with a good temporal 
resolution (as with infrared cameras, integration time = 20ms) on a short sequence, any rapid 
surface temperature change can be attributed to the gradient temperature change of the B4C 
layer. Moreover, the change in surface temperature reflects directly the change of the power 
flux density at the surface of the target plate, since Q(W/m2) = (Ts-T^) * X / e, where Ts is 
the B4C surface temperature, TQJ is the copper surface temperature, e=60ujn is the thickness 
of the B4C layer and X is its thermal conductivity. 

In our experiment the direct change of surface temperature gives information on the 
power flux associated to the different flux tubes. It can be seen (figure 5), that during the 
plasma current ramp up, the safety factor varies at the very edge as well as the radial excursion 
experienced by the flux tubes impinging on the target plate. The power deposition can strongly 
vary on a very short spatial scale, here from 0.5MW/m2 to 3.2MW/m2 within 0.03m. It can 
change from less than lMW/m2 up to 10MW/m2 depending on the experimental scenario. AH 
these observations can be computed as will be described below. 

Numerical computations are used to predict both, the magnetic perturbation in the 
vicinity of the E.D. coils when current is flowing, and the field line excursion /4/. Field line 
penetrations are derived along a typical toroidal length. This figure of merit is supposed to 
give an estimate of the power conducted along the field lines since the perpendicular transport 
is not dominant. Figure 6 shows the image (q ~ 3.2) of a target plate in a (r,6) plane as a 
function of the radial penetration of field lines in the plasma (different colors). This code result 
is very similar to the experimental surface temperature map (which can be directly interpreted 
in terms of power density) presented in figure 4. The magnetic surfaces are modified, leading 
to a significant enhancement of the transport along well defined flux tubes. This corresponds to 
the pattern observed on the target plate (or on the main limiter 191). Small scale structures can 
be identified corresponding to a succession of "hot" and "cold" flux tubes suggesting that the 
turbulence is small in the pcrturbtd zone / l l / . Theoretical predictions and observations of 
such phenomena have been made in stellarators and especially at the boundary of W7AS 1101. 

Conclusion. Ergodic divertor experiments in Tore-Supra have shown valuable effects. The 
reorganisation of the plasma wall interaction was discussed in this paper. The dominant effects 
are: 1) an increase of the "average" e-folding length for heat and particle deposition at the 
expense of large asymmetries, leading to a marked heat load pattern on the main plasma facing 
components; 2) the power deposition on target plates is not strongly affected by gross 
misalignments of the E.D. modules; 3) the absolute temperature map, and hence the power 
density map on a dedicated target plate, has been obtained; 4) the heat load channeling at the 
very edge presents a small spatial scale pattern ( « average heat load e-folding length) and is 
therefore not affected by any plasma edge turbulence (which is however decreased by the 
E.D., as measured by infrared scattering turbulence measurements [11]). 

Ill Vlases G.C. and al Plasma Phys. Control. Fusion 35 (1993) B67 
/2/SamainA. andal JNM 128-129(1984)395 
/3/GhendrihP. andal IAEA-CN-53/A-VII-7 
/4/Nguyen F. andal JNM 176-177 (1990) 
/5/ Grosman A. and al JNM 196-198 (1992) 59-70 
/6/LipaM. andal Fusion Technologie Vol.19 July 1991 
111 DeMichelis C. andal This conference 
IZI Guilhem D. and al JNM 196-198 (1992) 759-764 
191 Guilhem D. and al JNM 176-177 (1990) 240-244 
110/ Grigull P. and al JNM 196-198 (1992) 101-112 
l\ 1/ Garbet X. and al 
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ligurejl;. Variation of the Radiai position of 
the E.D. coils (1 to 6 for the six coils). 

Figure 4: Infrared image of the surface 
temperature of the dedicated target plate (note 
the heat load pattern) . 
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Introduction 

The next step device will have to demonstrate the compatibility between the heat 
removal with very high radiation level, in order to reduce the convective heat flux in the 
scrape off layer (SOL), and the particle exhaust in order to maintain the ash density 
sufficiently low in the core plasma. The superconducting tokamak Tore Supra has been 
equipped with ergodic divertor (ED) modules and six vertical pump limiters (VPL) designed 
to simultaneously control the plasma density and to extract the heat flux. The ED is 
described in [1] and previous experiments have shown that it reduces the convected heat flux 
on the plasma facing components (PFC) by increasing the rate of radiated power at the edge 
and by preventing the plasma contamination via impurity edge screening [2,3]. 

In this paper, it will be shown that with an ergodized boundary, the active pumping 
by die ED modules is a means to control die plasma density and the wall particle content, 
while the radiation level and the screening properties at die edge are preserved. In die first 
part of this paper, die experimental sequence and the pumping efficiency are discussed. The 
second part is devoted to the global particle balance (including die wall retention). 

Plasma density control 

In order to determine die efficiency of plasma density control by the ED, a series of 
(10-15) consecutive shots with deuterium plasmas "leaning" on die ED modules have been 
realized. The plasma heating is restricted to ohmic wim a plasma current of Ip=1.6MA, a 
toroidal field B-r=3.2 T (in order to obtain a safety factor : q ^ =3). The volume averaged 

plasma density is varied between 2 and 4.5 I019m-3. During this series of shots the density is 
feedback-controlled by gas puffing up to 2s before the end of the current plateau when 
injection is stopped. Assuming N to be the total number of particles in the discharge, die 
global particle balance can be described by the simple equilibrium dN/dt=r-N/Xp*. where T 
is the injected flux, tp* the apparent confinement time Xp* = Tj, /(1-R) where xp is the 
particle confinement time and R the global recycling coefficient. The titanium getters, which 
ensure the pumping, are generally activated for only half of the experiments in order to 
compare the data to similar unpumped shots. The exhaust efficiency E is deduced from the 
comparison of xp* without (w/o) and with (w) active pumping : e= tp (l/tp(w)* -l/tp(w/o)* )• 
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Figure 1 displays the time evolution of the average plasma density and the gas 
injection for similar shots, without (#10517) and with active pumping (#10518). In these 
experiments, the plasma is leaning on the ED which is energized at its maximum value 
(Idiv^SkA). For the non-pumped case (#10517), the wall panicle content is nearly large 
enough to maintain the density at a steady state indicating a wall status close to the 
saturation. For the pumped shot (#10518), when the titanium getters of the ED modules are 
activated, the gas injecdon required to maintain the plasma density is 5 to 6 times larger 
than in the non-pumped 
case. This injection tends 4L•...i•• . . | . . . . i i... . , . , , . , ••.., 3 
to a steady state gas puff 
as high as 1.5 Pam^s*1 and 
when the gas injection is 
stopped at t=6s, the densi
ty strongly decreases 
(Tp*=3s). In these experi
ments the exhaust effi
ciency is E = 5 % 
(Xp=200ms) which is close 

to those previously 
recorded with the out
board pump limiter (OPL) 
[4]. The exhaust efficien
cy also increases with the 
average plasma density 
and it does not depend on 
the wall saturation status 
[5]. It has also to be noted 
that for similar plasma conditions, the activation of the pumping with the ED energized 
does not modify either the radiation fraction (up to 70% of the total power for the described 
experiments) or the screening properties of the ED at the edge. 

o 

c 

c 

- 1 3 

Figure 1 : Evolution of the average plasma density 
and of the injected gas versus time for a non-pumped 
shot (10517) and a pumped shot (10518) respectively 

Particle balance 

As previously demonstrated for the OPL experiments [5, 8], the particle balance 
shows that the ED configuration allows one to control the plasma density while partially 
depleting the wall particle content. The particle balance can be divided into three 
sequences: 
The current ramp-up [0-4s], the steady state phase for the plasma density [4-7.5s] and 
finally the density decay before the end of the plateau current [7.5-8.7s] when the gas puff 
is turned off. 
The time evolution of the plasma density and of the plasma current for a pumped shot 
lea-ning on the ED modules when the ED is energized (Idiv=27kA i.e 60% of the maximum 
perturbation) are displayed on figure 2a. For the same shot, the injected panicle flux (gas 
puff) and the exhaust particle flux by the ED pumps are decribed in figure 2b. The plasma 
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panicle content variation (V d<nc>/dt where V is the plasma volume) and the wall panicle 
content variation are displayed on figure 2c. The plasma and wall particle content 
equilibrium is expressed in the form : 

^ p l L = Injection - V ^ - Exhaust 
dt J dt 

where N ^ J J is the total number of particles in die wall. 

In these experiments, the injection is the gas puff and the exhaust term is given by : 
Exhaust=P. Sjj where P is the D2 pressure (simultaneously measured by both a baratron and 
an ionisation gauge [10]) in 
the pumping chamber and Sti 

is the pumping speed of the 
titanium getters. 
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For the overall shot duration 
the following analysis is sug
gested: 
During the current ramp-up 
phase, typically 3 times the 
plasma panicle content has to 
be injected to obtain the pre
scribed density. This behav
iour is always observed 
whether the pumping is acti
vated or not and independen
tly of the wall saturation 
state- When the edge safety 
factor approaches the reso
nant value (q e d g e=3.5 at 
t=3.5s) a strong injection is 
needed to increase the densi
ty, indica-ting an enhanced 
wall pumping. This pheno
menon is noticeable to in the 
current ramp down a t=10.5s 
when moving out of the reso
nance and is also similar to 
the "pump out" effect 
observed on JET at the "X 
point formation". 
During the steady state phase 
of the discharge, equilibrium 
between gas injection and 
extraction by.the pumps is 

reached. However, for typically the three first pumped shots of the series, the number of 
panicles extracted by the pumps is larger by 20% than the number of panicles injected. For 

8 10 2 4 6 
Time (s) 

Figure 2 : a : Volume averaged plasma density, plasma cur
rent and total current in the ergodic coils for a pumped shot 

b : Time evolution of the gas injection, the 
exhaust by active pumping and the plasma density variation 

c : Variation of the plasma and wall panicle 
content as a function of time 
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the non pumped shots of this series, the gas. puff docs not drop completely to zero during 
this phase and the wall does not appear totally saturated when the ED is energized and 
when the plasma is leaning on the ED. 
The final part of the discharge, between 7.5 and 8,7s, shows that the exhaust by the pumps 
of the ED exceeds typically 3 to 4 times the density decay. During this phase, the panicle 
balance shows that the wall is depleted (figure 2c). The depletion of the wall by the active 
pumping is also confirmed by the partial Do pressure measurement at the end of the shot 
with a quadrupole mass spectrometer in the pumping system of die torus. The D2 partial 
pressure is 2 times lower at the end of the series (15 shots) of experiments than at the 
beginning. Also, just after a an over-night helium glow conditioning, the overall quantity of 
gas required to maintain the density is quite high in die absence of active pumping. From 
shot to shot, in spite of a higher density, the total quantity of gas required to obtain this 
density remains roughly constant. In contrast, for the pumped shots which are all realized 
after the non pumped shots, the gas injection necessary to obtain the density depends 
strongly on the plasma density. The recent results of DIII-D, in which the axisymmetric 
divertor extracts neutrals from both the plasma and the wall [9], supports the idea that this 
is a ge-neral phenomenon not particularly linked to the precise edge configuration [8]. 

Summary 

The reported experiments show that the plasma density and the wall particles 
content can be actively controlled with an ergodic layer when the plasma is leaning on the 
ED modules when the ED is energized without modifying plasma parameters. That means 
that the ergodic divertor can simultaneously provide a screening of the impurities, and a 
plasma density control with a fraction of radiated power as high as 70% with intrinsic 
impurities. 
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INTRODUCTION Over the past years, the TORE SUPRA ergodic divertor has 
demonstrated some capabilities to stabilize both edge radiating layers -as Maries or detached 
plasmas- and edge MHD activity -as the m=2,n=l tearing mode- usually encountered 
simultaneously close to the ohmic density limit[l]. Moreover, it has been shown that in 
TORE SUPRA the ergodic layer induces an effective screening of most of the chemical 
species-except h*" .iich may be present at the plasma edge. 

L <»o •;. last campaign, taking advantage of the ergodic divertor properties, 
part of the expen,\_4iuJ program has been dedicated to the production of stationary edge 
radiating layers in plasmas heated by waves. Two problems had to be solved: 1) waves 
coupling in the presence of the ergodic divertor magnetic perturbation and 2) the control of 
the radiated power at a level close to the total input power. 

l)So far it has been possible to couple up to 3MW of lower hybrid power and 
up to 5.5 MW of ICRH in two different plasma geometries depending on the specific 
interaction of the launchers with me stochastic magnetic field at the edge. This resulted in 
target plasmas with about 4.5MW and 7MW of total heating power respectively. Note that in 
all these experiments launchers were in the shadow of the outboard inertial limiter. 

With lower hybrid waves an excessive heating of neutralizer plates connected 
to launchers by magnetic field line performing less than one third of toroidal turn has been 
observed. This power loss by conduction is coming from the high N// part of the wave 
spectrum (N//>6) which can be absorbed at the very plasma edge [2] Thus for these first 
experiments a conservative geometry has been used: The limiter and launchers have been 
further off from the divertor coils (Rcoi^S.lSm, RiimsS.llm, Rlaunchers=3-13m) leading 
to a somewhat lower stochasticity of the plasma edge. The "safety factor" at the limiter radius 
is qRiinv^^ corresponding to qcoils=3.8 while the resonant value is qcoils^A In these 
experiments the plasma column was centered at Ro=2.35 It has to be noticed that it exists 
conservative geometries which may provide also a better agreement with the resonant 
condition -They will be used in future experiments. 

With ICRH due to the resonant absorption far away from the ED coils it has 
been possible to use the standard geometry which fullfils the ED resonant condition 
(Rlim=3.15m R<p2.4m q ^ i ^ S ^ ) . 

2) To maximize the radiated power two different scenarios, based either on 
intrinsic impurities (C, O, CI) and charge exhange at high plasma density (volume averaged 
density>4 1019nr3)-in that case the radiation pattern takes the form of a stationary high field 
side extended Marfe [3]- or on gaseous extrinsic impurity injections (CD4-N2-Ne-Ar) at low 
or moderate plasma density, have been used to produce stationary radiating rates in the range 
of 70% to 100% of the total input power. -Neon experiments are reported in this paper. 
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NEON EXPERIMENTS Compared to other gaseous impurities Neon exhibits three 
interesting properties: i) it is a fully recycling impurity thus even without pumping and 
without feedback loop stationnarity can be easily obtained, ii) between two shots the injected 
Neon is fully pumped which provides a good reproductibility of the experiments, and iii) the 
effective power exhaust per injected atom is quite high - of die order of 300 to 700keV/s 

SHOT TS13404 

E 3 -

SHOT TS13358 

- 2 

- * 3 

t ime (s) 
Figl.a ED exp. with Neon puff &ICRH 

tlm» (•) 
Figl.b ED exp. with Neon puff &LH power 

depending on plasma parameters (density and temperature). Fig.l.a&b show two typical ED 
experiments with ICRH and LH power respectively. In both cases a Neon puff of about 
50Pal (lPal=2.61017Ne) leads to an increase 

TS13358 
^.0 

of the total radiated power. The behaviour of TS13358 BOLOMETER PROFILES 
the NeVn&NeX lines brightness points out 
the high value of the Neon recycling 
coefficient. Thermographic analysis of the 
limiter and neutralizer plates indicates that in 
the ICRH case the radiated power deduced 
from bolometers is overestimated by at least 
1MW. In this case the radiating layer being 
localized in front of divertor coils is 
probably sensitive to the toroidal modulation 
of the ED magnetic perturbation. This also 
indicates that probably the radiated ratio is 
not larger than 70% .-these discharges are 
analysed in details in [4]. 

In the case of LH experiments the low 
temperature of the various pfe's is in 1 . 6 2 . 0 2 . 4 2 . 8 
agreement with the high radiated ratio Major rad ius (m) 
deduced from bolometry. This is due to a pig.2 SHOT TS13358 Bolometer profles 
more favorable geometry of the radiating layer which evolves from a poloidally symmetric 
ring -due to the radiation of Neon [5]- to a stable high field side Marfe both being less 
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sensitive to toroidal asymmetries induced by the ED. Fig.2 shows the behaviour of the 
bolometer brightnesses for the shot 13358 (Fig.l.b). At t=4s the radiation is at 50% due to 
Neon and is poloidally symmetric then from t=5s to t=10s the bolometer profile evolves 
toward a very extended marfe. This is interpreted as a synergetic effect between die neon 
radiation and die edge diermal equilibrium: die neon radiation decreases die convective power 
to such a level that at mis working density the condensation instability takes place and mat a 
marfe develops. As already observed [3,5,6] the marfe in the presence of ED perturbation 
reaches a saturation level and finally corresponds to a stationary radiating layer with a 
maximum of cmissivity located on the high field side of the torus and with a poloidal 
extension larger than 180° as inferred from both tangential CCD camera and bolometer 
measurements. This synergetic effect may lead to an appearent power exhaust per injected 
atom of Neon larger than lMeV/s. In tfiese experiments a rough estimation of me average 

Zeff gives a value variing between 2 and 2.5. 
At lower density this synergetic effect is 
expected for a lower residual convective 
power thus to reach high radiation rate it is 
necessary to increase the Neon injection. 
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Fig.3 low density shot (ED+LH+NEON) Fig.4 Bolometer profiles (brightness) 
An experiment at lower density is shown on Fig.3. In this case the low natural 

emissivity of this less collisional plasma has to be compensate by a Neon injection of about 
lOOPal which leads to an increase of about 1.6MW of the radiated power. In contrast with the 
NeVII line brightness shown on fig. lb (X=56.16nm) the NeVII line brightness shown on 
Fig.3 (k= 10.62nm) is sensitive to die local temperature -The stationarity of the recycling 
Neon being infered from the stationarity of the NeX line brightness. The behaviour of this 
NeVIT line for t >8.s compared to the evolution of me radiated power may indicate an 
evolution of the thermal equilibrium favorable to the increase of the neon emissivity - but part 
of the increase of die radiated power can also be attributed to an increase of high Z impurities 
produced by the LH launchers. Nevertheless die bolometer profile behaviour for this shot 
(Fig.4) shows that die radiated power remains dominated by die neon radiation -i.e. the 
bolometer profile remains rather poloidally symmetric- showing that at this density the 
residual convective power of about 800kW is higher than the threshold at which the Marfe 
develops. A rough comparison widi the shot 13358 indicates tiiat the condensation instability 
starts at Pcond/ne<300kW/l019m_3. The Abel inversion of bolometer profiles shown on 
Fig.4 indicates a local emissivity peaked at the edge with a maximum value of about 
.2MW/m"3 which is a rather low value and it confirmes that at t>8s part of die increase of die 
radiated power is coming from the center. In such shot the Zeff is higher typically in the range 
of 3-3.5 than diose obtained in higher density discharges. 
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DATABASE ANALYSIS: Series of shot with and without ED made at different 
plasmadensity, LH power and Neon puff has been made. In each shot -as on Fig.3- scries of 

puff allows to follow the 
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small neon puff allows 
evolution of both the Neon emissivity (fast 
response) and of the thermal equilibrium 
(time scale typically 2-4s). Results are 
summarized on Fig5&6. They are plotted 
versus a parameter A= nl.Te" ' a ' - nl being 
die line average density and Te the electron 
temperature measured at the edge of the 
confined plasma -. The temperature 
dépendance is introduce phenomelogically to 
somewhat takes into account temperaur-: 
effects on the screening and radiating 
properties of Neon . CC is arbitrarily set to 
3/2. Note that the right experimental 
determination of the temperature dépendance 
requires further experiments. Fig.5 shows the 
power exhaust per injected atom of neon. It 
shows that die neon emission increases with 
A and is higher with the ED -by a factor 
variing between 1.5 and 2- Fig.6 shows the Fig.5 Neon exhaust power vs nlTe"3/2 
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CONCLUSIONS: these preliminary experiments have demonstrated that it is possible to 
produce stationary edge radiating layers with a fully recycling impurity - even without 
feedback loop and widiout active pumping. 

They demonstrate the capability of die ED to maximize the neon radiation and to 
minimize the plasma contamination. 

The appearent neon emissivity can be increased - up to lMeV/s/atom- by a synergetic 
effect with a Marfe for Pcond/ne<300kW/1019m-3. 

Nevertheless in LH experiments the screening efficiency has still to be improved 
-possibly with the use of a more adequate geometry- to keep the Zeff typically below 2 as it is 
in ICRH experimems[4]. 
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Measurement of the Carbon Source on the Limiter Face in Tore Supra 
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1. Introduction. In a steady-state tokamak, the impurity production and transport from 
plasma facing components will have to be controlled. An understanding of these processes in 
the edge plasma is necessary for the design and operation of plasma facing components. In this 
frame, an experiment has been carried out to study impurity generation and transport processes 
on an inertial limiter on Tore Supra as a baseline for upcoming experiments on an actively 
cooled limiter. A system has been implemented to permit quantitative measurement of impurity 
sources from the outboard limiter in Tore Supra. 

2. Experimental setup and plasma conditions. The principal diagnostic is a visible 
endoscope mat combines a spectroscopic view of the limiter with a CCD camera view. Light 
emitted near the limiter surface is guided to the endoscope imaging system by a mirror located 
on the top of the torus and then to a beam splitter for simultaneous measurements by the two 
systems. The light is guided from the beam splitter by fiber optics to a visible spectrometer with 
an Optical Multichannel Analyzer (OMA) detector. The other path from the beam splitter leads 
to a CCD camera equipped with interchangeable interference filters for the D a (6561Â), CII 
(5150À) and Oil (4647À) lines. The two systems thus provide both a detailed spatial 
resolution (CCD, 2.5 mm/pixel), and an absolute calibration (spectrometer+OMA). The 
absolute brightness of the entire CCD images is determined from the known brightness of 
several spots on the limiter. A limitation of the experimental system is the progressive 
deterioration of the endoscope transmission due to particle deposition on the optical surfaces in 
the torus. To minimize the impact of this difficulty on the absolute calibration, the optical 
system was absolutely calibrated whenever access into the torus was possible. A second 
experimental limitation in the interpretation of the CCD images is that, because of the viewing 
angle, the electron side leading edge of the limiter is partially shadowed by the limiter tip (see 
figure la). 

A reciprocating Langmuir probe located 60* toroidally and 90* poloidally away from the 
limiter gives the electron temperature Te and density ne in the scrape-off layer (SOL) for the 
region 0.01m to 0.05m outwards in the radial direction from the last closed flux surface 
(LCFS). The temperature just inside the LCFS is measured by Thomson scattering. The surface 
temperature of the limiter is deduced from an infrared camera which has the same optical view 
of the limiter as the visible endoscope. 

The deuterium plasma parameters are the following: toroidal magnetic field Bt = 3.75 T, 
minor radius a = 0.70 m, major radius R = 2.44 m, toroidal plasma current 
Ip = 1.24 MA, and volume averaged electron density <ne> = 3.0 1019 nr3. The limiter 
dimensions are 0.5 m in the toroidal direction and 0.6 m in the poloidal direction. A 
particularly small minor radius has been chosen in order to isolate, as much as possible, the 
limiter as the primary impurity source. 

3. Experimental results. Fig. la shows that the temperature distribution across the center 
of the limiter face is symmetric, thus indicating a uniform incident heat flux. However, an 
asymmeuy is seen between the ion-side and electron-side, leading edges (LE); it is not clear if 

S Supported by a fellowship from the Oak Ridge Institute of Science and Eduction. 
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this asymmetry can be attributed totally to the geometric shadowing effect. The temperature at 
the central tip of the limiter is close to 600"C and the highest overall temperature of 740*C is 
reached on the ion-side, leading edge (ISLE). Fig. lb and Ic show the CII, CIII and D a 
brightness distributions across the limiter equatorial plane. In contrast to the symmetrical central 
temperature distribution, the three central peaks are shifted to the ion-side of the limiter. The 
CIII distribution, unlike the CII distribution, does not have LE peaks, but only one peak 
centered 0.12 m toroidal ly away from the tip, towards the ion side. 

The ion fluxes <p have been determined from the experimental brightness distributions using 
theoretical values for the number of ionizations per photon [1]. Fig. 2a shows as an example 
the flux distribution for C+. Fig. 2b shows that the <p(CII) to «p(Da) ratio peaks at the tip. The 
value of this ratio is an empirical estimate of the total sputtering yield, which decreases 
gradually to each side of the tip, until the decrease becomes very abrupt at the LE. Hg. 2c 
illustrates that the «p(CHl) to q<ClI) ratio has a relatively constant value over the central part of 
the limiter, while decreasing significantly on the LE. 

Integration of the C"*" flux over the entire limiter gives a carbon production rate of a few 
1022 atoms per second. On the other hand, the core plasma carbon density (estimated from 
ultra-violet spectroscopy and impurity transport calculations) is of the order of 1017 m"3. 
Consequently, if we assume an average particle confinement time of 0.1 seconds, the ratio of 
the carbon content in the core plasma to the carbon produced on the limiter face is 
approximately 0.1%. 

4. Discussion.The experimental plasma conditions and limiter temperature show that 
both chemical and physical sputtering can be important impurity production mechanisms on the 
limiter. To assess the relative importance of these two production mechanisms from the 
brightness distributions it is necessary to evaluate the impurity ionization lengths (which depend 
on their production mechanism). On the LE, where <ne> = 1.5 1018 nr3 and T e = 20 eV, the 
ionization lengths are 0.02 m, 0.14 m and 1.1 m for chemically sputtered neutrals (0.1 eV ), 
physically sputtered neutrals (5 eV ), and C+ ions (7 eV), respectively. On the tip of the limiter, 
where <ne> = 6 1018 nr3 andTe = 70 eV, the ionization lengths drop to 2.3 10 3 m (0.1 eV ), 
16 10-3 m (5 eV ) and 0.15 m (23 eV), respectively. 

The CII brightness distribution is assumed to represent the neutral carbon source, since the 
C ionization rate is very large for the measured plasma parameters, and the CII radiation is 
emitted rapidly after C ionizes. Therefore, fig. lb shows that die C neutrals are localized on the 
LE, indicating that chemical sputtering, because of its resulting shorter ionization length, is 
more important on the LE than physical sputtering. Indeed, physically sputtered carbon, with 
an ionization length of 0.14 m, would result in a much less localized peak.. Note that fig. la 
shows that die ISLE has a temperature compatible with high chemical sputtering (a process 
which has a maximum around 600*C). 

The central tip region of the limiter is also at a temperature which would produce high 
chemical sputtering. However, both chemically and physically sputtered carbon neutrals have 
here very short ionization lengths, and it is therefore not possible to infer the dominant source 
from the brightness localization. However, fig. 2b can be interpreted to show that physical 
sputtering is of primary importance in the central region of the limiter. Indeed, since (for the 
carbon energies considered here) the surface temperature is the principal variable in chemical 
sputtering and since both the LE and tip are at the maximum chemical sputtering temperature 
range, one would expect the empirically estimated, total sputtering ratio of <p(CH) to q<Da) to 
be about constant if chemical sputtering had the same importance in the two regions. Instead, a 
10 fold difference is observed. Thus, a production mechanism other than chemical sputtering is 
important on the tip. 

Physical sputtering increases with incident ion energy. The incident ion energy is greater 
near the tip than on the LE. This indicates that physical sputtering is more important on the tip 
than on the LE. It is therefore probable that physical sputtering is the production mechanism 
responsible for the 10 fold difference in the ratio of <p(CII) to <p(Da) between the LE and the 
tip. A few experimental physical sputtering data [2] have been included in Fig. 2b to indicate 
that this empirical estimate of the total sputtering yield is of a reasonable order of magnitude. 
Note, however, that these data are for normal incidence with the ion impact energy taken to be 
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3kTç. whereas on the face we have near grazing incidence and there can possibly be a 
significant D flux amplification value. Finally, the low value of the <p(CII) to q>(Da) ratio at the 
LE, where chemical sputtering is important, is probably a consequence of the increased D 
production that accompanies the liberation of CD4 via chemical sputtering. 

The ratio of «p(CIII) to «p(CII) shown in Fig. 2c is consistent with the much larger value of 
the C" ionization length on the tip. The ratio of <p(CIII) to (p(CII) is constant for the central 
region of the limiter since C" does not travel far before becoming C2+. On the LE, however, 
there is not a strong source for C2+ since C + travels, on average, two times the dimension of 
the limiter before ionizing to become C2+. 

Physical sputtering also depends on the angle of incidence. The angular dependence has an 
effect on the CII, CHI and D a brightness distributions (Fig. lb and 1c) and on the C+ flux 
distribution (Fig. 2a) near the central tip of the limiter. Indeed, in each distribution the peak is 
shifted away from the tip by 3 to 5 cm; these shifts are interpreted as being due to the reduction 
in the angle between the magnetic field lines and the tangent to the limiter surface. 

5. Impurity transport calculations. To further differentiate the possible impurity 
production mechanisms, the data have been modeled with the impurity code BBQ. This code 
incorporates a 3D Monte-Carlo description of both neutral and charged impurity transport in 
Tore Supra geometry. Impurity generation processes related to physical and chemical 
sputtering are included. Given the limiter temperature distribution and the incident D+- flux 
parameters, BBQ calculates the evolution of both physical (C) and chemical (CD4) sputter 
products. The code calculates spatial distributions of CII and CIII brightnesses. The physical 
sputter products are emitted with a Thomson energy distribution, with energies as high as 5-10 
eV; the chemical products are emitted at the wall temperature (0.1 eV) as CD4, which then 
experiences a break-up chain. 

The BBQ code with physical sputtering alone produces a CII brightness distribution which 
is too diffuse [3]; the emission is not localized on the LE. With chemical sputtering added to the 
code, the toroidal spatial structure of the experimental brightness data is qualitatively 
reproduced. Fig. 3 shows the absolute BBQ CII brightness distribution obtained when a 
representative poloidal average temperature distribution was taken from the IR camera. The 
experimental data is given for comparison. The sputtering dependence on the angle of incidence 
of the flux is also illustrated by BBQ since there are two peaks 5 cm on each side of the tip. 

6. Conclusion. In an effort to better understand the processes of impurity production and 
transport from the Tore Supra outboard limiter, we have used an absolutely calibrated, visible 
endoscope. The experimental data have been interpreted as evidence that chemical sputtering is 
the most important impurity production mechanism on the leading edges, while physical 
sputtering is probably the most important one in the central region of the limiter. With the BBQ 
code, it was necessary to include chemical sputtering in order to qualitatively match the 
experimental spatial distributions. 
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r ' . Figures 

Fig. la Limiter surface temperature vs 
toroidal distance in the equatorial plane. 
Fig, lb CII and O i l brightness vs toroidal 
distance. 
Fig, lc Da brightness vs toroidal distance. 
Fig. 2a CII flux vs toroidal distance in the 
equatorial plane. 
Fig. 2b Flux ratio of CII to Da vs toroidal 
distance. 
Fig. 2c Flux ratio of CI13 to CU vs toroidal 
distance. 
Fig.3 Absolute BBQ and experimental CII 
brightness vs toroidal distance in the 
equatorial plane. 
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Introduction: Asymmetric radiation features at the plasma edge (Marfe) are always 

observed on high density plasmas before the plasma detaches or disrupts. They have been 

studied in 'limiter' plasmas and also with toroidalty symmetric 'X'-point divertors. This 

'classical' Marfe and a new type of ejgodic djvertor Marfe (ED-Marfe) are observed on TORE 

SUPRA, in contrast to the 'classicar Marfe, the ED-Marfe has a large poloidal extension and is 

stable without radiation collapse. It appears when the electron density is pushed up by strong 

gas injection (necessary because of the ED screening property). The radiating layer 'swings' 

from the divertor plates (LFS) to the inner wall (HFS). In fact, within its cold and high 

density layer the intrinsic structure of the magnetic perturbation is revealed. Careful 

analysis of the bolometric, visible and XUV spectral radiation combined with density and 

temperature profiles at all available viewing lines show the asymmetries characteristic of 

the ergodised plasma edge. The ergodic divertor (ED) configuration of TS has an intrinsic 

topological relation to the 'X'-point divertor. Instead of using one gross perturbation (n=0, 

low m) of the poloidal field, a multiplicity of weaker perturbations (n=6, m«18) creates a 

series of small kicks (5Br) on the field lines which (when the resonance condition is 

fulfilled) connects the field lines to the target plates and walls or to the hot core. 

Experiment: This section briefly reviews the experimental conditions. The ohmic 

discharges (lp=1.4 MA, B=3.4 T. a=0.75m, R=2.4m. q(a)=3.2) were initiated on the 

outboard limiter (3 cm ahead of the Divertor plates, R=3.18m). This series of discharges 

was characterized by an almost completely saturated carbon wall. Apart from a small prefill 

no gas was injected in the reference shot without divertor. The latter has the same bulk 

density and temperature profile as the following shct with the ED activated (at max. current) 

from the very beginning. This discharge can be divided into three phases: 1) the plasma 

current ramps up and resonance with the ED (for q(a)-3) is attained at 3s. Then the ergodic 

zone acts as an efficient screen for impurities (i.e. the intensity of CVI (La) drops) 2) 

between 3 and 6s (as ne is pushed up by strong gas injection) the radiating layer in front of 

the divertor plates 'swings' to the inner wall and 3) at 6s an ED-Marfe develops which stays 

stable until f:he current ramps down. Fig. 1a compares the total and radiated powers (as 

measured by the bolometer) of the reference and the dh/erter shot. The onset of the ED-Marfe 

is clearly linked to the radiation 'swing' (fig. 1b). The radiated power increases from 45% 
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(LFS at 5s) to about 80% at 8s during the EO-Marfe. A Langmuir probe (close to a 

neutralizer plate of the divertor) shows that Ihe plasma pressure decreases by a factor of 2.4 

after the transition of the radiating zone to the inner wall. This means that the plasma 

slightly 'detaches' from the divertor plates. At the same time the heat flux on the (outboard) 

limiter and Ihe divertor plates diminishes. The impurity content is very low (Zeff=1.1). A 

cross check between XUV line emission, bremsstrahlung, tomography and code simulation 

indicates: nc/ne=1.5.10*3 and no/ne=3.10"4.in the plasma core Thus an important quantity 

of the radiated power must be due to deuterium radiation within the high density and low 

temperature ED-Marfe. 

Structure of the Divertor Marfe: The structure of the ergodized plasma edge is in some 

way 'revealed' within the cold and dense EO-Marfe. This means that density, temperature and 

radiation measurements at different poloidal positions show specific asymmetries due to the 

(rigid) magnetic divertor structure. A first example is shown in fig.2 where the electron 

densities, measured in a vertical (Thomson-scattering) and an equatorial direction 

(reflectometry at LFS), are compared. The edge density is measured by a vertically 

reciprocating Langmuir probe. At 5s, before the radiation swing from the divertor plates to 

the inner wall, a density bulge is seen by the equatorial reflectometry. The latter disappears 

after the radiation swing. A simple argument based upon pressure constancy is used to explain 

this: as the temperature decreases due to (ED increased) radiation losses at the LFS (in front 

of the divertor plates) the density increases. It is expected that this density bulge is displaced 

on the HFS as the ED-Marfe radiates an even higher part of the total power (0.15MW for the 

divertor and 0.7MW for the ED-Marfe). In fact, fig.3 shows that the entire plasma edge is 

affected by the ED-Marfe radiation. At the upper plasma edge (Thomson scattering at 

r/a=0.94) T e decreases from 80 to 40 eV and at the LFS (divertor Langmuir probe at 

r/a=1.04) T e decreases from 22 to 12 eV. 

Extension of the ED-Marfe:1) A tangential view with an (unfiltered) CCD-camera 

shows the lower half of the inner carbon wall. A luminous zone with a width of 15 cm and a 

homogeneous extension over the entire covered poloidal angle is seen. This is interpreted as 

the extension of the cloud of neutral deuterium particles. Thus, an important neutral density 

is expected 5 cm within the LCFS (of the unergodized plasma) with a poloidal extension of 

£120°. 2) A poloidal intensity modulation of Clll and CIV lines (see below) is observed with 

a rotating mirror VUV spectrometer (the lower half of the HFS plasma edge is scanned) / 1 / . 

3 ) Da emission is recorded from the upper half of the inner wall by a fan of 9 chords. They 

confirm the extension of the ED-Marfe showing also Da-fluctuations which are clearly linked 

to the exhaust of energetic ions due to the sawtooth activity of the plasma interior. 

In conclusion: The ED-Marfe is not a sharply limited region (as the classical Marfe) but 

extends over the whole inner wall (i.e. over the 120° of the carbon tiled inner wall). As 
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already reported 121 the boundary of the 'classical' Marfe (in its stable phase) is the LCFS 

and its poloidal extension does not exceed 40°. The volume of the ED-Marfe (-1.6m3) is much 

bigger (about 4x) than the (classical) Marfe volume. Thus, the smaller radiated power per 

volume (s0.4 MW/m3) and the (higher) ergodic heat flow into the ED-Marfe are important 

differences in comparing it to the unstable Marfe. Combining all informations about the mean 

temperature within the radiating layers it appears that a) the classical Marfe is the coldest 

-close to the recombination limit of hydrogen (-5 eV) 12/. b) the ED-Marfe is somewhat 

hotter (>5 eV) but still the deuterium radiation is important, c) the temperature of the 

radiating layer in front of the dh/ertor pannels is >15 eV (at 5s). This is consistent with the 

fact that impurities (e.g.Neon injection) are necessary if a substantial part of the healing 

power is to be radiated with a edge temperature between 20 and 100 eV /4/. 

ED-Marfe temperature: The above mentioned intensity modulations of OH! and CIV 

indicate an electron temperature of the order of or below 10 eV. Surprisingly low ian 

temperatures of 10 eV have been observed (CX-line of CVI (8-7)) with Marfes 121 whereas 

a temperature of 20 eV is measured in similar conditions with the ED-Marfe. 

Temperature profiles: As for the density profile, only the plasma edge (r/aS0.7) is 

affected. Fig.:4 shows the evolution of the electron temperature profile within this region 

where the heat flow is strongly modified by the ergodic divertor: 1) An almost flat Te profile 

is observed between r/a=0.96 and 1.02. This region is not ergodic since the connection 

lengths from wall to wall are short (LotqR) as in the 'classical' SOL /57. 2) Further inside 

(0.8<r/a<0.94 within the ergodic zone), the temperature gradient is steepened with the 

application of the divertor. 

Plasma edge ion temperature: Ti (measured at the LFS in the vicinity of the neutralizer 

plates of the div.) is significantly higher (2x) than the electron temperature (Te=12 eV). A 

careful analysis of the Doppler broadened Zeeman structure of CHI (4647 A) I6IJ7I gives 

an ion temperature of 25±5 eV during the ED-Marfe (w/o divertor this edge temperature is 

typically 2x higher). 

Neutral density: Direct measurements of n0 in the plasma edge are unfortunately lacking. 

Thus indirect information via CX sensible intensity ratios of impurity ions are used. 1) A 

hint about n 0 within the ergodic layer is obtained by the simulation of the observed carbon 

line ratio p=[CVI(Lct)/CV(resonance line=R)] and of the 'G-ratio'. The latter is the intensity 

ratio between the intercombination (I) and the resonance line of CV: G=l/R. Typical values 

when reaching the ED resonance are: p=2-»l and G=0.4-»0.6. The ED values can be simulated 

(simultaneously) only by a) enhancing the diffusion coefficient and/or reducing the parallel 

confinement time for r/a>0.85 and b) introducing n<j values in the 1016 m"3 range in the CV 

emitting layer (r/a-0.85). (CX recombination favours the triplet state population which 

enhances the Mine). 2) A similar approach has been used for the estimation of n0 within the 
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classical Marfe. Simulations of the CVI(8-7) line intensity show that CX with excited 

deuterium can account for the measured signal. In this case a neutral density (at r/a=1) 

between 10 1 7 and 101 8 is necessary /2/. References 

/ 1 / De Michelis et al. this conf. 

121 Hess W. et al. EPS 1993 

121 Sergienko G. et al. EPS 1993 

74/ Monier-Garbet P. et al this conf 

/5/ Nguyen F. et aL EPS 1992 

/6/ Klepper C. et al this conf. 

/7 /HeyJ . etal. EPS 1993 
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Edge turbulence and transport studies with Ergodic Divertor, on TORE 
SUPRA ohmic discharges 
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J.H. Chatenet, P.N- Gheijdrih, A. Grosman 

Association Euratom-CEA, CE Cadarache, 13108 Saint Paul lez Durance, France 

F. Gervais*, P. Hennequm*, A. Quémeneur*, A. True* 
*PMI, Ecole Polytechnique, 9U28 Palaiseau, France 

DMioànsîhm. 

The ergodic divertor (ED) on TORE SUPRA is a set of six coils equally spaced in the 
toroidal direction, producing magnetic perturbations and overlapping magnetic islands for 
r/a>ps=0.83±0.05. Within this layer, the electrons tend to diffuse faster than ions and the 
ambipolarity is ensured by a positive radial electric field which confines electrons. Since die 
field is negative in die bulk, there is an inversion point of the radial electric field, whose 
position is expected to be close to ps [1]. Edge turbulence and transport studies have been 
performed when the ergodic divertor is applied on TORE SUPRA ohmic discharges. A 
modification of radial electric field profiles is expected. Such a change could influence edge 
transport and turbulence. A CC*2 laser scattering diagnostic, ALT AIR [2], has been used to 
study the turbulence changes at the plasma edge. Reflectometry (used at fixed frequency) 
gives also access to localized turbulence measurements. Preliminary results from 
reflectometry are presented and compared to ALTAIR results. 

2) Profite analysis and transport studies 

For this studies, experiments have been performed in a set of stationary helium ohmic 
discharges with Ip=1.4MA, B=3.2T, R=2.37ro, aijnùtor^Sm, q^=3 and the average electron 
density is scanned from <ne>=l to 4lOl9tfr3. The electron temperature is given by Thomson 
scattering in the plasma bulk and by Langrnuir probe at the edge. The electron density profile 
is measured by interferometry, Thomson scattering and reflectometry. No change appears on 
the normalized radial shape of density with EP. but temperature profiles are strongly 
modified (see Fig.l). 

Ejg,l Radial temperature profile. 
Thomson scattering measurements 
are indicated by black and open 
triangles, respectively with and 
without ED. Circles at the edge 
represent Langmuir probe 
measurements whith ED. Dashed 
line represents an extrapolation of 
the profile in the intermediate 
zone. 
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Three regions may be identified on temperature profiles: the plasma bulk (r/a<ps) where 
no change appears, the ergodic zone at the edge for r/a>yi\ where the temperature is 
flattened (the value of yx being smaller than 0.93) and an intermediate zone, where a 
steep temperature gradient exists. 

A heat transport analysis has been achieved. In the plasma bulk, die profiles described 
above have been analysed with the LOCO code [3], without including convective term and 
radiative losses, which are negligible for r/a<yr. In this set of helium discharges, no ion 
temperature exists. So an effective diffusivity Xeff = Xe + niTi/neTeXi is estimated and no 
change appears within the error bars. At the edge, for r/a>yr, die heat conductivity is very 
high with ED, in agreement with a flat temperature profile. In the intermediate zone, where 
die temperature gradient is steep, the heat flux is not changed. No significative change is 
observed on average density, <ne> is only slighly lowered at large density when the ED is 
switched on. Thus, the heat conductivity is locally divised by 2, in die intermediate zone. 

3) Inversion point of the radial electric field 

Density fluctuations are measured in TORE SUPRA with the ALTAIR diagnostic. 
Heterodyne detection allows discrimination between waves propagating in the electron or in 
die ion diamagnetic direction. The measured frequency spectra exhibit two humps, one 
drifting in the electron diamagnetic direction, and the other one in the ion diamagnetic 
direction. This two humps structure is attributed to a sharp change of sign of the radial 
electric field in the plasma edge. The dispersion relation of any turbulence driven by electrons 
is given by: 

k 9 T e r d n e dT e- | k e E r 
œ - - e B 7 L M r + a ° T ê d r J - - B ^ - ( 1 ) 

where a 0 depends on the kind of waves (cto=0 for electrostatic drift waves), kg is the 
poloidal wave number observed by Thomson scattering and B$ die toroidal magnetic field. In 
die ergodic layer, the positive electric field value is: 

e E r rdn e dTc "| 
i r = L H e d r + a E T ^ d r J <2) 

where OCE increases with collisionality from 0.5 to 1.7. Taking into account relations (1) 
and (2), we obtain cu+ value, corresponding to die mean frequency of die ionic frequency pan 
of density fluctuation spectrum: 

^ = i ( a o - a E ) ^ (3) 

At die edge, for r/a>ys, the temperature gradient is close to zero so that CD+»0. A peak 
centered on co=0 should appear on frequency spectra. Such a peak is not observed, so diat a 
modification of the radial fluctuation profile is needed. 

<tt Radial density fluctuation profiles 

During activation of ED, density fluctuation spectra are strongly modified. The ionic hump 
becomes more important than the electronic one. This leads to an inversion radius ys of the 
radial electric field E r moving toward the center at the position ys=O.83±0.05. Furthermore, 
the total level of relative fluctuation level <8n2>/<ne>

2 decreases with ED, and we can 
distinguish fluctuations coming from the inside (r/a<ys) from that coming from the 
outside(r/a>ys). ALTAIR diagnostic does not have a good spatial localization, so diat a 
modelization is involved in order to estimate ED effects on density fluctuations profile. We 
shall consider a simple model in the shape of triangle. For r/a<ys=0.83, transport is 
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unchanged and we assume no change on density fluctuations. Taking into consideration the 
ratios between fluctuations coming from r/a<ys and those coming from r/a>ys, with and 
without ED, it is possible to estimate fluctuations profile (see Fig.2). 

5 n 2 ( y ) 

0.5 

y\ 
s +> without ED 

Fig.2: Radial density 
fluctuations profile 
with ED(straight line) 
and without ED(dotted 
line). 

0.83 0.93 y=r/a 

It is important to notice that even if the density fluctuations level does not fully vanish for 
r/a>y-f, this level is very low. The frequency peak at CD=0 is low enough so that it cannot be 
seen on frequency spectra. 

5) Reflectometrv measurements 

Preliminary results are obtained by reflectometry measurements at different fixed 
frequencies i.e for a given density. The reflectometry signal is proportional to density 
fluctuations. This diagnostic gives very localized measurements but integrated over wave 
numbers. The probed region differs from coherent Thomson scattering, toroidally and even 
poloidally. The microwaves probe a region in the plane 8=0 [4], from the low field side of the 
tokamak. We therefore compare the results coming from our modelizarion with these results. 
The ratio between fluctuations with and without ergodic divertor perturbation is plotted on 
Fig.3. 
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Fig.3 Ratio between fluctuations 
level with (Sn^o) and without 
ED(8n2L). Results coming from 
our modelization with data from 
coherent Thomson scattering are 
indicated with straight line. 
Reflectometry results are 
represented with circles for 
another discharge. 

The reduction profile given by the reflectometry agrees with the one given in the previous 
model. However, reflectometry measurements come from one particular shot, where 
Thomson scattering whas exceptionally scanning the plasma on an internal line of sight 
shifted from 17cm on the high field side. In this panicular configuration, the relative level of 
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fluctuations measured by coherent scattering is weakly modified when the E.D is switched 
on. Two explanations can be drawn. A change of the wavenumber spectrum, with ED, 
remains possible. Poloidal asymmetries may exist. Such asymmetries have been recently 
observed on the CCT tokamak [5J. 

61 Discussion 

Transport and turbulence levels decrease from a factor larger than 2 in an intermediate 
zone between r/a=0.83 and r/a=0.93, when ergodic divenor penurbations exist on the edge of 
TORE SUPRA tokamak. No change is observed in the bulk (r/a<0.83) and at the edge (for 
r/a>0.93) transport increases and density fluctuations level decreases. A modification of radial 
electric field profiles may explain this. Although we cannot measure such profiles, we are 
able to estimate a change of the radial electric field jump at the r/a=ys transition by using 
Eq(l). The intermediate zone is not completely ergodic while transport is improved, but the 
radial electric field remains positive, so that the turbulence is mainly electrostatic with oto=0 
[6]. Even if the gradient is very steep with ED, according to equation (1), the radial electric 
field jump can be written: 

AEr = ke AC1VB4, 

The radial electric field jump is plotted (Fig.4) versus the average electron density, with 
and without ED. No significative change is observed, 
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Transport and turbulence improvements between r/a=0.83 and r/a=0.93 are not correlated 
with a modification of the radial electric field jump, but a modification of the radial electric 
field shear cannot be excluded as well as a modification of the radial electric field bend. On 
TORE SUPRA, preliminary density fluctuations measurements are obtained with 
reflectometry. The- general trend seems to be in agreement with coherent Thomson scattering 
measurements although wavenumber spectra or/and poloidal asymétries may exist. 
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Experimental Measurements of 1CRF and Edge Plasma 
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Experiments to explore the interaction of Ion Cyclotron Range of Frequencies 
(ICRF) heating with the edge plasmas on the Tore Supra tokamak have been under
taken. The actively cooled, lateral protection (bumper limiters) on the three ICRF 
antennas in Tore Supra can experience overheating for power levels > 2 MW per 
antenna and pulse lengths > 2 seconds (depending on the power level) even when the 
antennas are operated in dipole mode. It appears that the local power fluxes on the 
lateral protection may exceed the nominally expected fluxes of 5 MW/m2. Concentrated 
heat fluxes can result in hot spots with temperatures > 1000° C and can result in 
damage to the carbon tiles that make up the armor on the lateral protection. 

Initial experiments with plasmas having Ip= 0.8-1.6 MA, q(a) = 3-6, and PRF = 1-
2 MW have been carried out to characterize the phenomena that could contribute to the 
overheating and develop the diagnostic tools to be used in more comprehensive 
studies. Reciprocating magnetic and Langmuir prooes Live been used to measure the 
PF magnehc field amplitudes in the edge plasma aid to measure 'he potential, electron 
density, and temperature on field lines connected to an antenna. Current steps are used 
to vary cftai during a discharge and move the Langmuir probe field line along the 
antenna in the poloidal direction. Figure 1 shows pîots of the plasma potential and 
density profiles determined from one series of probe movements with and without rf 
power and at three different values of q(a). When the probe field line touches the lower 
comer of the ICRH antenna, a 50 V peak in the floating potential profile and a steep 
density gradient appear near the last closed flux surface when 1 MW of ICRF power is 
applied to the antenna: these features fade when the probe field line is moved off of the 
antenna corner. These potential structures might be evidence of an rf potential 
sheath [1. 2|. 

A CCD camera system has been used to observe visible carbon III (4647 A) and 
infrared (IR) emission from the antennas. Relatively faint carbon III emission is seen 
from an unpowered antenna, even when ICRF power is applied to another antenna. 
This emission increases markedly when the antenna is powered, and is distributed 
across the face of the Faraday screen. Figure 2 shows the time behavior of the image-
integrated CIII emission measured using a CCD camera aimed at the Tore Supra Ql 
antenna, together with the IR temperatures of three hot spots on the Q5 antenna that 
were monitored using the IR camera. In this shot, the rf power was applied in two 
pulses, one to the Ql antenna and one to the Q5 antenna . The CIII emission from the 
Ql antenna rises rapidly ion a time scale < 100 ins: this value is limited by diagnostic 
resolution time) when rf power is applied to Ql and then decreases strongly part way 
through the heating pulse: the reduction in rf power during this pulse was caused by 
power regulating circuitry in the transmitter system and is not due to a breakdown or 
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abrupt change in antenna coupling. The CM emission from Ql also increases rapidly 
when rf power is applied to the Q5 antenna (which is not in the field of view of the 
visible CCD camera) in the second rfpul.se. but this increase is significantly smaller 
than for the first pulse. Note that caution is in order in interpreting this data: the finite 
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Fig. I. Lan%muir probe measurements of density and floating potential in the plasma edge. 

spectral bandwidth, stray light, and integration over emitting zones all add 
considerable uncertainty. However, the relative variations and time scales of the 
signals do provide preliminary information on the antenna-plasma interactions. 

The IR temperature traces in Fig. 2 show that the temperatures of the three hot 
spots on the Q5 antenna change very little when power is applied to the Ql antenna, 
but rise significantly (with a time constant - seconds) when rf power is applied to the 
Q5 antenna. 

The surface temperature distribution (derived from the IR images) on the lateral 
protection can be varied significantly by using the Tore Supra ergodic divertor to modify 
the magnetic configuration of the edge plasma. The locations of the maximum tempera
tures shift along the lateral protection in response to changes in the field line 
connection geometry, suggesting that the hot zones are not simply "frozen" to the 
locations of damaged tiles or locally reduced cooling efficiency—the contact geometry of 
the magnetic field lines also plays a role. 
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These observations suggest that the interaction of the antenna and the plasma 
edge involve rf-plasnia phenomena (both global and local to the antenna region), the 
magnetic connections of the antenna to other plasma facing components (e.g., inner 
wall, outboard limiters}, and thermal effects in the lateral protection. Future 
experiments will combine measurements of edge plasma parameters with 
spectroscopic studies and antenna imaging in C1I, CHI, and infrared light. 

We have also begun work on developing modelling techniques that will help 
evaluate the relative importance of the many possible physical effects that could be 
important in the antenna-plasma interaction. We have added the exact Tore Supra 
ICRF antenna geometries to the BBQ three-dimensional impurity transport code 
previously used to study limiter surface interactions, and have begun model 
calculations. The code uses the measured SOL background plasma parameters to 
compute the D+ panicle flux and ambient sheath potential (typically - 50 V) at the 
lateral protection surface. From this flux, and the detailed geometry of the protection 
(angle of incidence), the predicted CI emission due to physical sputtering and CD4 
emission due to chemical sputtering is computed. Emission of CI due to self-sputtering 
by (assumed) CIV emitted from distant surfaces is also estimated. The CI which 
arises directly from physical sputtering has an assumed Thomson distribution (which 
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can produce a high energy tail) while the chemically produced CD4 is assumed to be 
emitted with the wall "temperature (0.1 eV). Thus, carbon impurities produced by 
physical sputtering have a broader region of localization then the C from the CD4 
breakup process, which may acquire a Franek-Condon energy o f - 1 eV from the 
dissociation. 'Hie xpatial distribution of other possible chemical evolutes (e.g., C2D2) is 
expected to be similar, but has not yet been considered in detail. The characteristic 
spatial emission is shown in Fig. 3 (calculated CHI brightness distributions for t=9, 
10.8. 1 1.2 and 12 sees, using the hot spot temperature data in Fig. 2). Note that the 
peak temperatures in Fig. 2 lie at the maximum of predicted chemical sputter yield 
curves. 
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impurity transport axle at Jour times during a sample discharge, using the temperature 
evolution data shown in Fig. 2. The locations of three hot spots due to cooling defects are 
assumed, ami the Clll emission is due to combined physical and chemical sputtering. 

The observed temperatures on hot spots on the antenna lateral protection are near 
the expected maximum of chemical sputtering yields. However, the time scale of the 
decay of the Clll emission predicted from model calculations of chemical sputtering 
(CD4 emission) based on the observed temperatures of hot spots on the antenna 
bumper limiters can be much longer than that seen in the experiment (- 1 sec vs 0.2 s). 
Our preliminary conclusion is thus that further consideration of plasma (e.g., hot 
particle interactions) and rf specific effects (e.g., rf sheaths, such as those discussed in 
Refs. 1 and 2 ) is required in order to fully explain the experimental observations. 

This research was sponsored in part by the Office of Fusion Energy, U.S. 
Department of Energy, under contract DE-AC05-84OR21400 with Martin Marietta 
Energy Systems. Inc. 
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introduction 
Direct coupling of the fast magnetosonic wave to the electrons has been recently studied 

on TORE SUPRA. Preliminary experiments were dedicated to optimise the scenario for Fast 
Wave Electron Heating (FWEH) and Current Drive (FWCD). In a first part, thermal kinetic and 
diamagnetic energy are compared when fast wave is applied to the plasma in two different 
regimes: 1/ the minority hydrogen heating scenario (ICRH), 2/ the direct electron damping. 
Effects of ion resonant layers, marginally present in the plasma in the later regime (FWEH), is 
then presented and discussed. 

In the following, all plasmas are limited on the carbon inner wall, with R= 2.28 m and 
a = 0.72 m, and, unless specified, are helium plasmas with a small hydrogen concentration 
(nn/n e< 5%). 
Thermal energy content 

On TORE SUPRA, time resolved energy spectra of fast hydrogen and deuterium 
neutrals are routinely measured by charge exchange (CX) analysers [I] of the E||B type (46 
channels per mass, H and D, Emax = 300 keV) with different lines of sight: five in a poloidal 
cross-section having a tangency radius Rt= 0.43 m (near "perpendicular"), and one in the 
equatorial plane with Rt = 1.9 m (near "parallel" to the magnetic axis, see figure 4). 

Concerning the ion energy balance, the ion temperature profiles are simulated including: 
1/ a best fit to the passive measured spectra of each analyser, 2/ for all the analysers, the same 
normalisation factor for the neutral density profile (fast computed consistently with ion 
temperature[2]) and 3/ the consistency with neutron yield and plasma composition. Standard 
diagnostics provide the other experimental data required in the simulation code (ne(r), Te(r), 
Zeff, neutron yield and plasma geometry). 

A 4-step electron density scan is 
performed on a 4 s, 4 MW ICRH pulse 
(f= 57.4 MHz, dipole phasing), 
launched in a mainly deuterium plasma 
(nD/nHe= 2, B = 3.9 T, Ip=1.3MA). 
Electron and ion kinetic thermal energies 
are shown on figure 1. In the ohmic 
phase, diamagnetic and kinetic energy are 
found in good agreement. The lowest 
density point corresponds to a monster 
sawtooth. For the other points, data are 
averaged during 100 ms (about two 
normal sawteeth). If we assume that 

1.5 2.0 2.5 3.0 perpendicular supra-thermal ion energy 
Figure 1 < n e > no"19™"3) content is the difference between 

diamagnetic and thermal kinetic energy, it 
is within the error bars for the high density point, but clearly increases with decreasing density. 
The thermal energy content has also been evaluated on a 4 MW pulse of FWCD 
( f= 47.7MHz, co-current phasing) launched in mainly helium plasma (no/nHc" °-7* 
B = 2.2 T, Ip= 0.76 MA). It is found equal to the diamagnetic energy, indicating that the 
supra-thermal particle energy content, if present, is negligible. 
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Hydroqen spectra during FWEH optimisation 
To get a better efficiency for FWEH/CD, it is necessary to avoid any ion damping of the 

wave- Due to the outgasing of the TORE SUPRA carbon inner wall, it is impossible to get rid 
of hydrogen and deuterium. A precise monitoring of the position of the ion cyclotron layers is 
thus a necessity. The CX analysers, both parallel and perpendicular, appear to be the best tool 
to optimise the scenarios. For f=47.7 MHz (dipole phasing, 2MW, 2s), the magnetic field B 
has been scanned between 2.10 and 2.27 T on four consecutive shots (Ip= 0.75MA). The 
first harmonic hydrogen layer, QCH» is on the high field side (HFS) of the discharge, the 
second one, 2&CH» on the low field side (LFS), and the third harmonic of majority ions 
(deuterium or helium, 3&CD) is at the plasma centre. In the present plasma conditions, no 
significant damping on 3QCD is expected. This is experimentally confirmed by the usual 
maxwellian shape of the observed deuterium spectra (figure 6). Hydrogen neutral spectra 
measured during these shots (analysers time resolution: 65 ms) are shown on figure 2. One can 
notice th \t the perpendicular tail vanishes when increasing B from 2.1 to 2.24 T, and that above 
2.2 T a large non maxwellian tail appears on the parallel analyser. 

Figure 2 
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An ion of velocity v directed towards 
the CX analyser (and of parallel 
velocity v//), making a CX at major 
radius Rex, satisfies Rt/Rcx = v// / v. 
According to the adiabatic theory of 
particle trajectories in tokamak, this 
ion, before the CX, can cross a 
cyclotron resonant layer (nftCH, 
n=l,2,...) only if Rex - Rt2 / Rex < 
RnQcH- The equality corresponds to 
a trapped ion with banana tips on the 
resonant layer, which interacts 
strongly with the wave. The 
corresponding value of Rex is shown 
on figure 3 for each harmonic layer 
present in the plasma (1.56 < RnQcH 

1.6 1.8 2.0 
Figure 3 toroïdal field (T) 
< 3.2). One can check that, in the present B-scan, particles interacting with the QCH layer can 
be detected by the parallel analyser when doing their CX on the LFS and by the perpendicular 
analyser when doing their CX on the HFS. However the energy of the ions in the present case 
is low (E<20keV, cf. figure 2). The particles making their CX on the HFS are thus mostly re-
ionised before reaching the perpendicular analyser. The ions accelerated on QCH (HFS) are then 
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mainly detected by the parallel analyser. And in the same way, the perpendicular analyser 
mainly detects the ions accelerated on the 2QÇH (LFS) layer. It is thus possible, using both CX 
analysers, to explain the B-scan experiments results as the 2&CH layer moving outside the 
plasma, and the QCH layer progressively entering on the HFS. Finally B=2.17 T represents the 
optimum field, where no significant ion damping competes with the direct electron heating. 
This is also well confirmed by the expected positions of the cyclotron layers shown in Table I, 
except that at B=2.10T the 2QCH layer is 4 cm outside the plasma and that a significant tail is 
however observed. One must remember here that the ripple effect is quite high on the low field 
side of TORE SUPRA. Indeed, for the case B = 2.10T, R+a increases by 3 cm and R2£2CH 
decreases by 15 cm between two coilsp]. So it is clear on figure 4 that confined protons can 
interact with the wave. 

table I : relative position (in meter) of the 
harmonic resonant layers. A negative value 
indicate a layer outside the plasma. 

nd ' 

2 harmonic 
layer 

plasma^ 
surface" 

parallel 

B(T) 
2.10 
2.17 
2.24 
2.27 

RQcH-(R-a) 
-.04 
.01 
.06 
.08 

R+a-R2flcH 
-.04 
-.14 
-.24 

*(-29) 

0 1 2 
Figure 4: lines of sight of 
analysers in the equatorial plane. 

the 

*: no signification (out of the torus). 
The Doppler effect also broadens the cyclotron 
layer, thus being coupled to the ions a few 
centimetres deeper in the plasma. Finally, since 
few obstacles are located on the outer part of the 
plasma chamber, one can expect sufficient 
confinement of 5-30 keV protons in the low 
electron, high neutral density plasma located on 

3 the low field side of the torus, thus giving rise to 
çX that relatively high neutral signal observed on the 

perpendicular analysers when 2.1 < B < 2.2 T 
(2f2cH. upper right black square on figure 3). 

Ion-electron competitions during FWEH/CD experiments 
A larger B-scan has been performed (1.37<B(T)<2.2), at f=47.7MHz, in order to 

investigate the possibility for maximizing the electron single-pass absorption (which scales as 
B-3). But lowering B also means entering the 2 D C H layer into the plasma, and thus a 
competition with ion damping (which increase also with ion temperature Ti). Figure 5 displays 
the CX analysers measurements for various B values, the corresponding cyclotron layers 
locations being given in Table H. One clearly distinguish the increasing absorption on the 20CH 
layer as it enters the plasma towards the centre (and experiences an increasing Ti, B from 2.2 to 
1.69T), followed by a decrease as B varies from 1.69 to 1.37T. The FW single-pass 
absorption computations, as well as full-wave simulations, confirm the observations, revealing 
a switch between the electron and ion dampings when the 2€1QH layer is at the plasma centre 
(B=1.69T). 

Another example of such a competition between ions and electrons has been observed 
when phasing the currents between the FW antenna straps, for FWCD experiments. In that 
case, the averaged parallel wave number decreases, lowering the electron single-pass 
absorption. This is well confirmed by the neutral spectra measurements, in cases where the set 
f / B is not optimised: for 48MHz / 2.25T, QQH layer is slightly inside the plasma on the high 
field side. On figure 6, hydrogen spectra measured during FWEH for two different shots, with 
these f / B values, are presented. We can see that spectra remain low in dipole phasing 
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( # 13764). but with the co-current phasing ( # 13774). we observe a large increase of the parallel 
analyser signal and the appearance of a "flat" spectra on the perpendicular one for energy above 
20 keV (fast neutral coming from HFS and crossing the plasma, despite higher density than in 
#13764!). 
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table II: Rm : magnetic axis radius 
(Ip = 0.4 MA, PRF = 1-5 MW) 

B(T) 
2.20 
2.04 
1.85 
1.69 
1.52 
1.37 

RflCH" 
(R-a) 
.05 

*(-.17) 
* 
* 
* 
* 

R212CH-
Rm 
.81 
.59 
.31 
.06 

-.18 
-.39 

(R+a)-
R3flCH 

* 
* 
* 
* 

*(-.31) 
0 

*: no signification (out of the torus). 

Figure 6 
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Conclusions 
On TORE SUPRA CX analysers 1/ prove to be a powerful tool in the determination and 

optimisation of the FWEH/CD scenarios, 2/ permit direct observation of competing damping 
mechanisms for ions and electrons. 

1 similar to those developed for TFTR: A. L. Roquemore et al.. Rev. Sci. Instrum. 56,1120 
(1985). 
2 H. Capes, P. Laporte, T. Hutter and J-C. M. de Haas, this conference. 
3 R. Arslanbekov, Y. Peysson et al, this conference. 
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Electron cyclotron absorption of extraordinary waves at the third harmonic has important 
applications for heating in toroidal plasmas, in particular for devices working at low magnetic 
field and in high density regimes. Such machines include sïellarators, reversed-field pinches 
and tokamaks devoted to high-beta plasma studif , "or example, TCV (Tokamak à 
Configurations Variables [1]) with plasma elongations u • o b/a = 3. The main drawback of 
3rd harmonic ECRH is related to the relatively low optical depth predicted by the linear 
relativistic theory [2], which sets constraints both on the launching geometry and on the 
minimum electron temperature for which the method is applicable. Since the value of the first-
pass absorption is a critical issue of this heating scheme, it is important to verify the theoretical 
evaluations of the optical depth of a Maxwellian plasma with experiments. This motivated the 
experimental transmission measurements performed on Tore Supra, using a vertically 
propagating extraordinary mode at variable frequency. In contrast with horizontal propagation, 
the use of vertical propagation allows a detailed comparison with the relativistic theory of wave 
absorption and ray propagation. In fact, along a vertical chord the toroidal magnetic field is 
nearly constant and the cyclotron frequency is slowly varying, basically because of the poloidal 
field and of paramagnetic and diamagnetic effects. This means that the shape of the optical 
depth as a function of frequency is very close to that of the local absorption coefficient and a 
precise measurement of the optical depth will be a sensitive check of the absorption theory 
including, e.g., relativistic ray-tracing and gyrokinetic corrections [3]. In the past, optical depth 
measurements have been performed in stellarators [4,5] and in tokamaks in the horizontal 
direction [6-8]. Vertical transmission measurements have been performed basically as a 
diagnostic of superthermal electrons [9-11] and of MHD modes [12]. 

The experimental arrangement used is the following. A narrow beam of microwaves 
(spread angle < 2°) is launched into the torus from a bottom port along a vertical direction 
intersecting the magnetic axis of a standard discharge. Both launching and receiving antennae 

a Lehigh University, Bethlehem, Pennsylvania (USA) 
b LLNL, Livermore, California (USA) 
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104 108 
frequency (GHz) 

Fig. 1: Transmission spectra, a) low density; 
b) high density 

are rectangular horns, with the longest side parallel to the direction of the magnetic field at the 
plasma/vacuum interface, in order to couple a pure extraordinary mode and to minimize Faraday 
and Cotton-Mouton effects. A millimeter wave source of the IMP ATT type is used (power > 5 

mW; frequency range 99-109 GHz). In 
order to enhance the signal-to-noise 
ratio, the launched beam is amplitude-
modulated at the frequency f0 = 200 
kHz, and the received signal is video-
detected through a low-pass filter (20 
kHz band). The result is an average 
signal-to-noise ratio higher than 20 dB. 
The problem of standing wave formation 
due to multiple wall reflections is 
avoided, to a large extent, because of the 
natural divergence of the beam used and 
by the presence of large oblique port 
windows. The time resolution is 
determined by the frequency sweeping 
time of the wave source (= 3 ms). The 
experiments have been performed in the 
Tore Supra tokamak (a = 0.78 m, R = 

2.36 m) in Ohmic discharges at a toroidal magnetic field B = 1.25 Tesla. The main parameters 
scanned are the density (1019 < rieo < 3 x 1019 nr3) and the plasma current (150 < Ip < 600 
kA), which results in temperature variations in the range 0.8 < Teo < 1.2 keV. The density 
profiles are measured by a 5-chord infrared interferometer and the temperature profile by a 12-
channel Thomson scattering system. 

Typical examples of measured spectra are shown in Fig. 1, for central densities of 1.4 x 
1019 n r 3 (a) and 2.8 x 1019 nr 3 (b). The quantity plotted versus frequency is the power 
detected by the receiving antenna 
normalized to the corresponding power -i ^ 
measured in vacuum (P/Pv). P is reduced 
with respect to Pv because of two effects: 
refraction losses (namely broadening and 
deflection of the wave beam) which 
decrease with increasing frequency, and 
wave absorption, which is localized close 
to the 3rd harmonic of the cyclotron 
frequency (Dc. The level of the signal far 
from 3coc (i.e., where the absorption 
vanishes) gives a measurement of 
refraction losses, which are generally 
found to decrease linearly with frequency 
in the narrow frequency range considered 
(10 GHz). This allows the separation of 
refraction effects from absorption and the 
precise measurement of the optical depth 
TX3- Refraction losses grow with the 

a.u. 

Fig. 2 

8 
time (s) 

Time behaviour of electron density and 
transmission signal at fixed frequency 
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density, as shown in Fig. I, as well as 
in Fig. 2. where the time evolution of 
both P/Pv and the line-averaged density 
is shown for a case in which the density 
w^ * - - -eased by gas puffing during the 
di - s. Refraction effects have 
limited the experimental range to 
moderate densities. Typical ray 
trajectories obtained in this density 
range by ray-tracing calculations are 
shown in Fig. 3. An important effect to 
be included in ray-tracing and 
absorption calculations is the 
paramagnetic correction to the toroidal 
field (= 3 % of die vacuum field) due to 
the plasma current. This effect causes a 

Fig. 3: Poloidal projection ofthe ray trajectories measurable frequency shift of the 
between the two antennae. A vindicates a b s o r p t i o n l i n e ^ m e c u r r e n t i s v a r i e d > 
the position of the magnetic axis ^ s h o w n fa R g 4 N o t e {faat tf ^ 

current the spectra present a bump close to <oc, on the high frequency side of the dip in 
transmission. This effect is systematically observed and appears related to hot plasma effects on 
the ray propagation. The measured transmission coefficient exp(-tx3) is now compared to the 
theoretical values, obtained by integrating along the ray trajectories the local absorption 
coefficient [2] 

0-X3-
(0 l £ l 2 

Ell WK*!^™1""**- (i) 

where N* is the cold plasma refractive index, £12, en are elements of the cold dielectric tensor, 
u. = mc2/Te, Y = coc/co and Z = ji(3Y - 1). 
The finite size of the antennae is taken into 
account by averaging over multiple rays. A 
typical experimental spectrum is shown in 
Fig. 5 (dashed line), together with two 
theoretical curves (solid lines) which cover 
the error bars in the measured density and 
temperature profiles. The agreement is good, 
although the experimental curve looks 
somewhat broader; this is probably due to 
lack of precision in the evaluation of the 
magnetic equilibrium. Equation (1) shows 
that <Xx3 is maximum at Z = 7/2 and that the 
maximum optical depth for vertical 
propagation will be proportional to the line-
averaged values of neTe, at least at moderate 
densities. This dependence has been checked 
by slowly increasing the density during a 

100 104 108 
frequency (GHz) 

Fig. 4: Transmission spectra, a) Ip - I80kA; 
b)l„ = 300kA; c)lp~550kA 



- I IX-

e-fx 

current flat-top: the temperature also 
changes, which gives an excursion in the 
parameter t^Te- The measured values of the 
maximum optical depth Tm a x are plotted 
versus nc0Tco in Fig. 6. Within the error 
bars, a reasonable agreement is found with 
the theoretical prediction. 

In conclusion, direct experimental 
measurements of the optical depth have 
given a global confirmation of the 
relativistic theory of wave absorption at the 
3rd electron cyclotron harmonic. These 
results are a sound basis for heating 
experiments at the 3rd harmonic. For 
adequate first-pass absorption, long path 
lengths are required and the microwave 
beam needs to be launched at a shallow 
angle to the resonance line, i.e., nearly 
vertically [13,14]. However, the absorption 

line being rather narrow and sensitive to paramagnetic effects, this heating scenario calls for a 
sophisticated launching system, providing 
good localization, low beam divergence and 
good control of the launching angles. 
Acknowledgements. This work has been 
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Experiments have been performed in Tore Supra to study the compatibility of the lower 

hybrid current drive (LHCD) with the ergodic divertor (ED). The ergodic divertor allows to 

control strongly radiating edge layers (typically 80 % of the input ower) while ensuring an 

efficient screening of the impurities [1]. These features have already been observed in Tore 

Supra for ohmic plasmas as well as for ICRH heated plasmas. The ergodized zone is 

characterized by a very high radial diffusitivity of the fast and collisionless particles [2] : for 

instance it has been shown that a significant fraction of the runaway electrons are immediately 

lost as soon as the ergodic divertor is energized [3]. 

In this paper, fast electrons losses are inves tigated by using a hard X-ray (HXR) camera 

and the current drive efficiency in the divertor configuration is documented. The heat load on 

the neutralizer plates of the ED is also studied from calorimetric measurements and infra-red 

imaging. 

Hard X-rav measurements 

For LHCD experiments where the absorbed if power is mainly localized at half-radius, it 

is expected that the suprathermal electrons, once entering the ergodized zone, are rapidly lost. 

Radial distribution of the suprathermal electrons is derived from a hard X ray camera which 

provides a measurement of the X-ray emission along 5 chords located at a normalized radius p 

(= r/a ) ranging from 0 to 0.8 [4]. 

First results [5] have shown no significant effect at the ergodic divertor application on the 

fast electrons content, at least in the plasma core (p < 0.7). However, an unexpected increase of 

the signal for the outer chord was reported. 

The width of the perturbed zone is shown to depend on the safety factor profile q(r) and, 

for a given value q(a) at the plasma edge, on the distance between the ED modules and the last 

closed flux surface (LCFS). Moreover the amplitude of the magnetic perturbation decays 

exponentially with a e-fold length of about 3-4 cm. Consequently when the distance between 

the ED coils and the LCFS is increasing from 3 to 10 cm, the fast electrons loss, at r/a = 0.8 

(i.e. at 15 cm inside the plasma ), should decrease noticeably. 
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The X-ray emission is investigated for different distances between the LCFS and the ED 

modules, the LH power being varied between 1.5 and 3 MW and the volume-averaged density 

between 2.2 and 3.3.1019m*3. The filling gas is helium, however, during the divenor phase, 

enhanced wall pumping is usually recorded for deuterium and a strong decrease of the neutron 

flux is measured in many cases. Such neutron fluxes result after wall interaction in a parasitic 

signal, when the helium conditioning of die torus wall is not sufficient. The hard X ray signals 

during the divenor phase are normalized to the value in the limiter phase. For this 

normalization, change of the parasitic signal and also of the fast electrons content induced by 

the small plasma density variation ( « Une ) are taken into account. Signals are studied for 2 

energy channels : 75 keV for the main fast electrons population and 175 keV for the tail of this 

distribution. 

Despite the scattering of experimental points partly due to low photons counting and/or to 

the large noise (neutrons) / signal (hard x-ray) ratio, different conclusions can be drawn : 

- For the central chord (Figure 1-a), the fast electrons content is unchanged in most cases. We 

found a significant change (-20 to -25 %) only for a few shots. No specific trend appears for 

very high energy electrons and no apparent effect of the distance between the ED modules and 

the LCFS is observed. Similar results are obtained at mid-radius (r/a = 0.5). 

- For the external chord (Fgure 1-b), a strong decrease of the signal is measured when the ED 

modules - plasma distance is small ( 3 cm) : in this case more than 50 % of the electrons are 

lost. When tiiis distance is increased to 6 cm, the electrons conservation is restored. It has to be 

pointed that, despite the large error bars, a strong significant increase, by a factor 2, of the 

signal was reproduced. There is no clear understanding of this phenomenon, but it could be 

related to either a local increase of Zeff or an enhanced LH power deposition in the very edge of 

the plasma. 
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Figure 1- Relative variation of the Hard X emissivity, at 2 energies, ( o : 75 keVH 175 

keV when the ED is energized : 

a) for the central chord (r/a = 0). b)for the external chord (r/a - 0.8) 
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When varying the distance between the ED modules and the LCFS, the ED induced 

impurity screening effect is only affected when this distance is larger than 8 cm : carbon 

concentration, deduced from UV spectroscopy, is generally reduced by a factor 2, but only by 

10 % when the plasma is 10 cm away from the ED modules. 

Current drive efficiency 

For these discharges, in the ED configuration, just a fraction of the plasma current (Ip = 

1.5-1.7 MA) is driven by the launched waves and the relative loop voltage drop AV/V = 

(Vohmic-VlhVVohmic did not exceed 0.5. The effect of the ED on current drive efficiency was 

evaluated by plotting AV/V as a function of Pih/n~e.R.Ip (Figure 2) where tie is the line-

averaged density and R the major radius of the plasma. In most cases, there is no degradation 

of the CD efficiency, except for 2 shots with a large Zeff value. Current drive is also estimated 

during highly radiating plasmas obtained by neon injection [6]. In this case, the CD efficiency 

is lowered by 20 %. 
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Heat load deposition 

Previous results [4] have shown that the strong heat load on the neutralizer plates directly 

connected to the LH antennae is a function of the radial distance between the LH antennae and 

the ED modules. In these experiments, the plasma-antennae distance was 2 cm. However when 

the ED modules-LH antennae distance is kept constant while the distance Ddp between the ED 

modules and the LCFS increses, a strong decay of the maximum power deposited on the 

neutralizer plates is measured by calorimetry (figure 3) : this heat load decreases by one order of 

magnitude when Ddp is enlarged from 5 to 7 cm. For this latter case, the power deposition is 

rather homogeneous for the neutralizers of the 6 modules whereas for the former, the heat 
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deposition is strongly peaked on the plates directly connected to the antennae. These results are 

confirmed by IR imaging which shows a localized overheating of the neutralizer when Ddp is 5 

cm (the temperaure is above 1000 °C on a surface S < 50 cm2) whereas the surface temperature 

does not exceed 300 °C for Ddp = 7 cm. For the shortest Ddp case, the coupling of large LH 

power seems to be limited by this overheating producing an impurity influx into the plasma. 

These results infirm the hypothesis of a direct loss of particles from the antennae mouth to 

the neutralizers along the shortly connected field lines. A. possible explanation would be the 

acceleration of electrons by the pan of the launched waves which is coupled at the plasma edge. 

These electrons may leave rapidly the plama and flow to the neutralizer plates along the flux 

lines. 

At the same time, the heat deposition pattern on the guard limiter of the antennae is very 

much changed when the plasma is moved away from the antennae. With a plasma - antenna 

distance of 2 cm, a redistribution of the heat load is observed but the maximum temperature is 

just slightly enhanced by the activation of the ED. However, when this distance is increased to 

4 cm, the surface temperature is lower in the limiter phase (i.e. the convective power flux is 

lower) but in the ED phase there is a strong enhancement of the heat load of the electron-side 

limiter, where hot spots appear. These hot spots seem to limit the LH power transmision to 3 

MW. 

Conclusion 

The fast electrons content is generally weakly affected when the ergodic divertor is 

energized. However, when the distance between the ED modules and the LCFS is small (3 cm) 

some fast electrons are lost in the edge ( p > 0.8). Consequendy the current drive efficiency is 

only slightly affected. Nevertheless, there are some hints that LH power deposition in the edge 

may be enhanced in the ED configuration. 

The high heat lead on the neutralizer plates of the ED modules can be suppressed by 

pushing the plasma at least 6 cm away from the modules. However, in this configuration, local 

hot spots on the antenna frame appear to limit the power transmission. 
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The lower-hybrid (LH) wave is a privileged tool for noninductive current drive in 
tokamaks and a well-placed candidate to achieve continuous operation of fusion devices as well 
as to control the current density profile. Large current drive efficiencies have been obtained, up 
to 0.4x10+20 Am^W-1 [1], and a considerable theoretical effort has been carried out for the last 
fifteen years. However, and despite such effort, an accurate determination of the LH power 
deposition profiles remains a very difficult task, which is partly due to the strong dependence of 
LH wave propagation on the density and magnetic field characterizing a tokamak equilibrium. 
Using combined ray-tracing and Fokker-Planck codes, it has been shown that the LH wave 
dynamics is strongly affected by the poloidal inhomogeneity inherent to the tokamak toroidal 
geometry, which may result in an increase of the parallel refractive index, n/7 = ck/co, during 
wave propagation [2]. Here, k// is the component of the wave vector k along the equilibrium 
magnetic field B, k„= k.B/j B |, c the speed of light and co/2ït the LH wave frequency. When 
die n// upshift is large enough, i.e. when the so-called "spectral gap" is bridged, me wave energy 
can be absorbed by the suprathermal electrons, according to the Landau resonance condition 
10 = k//v// > where v// is the component of the fast electron velocity parallel to B. The uncertainty 
in predicting how the power carried by the low-n// spectrum launched by the antenna is 
deposited in the plasma lies gready on the fact that the LH wave propagation and absorption are 
nonlinearly coupled to the temperature and current density profiles. This is particularly important 
when the wave makes several passes in the plasma before being completely absorbed, in which 
case successive n// upshifts take place along the ray trajectories and the stochastic nature of the 
ray propagation in low aspect ratio 
tokamaks comes fully into play. Therefore, 
any small deviation from ideal equilibrium 
conditions, which are often considered in 
LH modelling codes, may grossly modify 
the ray dynamics and, consequently, the 
predicted power deposition profiles. 

In order to get closer to a real 
tokamak geometry, studies have been 
carried out recently to assess how the LH 
wave propagation and absorption are 
affected by the magnetic ripple that is due to 
the finite number of coils used to create the 
toroidal field. As a first step, it has been 
shown that the discreteness of the toroidal-
field system may significantly alter the 
picture of LH wave propagation obtained 
from a straight cylindrical geometry [3]. In 
particular, it has been demonstrated that, for 
parameters of practical interest, magnetic 
ripple may induce stochastic behaviour in 
the ray dynamics. Hence, and as a result of 

* 

CO 

Fig.l. Radial dependence of the TORE SUPRA 
ripple for various poloidal angles. 



- 124-

the nonintegrability of the ray equations, the well-known cylindrical accessibility condition for 
the LH wave to penetrate to the plasma center is no longer valid, so the predicted power 
deposition profiles are expected to be greatly modified. The purpose of this communication is to 
extend this work, in order to assess the effects of magnetic ripple on LH wave dynamics in a 
toroidal geometry, when both poloidal and toroidal inhomogeneiries are present. The study is 
carried out for the TORE SUPRA tokamak, which has a large magnetic ripple, S » 7% at the 
plasma edge, in the low-field side of the equatorial mid-piane (Fig. 1). 

The results presented here are obtained by integrating the usual ray equations, 
dr/di = - pD(<o, r, k)/ak]/[9D(û), r, k)/d(û] and dk/dt = [3D(co, r, kyar]/[3D(cû, r, k]/d(ù], 
where D(d), r, k) = 0 is the local electromagnetic dispersion relation for the LH wave including 
warm plasma effects [2], and k = (kn m, n) the wave momentum canonically conjugate to the 
toroidal coordinate vector r = (r, 9, (p). Due to the breaking in axisymmetry, the toroidal mode 
number n is no longer a constant of the ray motion and its evolution must be followed along the 
ray trajectories, much in the same way as the poloidal mode number m, which varies as a 
consequence of the poloidal inhomogeneity. To complete the description of the wave 
propagation, one must include a consistent treatment of the toroidal equilibrium in the presence 
of ripple. Following the usual approach [4], one considers that B = B + B, where B is deduced 
from the Shafranov aspect ratio expansion, in conjunction with the lowest order straight 
cylindrical equilibrium, and B the ripple perturbation. The perturbed field B may be written as 
B = Bv + Bp, where Bv is a vacuum field and Bp is the field arising from the perturbation in the 
flux surfaces. It must be noted that, in this approach, the plasma diamagnetism is neglected. 
From a perturbative calculation [4], where only the first harmonic in the toroidal angle 9 is 
retained, one obtains: 

S r
 D / R r+Lcose Tf pN \ fxT . 

B v = <xBoX/ - = — r / , 2 h R T 1 ~ H N ^ 
V K o - L o v / r

2 + L2 + 2rLcos6 1*0-LoV 

Bv
9 = a B n , / ^ A , " 5 i n ° i ^ ^ j s i n Ç N c p ) 

~e . „ / R LsinS 
R ° " L ° v / r 2 +L 2 + 2rLcos9 * 

B : = a B 0 I ^ ^ - j c o s ( N ( p ) 

In this model, iso-ripple surfaces are circles of radius p defined by the relation 

p2 = L2 + r2+2rLcosG, with L(p} = L 0 -^p 2 / (R 0 -L 0 ) and Ln = L(p = 0). These circles are 

shifted, towards the axis of the torus, by a distance L from the center of the coils. In die above 
expressions, Bo is the magnetic field on axis in the absence of ripple, Rrj the major radius, 
R = Ro + rcos6, and In(x) and Ii(x) modified Bcssel functions. The parameter a, which 
depends on the actual shape of the coils (radius, thickness...), gives the magnitude of the ripple 
perturbation, and N is the total number of coils. 

Cylindrical calculations show that Bp may be neglected, an assumption that enables the 
Shafranov shift A of the flux surfaces to be decoupled from their displacement due to the ripple. 
The flux surfaces, which are defined by the condition Vvj/.B = 0, are thus given by the relation 

a / dA \ I R5 r +Lcos6 A pN \ . ... . 
ay = r + A(r)cos9 + - 1 + —cos9 U / - — 7 - . H ^—r- sin(N<p), 

NV rfr / y R o " L o y V + L2 + 2rLcos9 V R o- L o; 
where a is the plasma minor radius without ripple. Finally, the electron and ion temperatures and 
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dcnsit ies are considered to be constant on a flux surface y , 

TWr, 0.9) =Tlej)(y], nlea)(r, 9, 9) = nlejI(H/), and to be given in the interval 0 £ y <, 1 by the 

relation Xty) = (X0 - Xa) 
exp^xj-exp^xV2) 

ex P { ^ ) - 1 
+ Xa, X = {njej]% T[e,i] ] . The parameter £x is 

an arbitrary constant. Following Ref. [2], a linear decrease of T{e,j] and n{cj] as a function of \|/ 
is considered between the plasma edge and the chamber wall. 

Numerical calculations are carried out for the TORE SUPRA tokamak (a = 0.78m, 
Ro = 2.36m, Bo » 3.9T, N = 18, Lo= 0.32m, a = 1.69X10"4). A typical ray evolution is 
presented in Fig. 2 for two initial conditions 90 = 0 and <p0 = n/N and n//o = 2.0. When the LH 
wave propagates in the high-ripple region, n// starts to oscillate (sec insert) with an amplitude 

that is proportional to the ripple perturbation 8 =4̂ y This behaviour can be well 

explained analytically in a cold-plasma model by considering the electrostatic limit of the LH 
wave dispersion relation. After several passes through the outer plasma edge region, the ray 
trajectories differ strongly from the case without ripple. As depicted in Fig. 2, the ray trajectories 
may depend significantly on the initial toroidal angle, and so realistic simulations of LH current 
drive need to take into account the toroidal extent of the antenna, as well as the poloidal one. 

Full simulations of LH experiments have been carried out by coupling the ray-tracing 
code with a 1-D relativistic Fokker-Planck code [2]. In the calculations, the number of rays N ray 
launched into the plasma is large enough so that the final result is independent of this parameter 
[5]. Considering N r a y = 400, and dividing the antenna into four poloidal angles and eight 
toroidal angles, reliable power deposition 
profiles are obtained. The effects of the ripple 
are presented for two different accessibility 
conditions of the LH wave to the plasma center. 
For a high density case, corresponding to a 
poor accessible regime, a power deposition 

profile dPabsW/dV is given in Fig. 3(a). For 
this shot, the plasma and LH parameters are: Ip 

= 1.6 MA, neo = 7.30x10+19 m-3, T e 0 = 2 .8 
keV, n//o = 2.0, and PLH = 4.0 MW. Without 
ripple, dPabs(V)/dV is strongly localized around 

Y = 0.45, whereas in the presence of ripple it is 
much broader. For this set of parameters, an 
important new feature is the significant increase 
of dPabs(V)/dV in the core of the plasma. This 
effect arises from an increase of the ray 
stochasticity when ripple is considered [6). As a 
result, and due to the successive upshifts and 
downshifts of n// along the ray trajectories, there 
is a better coupling of the LH wave with the fast 
electrons in the plasma. Thus a significant 
modification in the energy dependence of the 
nonthermal part of the electron distribution 
function is found, as shown in Fig. 3(b). In this 
case, an increase of about 60% is predicted in 
the current drive figure of merit, as the LH wave interacts more efficiently with higher-energy 
electrons. 

Fig.2. Evolution of «// without ripple (full 
line) and with ripple (q>0 = 0 dotted line, 

çQ =• x/N dot-dashed line). A zoom of the 
area selected inside the circle where local 
ripple effects are important is shown in the 
inserted graph. 
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Fig.3. (a) LH power deposition profile without 
ripple (full line) and with ripple (dotted line), (b) 
energy dependence of the volume-averaged 
absorbed power without ripple (full line) and 
with ripple (dotted line). 

For another set of parameters, 
Ip = 0.8 MA. neo = 3.0xl0+1 9 nr3, Teo = 
6.0 kcV, n//0= 1.8, and PLH = 3.4 MW, 
which corresponds to a much deeper 
penetration case in a fully non-inductive 
discharge, the ripple effect on the energy 
dependence of the fast electron distribution 
function disappears, but a modification of 

dPabs(V)/dV is still observed. As shown in 
Fig. 4, the power deposition profile, which is 
much more centrally peaked when magnetic 
ripple is considered, is not only in agreement 
with the hard X-ray emission, but also with 
the current density profile deduced from 
polarimetry measurements. For this shot, it is 
worth noting that a radial diffusion coefficient 
for fast electrons of nearly 2.0 m2/s must be 
introduced to link the power deposition profile 
to the noninductive current density profile, if 
ripple is neglected, while nearly no radial 
transport is necessary when the full magnetic 
topology is considered. This result, which is 
in agreement with the fact that collisional 

slowing down seems to prevail over radial diffusion of fast electrons in LH experiments [7], 
illustrates the difficulty in using modeling codes to extract reliable information on fast electron 
transport. 

The effect of magnetic ripple on the LH wave dynamics has been investigated in various 
other plasma conditions. A significant modification of the power deposition profiles is, in 

general, observed, mainly in "intermediate" 
regimes, when single-pass absorption does 
not occur and the wave makes some, but not 
many, passes inside the plasma before being 
totally absorbed. In fully stochastic regimes, 
the very large number of passes ends up by 
cancelling any effects due to the ripple 
perturbation. Finally, if me ripple amplitude is 
reduced by a factor 4, the energy dependence 
of the electron distribution function remains 
still modified as compared to the case without 
ripple, while the power deposition profile 
corresponding to no ripple is nearly 
recovered. 

[1] Jacquinot J., et al.. Plasma Phys. Control. Fusion 
35 (1993) A3. 
[2] Bonoli P.T.. Englade R.C.. Phys. Fluids 29 
(1986)2937. 
[3] Bizarro J.P., et al., submitted to Phys. Rev. Lett. 

„. A , x r u . - . t-i ;u~... [4] Yushmanov P.N., in Reviews of Plasma Physics, 
Fig.4. (a)LH power deposition profile without ^ b 3 .B K a d o m t s e v > (Consultants Bureau. New 
ripple (full line) and with ripple (dotted line), (b) York 1990), vol.16.117. 
experimental hard X-ray intensity in the energy ^ B'izam) j p>% M0reau D-. Pnvs- Fluids B 5 (1993) 
channel 75±25 keV (dotted line) and LH density \221. 
current profile (full line) determined from [6] Kupfer K.. et al., Phys. Fluids B S (1993)4391. 
polarimetry. [7] Peysson Y.. Plasma Phys. Control. Fusion 35 

(1993) B253. 
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Idcntificatîon of suprathennal electron relaxation 
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The dynamics of suprathermal electrons In Tore Supra has been investigated by 
means of lower lower hybrid power modulation. A unique feature of these 
experiments was the simultaneous operation of three different diagnostics, which 
have allowed the effects of the colllsional slowing-down and pitch-angle scattering 
to be Identified simultaneously. The implications on a concomitant radial diffusion 
process are discussed. 

The dynamics of suprathennal electrons in tokamak discharges is known to be 
essentially governed by three processes : pitch-angle scattering, colllslonal slowing-
down and radial diffusion. Although the contributions of each of these processes are 
now well documented, their simultaneous observation has remained a challenging 
task. Two reasons for this are the Inherent difficulty in disentangling their effects 
and the lack of adequate diagnostic techniques for observing the dynamics of the 
suprathermal electron distribution. 

The experiment : An experimental procedure for separating these processes has 
been realised on Tore Supra by means of Lower Hybrid (LH) power modulation. 
Three complementary diagnostics have been used, allowing the suprathermal 
electron distribution In parallel momentum, flp//). and In perpendicular 
momentum, f tpj . to be Investigated with energy and spatial resolution. The 
diagnostics are (see Fig. 1) : 
• a five channel hard X-ray spectrometer from which the dynamics of flp//) can 

be inferred In the energy range E=5O-5O0 keV (1|; 
• a measurement of the electron cyclotron absorption (EGA) at the first 

harmonic, yielding f(P//) In the range E=60-165 keV (2): 
• a measurement of the electron cyclotron emission (ECE) at the second 

harmonic, using six Fabry-Perot Interferometers. From this, a coarse estimate 
of HpJ is obtained between 100 and 500 keV. 

The experiments were carried out in stationary He plasmas operated at various line-
averaged densities ranging between nV=2-6.5 1019m-3. Typical discharge 
parameters were a=0.78 m. R=2.38 m. Ip=0.8 MA. Teo=l-8 keV and the loop 
voltage during RF heating. Vi=0.1-O.4 V. The LH waves were launched at 3.7 GHz 
with n//=1.8 and their level was modulated between 0 and 2.4 MW. 
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Previous experiments {3) had already confirmed the good agreement between the 
dynamics of A.P//Î as measured by X-ray spectrometry and ECA. The relaxation of 
Hp//) was found to be characterised by two different time scales, typically 10 ms 
and 1 a. Given these results, power modulation experiments bave been carried out 
with sequences of both long and short power pulses In order to provide access to 
the different time scales within the same discharges. The X-ray spectrometer, 
whose time resolution (>20 ms) is limited by the photon counting statistics, has 
mainly be used to study the long time scale. The other diagnostics, which have a 
better temporal resolution (<0.5 ms). have been focused instead on the fast 
dynamics. 

The f u t time scales : At least three different time scales are Identified. The two 
fastest ones (typically T3=2 ms and T2=I0 ms) are best obseived In the relaxation of 
the ECA and ECE following the LH power tum-ofT. The ECA immediately decays 
whereas the ECE first rises before dropping, see Fig. 2 . This surprising effect Is too 
fast to be fully explained by density, temperature or current profile changes. It 
mainly occurs below 130 keV. In the part of the spectrum where the suprathermal 
electron tall is directly sustained by the LH waves. Its most plausible interpretation 
would be the redistribution of kinetic energy from parallel to perpendicular 
momentum, causing an lsotroplsatlon of the distribution function [4]. Such an 
interpretation Is strongly supported by the excellent quantitative agreement 
obtained between the experimental results and the signals simulated using a 3-D 
Fokker-Planck code, coupled to an electron cyclotron radiation code. The 
simulations take into account various effects, including a stationary dc electric field 
and radial transport. The latter however, does not have a significant impact on the 
fast dynamics. From these results, we can already identify the two fast time scales 
with colllsional slowlng-down and pitch-angle scattering processes. 

The slow time scale : A slow relaxation fti-1 s) i s observed in the temporal 
evolution of the hard X-ray profile. Each power pulse Is followed by a transient phase 
of 0.5-1 s. during which most plasma parameters change. Once stationary 
conditions are reached, however, a small and slow broadening of the emission 
profile persists, see Fig. 3. This evolution has been found to be difficult to attribute 
to a dependence on plasma parameters such as the electron density (3]. A direct 
effect of the slowly relaxing dc electric field can also be ruled out The latter would 
lead to the approximate parametric dependence ii~ij~Te~l/n« (tj being the current 
diffusion time) which is not supported by our results, see Fig. 4. 

The lack of direct link between the slow relaxation and changes in plasma 
parameters supports an explanation based on the radial transport of the 
suprathermal electrons. This was already put forward in 13]. Assuming that the 
transport is purely diffusive, we can Infer from the longest time scale a radially 
constant diffusion constant of about D-0.2 m2s-i. Such a slow diffusion rate may at 
first seem to contradict the strong profile resiliency observed in the hard X-ray 
emission. Indeed, the plasma density Is expected to have a marked effect on the LH 
deposition profile (and hence the emission profile], which Is not seen at all. This 
resiliency has occasionally been Interpreted as a signature of fast transport |5J. 
Recent simulations however, indicate that In Tore Supra it may be attributed to an 
effect the magnetic field ripple [6|. The latter afTects the propagation of the LH 
waves, causing most of the power to be deposited centrally regardless of the plasma 
density. A strong profile resiliency therefore does not exclude the possibility of 
having a slow radial transport. Several recent experiments support this idea of a 
good confinement of the suprathermal electrons [7.8]. 
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Concluston : The analysts of the suprathermal electron dynamics with different 
diagnostics has allowed at least three characteristic time scales to be identified. The 
fastest ones (typically 10-100 ms) are attributed to coUisional slowlng-dawn and 
pitch-angle scattering. This already sets a lower limit to the mintamin time scale a 
concomitant radial transport process could have. A much longer time scale (typically 
1 sj Is also observed, for which the most plausible origin Is radial transport. This 
Implies a very low diffusion rate [D-0.2 m2s-i) which does not contradict the strong 
profile resiliency of the hard X-ray emission observed in Tore Supra. 

Although there is now a growing evidence for the colllsional slowing-down to be the 
dominant suprathermal electron loss process on large tokamaks. several effects 
need to be clarified. An important experimental caveat remains the badly-known 
contribution of the dc electric field to the observed dynamics. Self-consistent 
simulations of the electric field diffusion are presently being carried-out to 
Investigate that aspect. 
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Figure captions 

II] Pololdal cross section of the Tore Supra tokamak. showing the disposition of 
the diagnostics, which are located at different toroidal angles. The high 
magnetic field side Is to the left. 

[2] Time evolution of the ECE (solid line : 160 GHz. dashed line : 120 GHz) and 
ECA (E=124 keV) signals. Figure (a) shows the experimental signals, figure (b) 
the simulations. 

131 (a) Time evoluUon of the LH power, loop voltage. Une-averaged density and the 
X-ray intensity along a chord located at mid-radius, at 175 keV. 
(b) Two Integrated emission profiles (E=175 keV) measured respectively at 
t-5.5 s and t-7.5 s. 

14J Parametric dependence of the slowest time constant (measured at E=175 keV) 
versus the line-averaged density. 
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irmoDucrioN 
The beneficial effect of the current profile modification in Lower -fybriri driven 

steady-state plasmas has been observed in Tore Supra [1]. A complete decoupling of the flat 
current profile and die peaked electron temperature profile was achieved. This regime, refered to 
as die LHEP (Lower Hybrid Enhanced Performance), exhibits an improvement of the global 
energy confinement. The recent results of the combined LHEP and Ion Cyclotron Resonant 
Heating (ICRH) experiments are reported in this paper. Also, the current profile modification in 
Fast "Wave Direct Electron Heating ÇPVEH) experiments [2], in which a very efficient electron 
heating and a significant improvement of the confinement are observed, is presented. 

EXPERIMENTAL RESULTS 
LHEP discharges 

Typical LHEP discharges have been performed at Ip=0.8MA, BT=4T. ne(0) between 
2.5xl019nr3 and 3xl019nr3, and injected powers, PLH. ranging from 2.5 to 3MW (N// being 
varied from 1.4 to 2.2). A 10s quasi-stationnary LHEP regime (near zero loop voltage) has 
been obtained [1], with a very strong electron heating: the central electron temperature, Tc(0), 
rised from 2 keV to 8-10keV. The global energy confinement time exceeded both the 
Rebut-Lallia-Waudns and Goldston L-mode scalings by about 40%. The main characteristics of 
the LHEP regime are die increase of the magnetic shear (s) in the gradient zone, and in addition, 
the vanishing or negative shear in die center. The internal inductance 00 increases, whereas we 
safety factor on axis (q(0)) rises from 1.3 to nearly 2. The current density profile has been 
computed with the EDENT-D code using the magnetic, interferometric, and polarimetric 
measurements. It is in good agreement with the LH-driven current profile obtained from a 
ray-tracing /Fokker-Planck code (Bonoli-Englade-Fuchs code). 

The central core of the plasma (r/a<5).25), where die strong gradient of the pressure is 
observed, is found to be stable widi respect to ballooning modes. TRANSP analysis indicates 
that this central core is marginally entering die second stability zone, since the normalized 
pressure ( a — -(2/z0/?<7* / &f).(dp /dr)) is still low. However, the switch-off or interruption 
of the LH power sometimes leads to a collapse of die energy content, and Te(0) drops to die 
initial value accompagnied by a strong MHD activity. We note tiiat it is difficult to obtain die 
LHEP mode with low constant current and high value of qy at the edge (qy(a)>9). For 
Ip < 0.6MA and BT=4T, the LH application generally leads to a very large m=2/n=l mode 
(widi very low frequency: f«300Hz) when the LH power exceeds a threshold. This Uireshold is 
found to be around 1.5MW. Negative current ramp scenarios, however, allow to avoid this 
phenomenon. Stability with respect to tearing and 'infernal' modes is being analysed [3]. 

Ton cyclotron resonant heating nn LHEP discharges 
Ion cyclotron resonant heating (dipole configuration, 57MHz) on the LHEP plasmas 

has been operated with an ICRF power up to 3.5MW. No change in the LHEP characteristic is 
observed when the ICRF power is applied. Such a discharge is shown on Fig.l (Ip=0.8MA, 
B=4T, R=2.35m, a=0.78m, ne(0)*3xlO19nr3, PLH=3MW, PICRF=3.2MW). The current 
density profile (j) becomes flatter in the inner region (r/a<0.3) when the LH power is applied. 
This behaviour of the LHEP current profile is not affected by tfr«; ICRH application (Fig.lc). 
q(0) increases from 1.2 to 1.6 (Fig. lb). At the same time, li is vuiiS from 1.2 to 1.4. Hard-X 
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ray emission (75keV and 125keV) suggests that die LH power deposition profile, which is 
within r/a=0.4, is not significantly modified by the ICRF heating (Fig. la). 

4 5 6 7 8 9 10 11 12 
time (s) 

Fif. I: Combined LHEPI1CRH discharge (shot TS12459). 
(Ip=0.8MA, B=4T, R=235m. a=0.78m, PLH=3MW, PiCRF=32MW,ne(0)*>3xW19m'3) 
a) Hard-X ray emission at various radius: E=75kcV (solid lines), and E =175keV (dashed lines). 
b) Time evolution of central safety factor, q(0). 
c) Current density profiles from polarimetry measurements with (solid curves) and without (dashed 
curves) RF. 

Fast Wave experiments 
Recent Fast Wave Electron Heating (FWEH) experiments have been earned out 

(frequency 48MHz, Ip=0.35-0.7MA, BT ranging from 1.3 to 2T, and ne(0)=5xl019nr3), with 
the power coupled to die plasma reaching 5MW [2]. 

Very significant electron heating has been observed. With 4MW of FW power, the 
central electron temperature (Tc(0)) rises from 1.2keV to about 5keV. The peaked electron 
pressure profile leads to a high fraction of the bootstrap current (=40-50%) (Fig.2a). The 
poloidal beta (pp), deduced from diamagnetic measurements, reaches a value of about 1.1, and 
is due to the strong increase of the electron pressure (no significant increase in ion pressure). It 
is important to note that there are no fast particles during the FWEH pulse. Consequently, pp is 
purely thermal in this case. In other experiments (ICRH in JET [4], neutral beam heating in 
TFTR [5] and JT-60U [61), pp (included an important fast ion contribution in the TFTR and 
JT-60U cases) was much higher for the same bootstrap fraction (Fig.2a). Fig.2a shows a good 
agreement between the Tore Supra and JT-60U results when the bootstrap current driven by the 
fast ions is not taken into account (-25% of the bootstrap current and =50% of pp are due to 
the fast ions). This confirms that both the thermal and fast ions are much less efficient than the 
thermal electrons to drive the bootstrap current. 

The current density profile (j), being shown on Fig.4b, is strongly peaked, and it is 
stable during the 3s FWEH pulse. The shape of j is due to both the peaked Te profile and the 
strong bootstrap current fraction. This modification in the j-profile leads to a significant 
improvement of the global energy confinement. The improvement factor, defined as the ratio 
between the kinetic electron energy content and the global RLW prediction (H=Wc

lan/We
K1-w), 

reaches about 2 for Pp=l (Fig.2b). Note that the j-profile modification induces only a small 
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increase in li (-10%), since the increase of the peaking of j especially occurs in the inner region 
(r/a<0.5). 

Bx=2T 
Ip=0.4/0.7MA 

Ip=0.8MA , 
L5 

Fig. 2: a) Bootstrap fraction as a function ofe^-^fip, e is the inverse of the aspect ratio. 
Tore Supra data: plus (ohmic), crosses (LHEP), circles (FWEH); JET (ICRH): triangle [3]; 
TFTR (NBI): stars [4]; JT-60U (NBl): square, (dark point: without fast ion contribution) [5], 

b) Improvement confinement factor, H=We
kinlWe

RL.W\ versus pp.- L-mode (+), 
LHEP (x), FWEH (o). combined LHEP/FWEH (*)• 

LOCAL TRANSPORT ANALYSIS 
Local transport has been analyzed for both the LHEP and the fast wave enhanced 

performance (FWEP) regimes. A good correlation between the electron thermal diffusivity and 
the j-profile, through the magnetic shear, is found. Fig. 3a shows the time evolution of the 
electron thermal diffusivity (Xe) of a stationary LHEP discharge (H-1.5), calculated at r/a=0.25 
and r/a=0.5 with the LOCO code. Te(0) increases to above 8keV in two steps. The transition to 
the LHEP mode is observed at about 1 second after the LH power application. During the first 
phase, Xe (r/a=0.25) and q(0) continue to increase, while Te(0) reaches about 6keV. After this 
phase, the discharge enters to the LHEP phase where q(0) reaches its stationary value (-1.9). 
The central value of Xe dramatically drops close to the ohmic level (from above 1.5m2/s to 
0.2m2/s), correlated with the vanishing of the central magnetic shear. The stationary j-profile is 
shown on Fig.3b. In the gradient zone, Xe (r/a=0.5) however remains at a constant value 
(1.5m2/s), and is lower than that in the corresponding L-mode discharge. The improved 
confinement in mis region is explained by the increase of the local magnetic shear. 

Fig.4 shows a comparison of the electron diffusivity during FWEH and L-mode 
LHCD phases for the same plasma parameters (Ip, BT, ne..). During the FWEH phase, in spite 
of higher total power (PFW=2.9MW, PLH=L85MW), xe, in the confinement region, is found 
to be lower than that during the L-mode phase (Fig.4a). Current density profiles for FWEH, 
L-mode LHCD, and Ohmic phases are plotted on Fig.4b. During the LHCD phase, the j-profile 
is not modified very much because of the low non-inductive current fraction (»35%). The 
results of this analysis suggest that the enhancement of the confinement, during FWEH, 
originates from the strong increase of magnetic shear within 0.3£r/a£0.7 surface. This is 
similar to the high-lj regime obtained after negative current ramps and also die LHEP mode. 
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time(s) 

0.2 0.4 0.6 0.8 
r/a 

Fif. ? : Stationary LHEP discharge: lp=0.8MA. BT=4T, ne(0)=2.7xl019mr3, PLH=3MW. 
a) Time evolution of the electron thermal diffusivity (Xe), the central safety factor (q(0)), and the 
central electron temperature (Te(0)). 
b) Current density profile at time t=8s. Total and LH-diven currents are obtained respectively with 
the IDENT-D and Bonoli-Englade-Fuchs codes. 

\ 

5 6 7 
time(s) 

0.4 0.6 
r/a 

Fig .4: a) Time evolution of electron thermal 
diffusivity, enhancement factor (H), and total 
power. 
b) and c) Current density profiles and 
magnetic shears (s) during both the improved 
confinement and L-mode phases. 
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1. Introduction 
The main objective of the Lower Hybrid (LH) experiments performed on Tore Supra is 

to provide large flux savings for kng pulse operation while controlling the plasma current 
density profile [1-2]. This goal will be best achieved by applying LH wave directly during the 
current ramp-up phase. In order to reach a steady-state operation for a reactor with a large 
bootstrap fraction and an improved confinement, it will be also required to control the current 
profile in the early stage of the discharge, i.e. during the current ramp-up. 

To prepare such "advanced" scenarios, experiments have been performed where a large 
fraction of the current is driven non-inductively during the ramp-up phase. A theoretical flux 
consumption scaling is presented and compared to experimental data. The time evolutions of the 
current density profiles are analysed with a new current diffusion code (CRONOS). In view to 
achieve fully non-inductive current drive discharges in a fast, systematic and reproducible way, 
experiments where the primary voltage is imposed have been carried out. In a complementary 
approach, an appropriate transformer flux feedback scheme has been also studied. 
2. Current profile effects during non-inductive ramp-up experiments 

In this section, the range of application of the non dimensional flux consumption scaling 
law, which has been previously proposed for ramp-up experiments [3], is investigated. In 
order to make a dimensionless analysis of the surface flux consumption (Poynting analysis), it 
is convenient to normalize the volt-second consumption Ad>sarf to the "internal" magnetic flux 
variation AO*. In the scaling, AOsurf is linked to the LH power Pih by the relation, 

n
 A < t W _ TIP , Pih n 

1 A<I>* ; *r« P* } 

where P* is the power level corresponding to a full current drive discharge.The characteristic 
ramp-up time constant is Xjp = (dlp/Ldt)'1 where L, is the plasma current, and Tres = Lj/Rp is a 
resistive time constant associated with the "iniemar inductance Lj and the electric resistance Rp 

of the plasma. To optimize the flux consumption, two ramp-up regimes must be considered: an 
"underdriven" regime (P|h < P*, i\^xK% minimized) and an "overdriven" regime ( P^ > P*, 
Xlp/tres maximized). 

Experiments have been performed on Tore Supra at various ramp-up rates (from 25 to 
600 kA/s) with the line-averaged electron density n̂  between 1 and 2 x 10*9 m*3. Some shots 
are represented on Fig. 1. The various fluxes, AOsurf and AO*, are direcdy calculated from die 
surface loop voltage and the magnetic measurements. The resistance of the plasma and therefore 
the resistive time xres is deduced from electron temperature profile measurements by Thomson 
scattering, assuming a neo-classical resistivity. A satisfactory agreement is found between the 
flux consumption dependence over t\JzKS and P|K and the dimensionless scaling law. 

In view to achieve current ramp-up in trie "overdriven" regime at sufficiently high 
power, preliminary experiments have been performed, where Ip is increasing slowly between 
two plasma current plateaus at a typical rate of 50 kA/s. The LH power is directly applied in the 
first plateau and is ramped up together with the plasma current [3-4]. The main characteristics 
of these experiments are shown on Fig. 2. In this regime, where a large fraction of the current 
is driven non-inductively, it is necessary to control the current profile to avoid MHD activity. In 
order to investigate the time evolution of the current density profile, and its links with the MHD 
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activity, a current diffusion code has been developpecL CRONOS. In this code the non-
inductive sources are the LH and the bootstrap current. The latter is calculated self-consistently 
from the safety factor, density and temperature profiles. The current diffusion analysis of the 
slow ramp-up discharges is performed with CRONOS assuming a neo-classical resistivity. The 
experimental and calculated time evolution of the global parameters (non-inductive currents, 
loop voltage, internal inductance) and safety factor profile are presented respectively in Fig. 3a 
and 3b. During the first LH plateau, a flattening of the current profile is observed in the central 
region (r/a < 0.2), as well as an increase of the internal inductance, lj= 1.8. Such a behaviour 
is characteristic of the LHEP mode. In this regime, the shear in the gradient pressure profile 
region (r/a = 0.2 for the peaked pressure profiles) is very small and vanishing. This may 
trigger the "infernal mode" instabilities and explain die MHD activity observed in some higher 
LH power discharges. During the ramp-up current phase and due to the broadening of the 
current profile, the low magnetic shear in the central region is maintained, while the value of lj 
decreases from l.S to 1.5. A modelling of this variation needs to introduce a modification of the 
LH current density profile during the transient phase. It has been checked, by modifying the 
resistivity model or varying the loop voltage that the contribution of the residual ohmic current 
is negligible. A further confirmation of this interpretation, is the slow broadening of the hard X-
ray emission (HXR) profiles for photon energies above 75 keV: an increase of 30 % of the 
half-width of the HXR profile is thus observed. In this discharge, the global energy 
confinement exceeds the value predicted by the Rebut-Lallia-Watkins (RLW) scaling law [5]. 
The improvement of the energy confinement, which reaches 40% (see Fig. 4) and is maintained 
during the LH pulse up to the plasma current flat-top, results from the high magnetic shear at 
mid-plasma radius [6]. 
3. Analysis of non-inductive operation scenarios 

In long pulses that have been carried out in Tore Supra, the duration is limited by the 
flux consumption [2], since the total current is only partially driven by the LH system. For 
these shots, the usual scheme is a feedback control of the plasma current. Therefore, to achieve 
fully non-inductive regimes, a prior and a real time knowledge of the current drive efficiency is 
necessary in view to adjust the non-inductive power input at the level required by the plasma 
current. In this section, another type of scenario is investigated, in which the applied voltage on 
the primary circuit (Voh) is kept constant, while the coupled plasma-poloidal field (PF) coils 
system reaches freely its equilibrium. The time evolution of Ip at constant Pjh and V0h is shown 
in Fig. 5. Until the end of the discharge whose duration exceeds 25 seconds, no plasma current 
equilibrium is clearly observed. To understand this behaviour, the Tore Supra coupled plasma-
PF coils system is fully modelled using equivalent circuit equations, where the inductance 
matrix of the poloidal circuits are numerically calculated with a finite element equilibrium code 
(CEDRES). The plasma resistance is deduced as described in the first section. Calculations 
show that the equilibrium is reached on a time scale of the order of 60 seconds, which is much 
longer than the resistive time Xp = L/Rp, where L is the total inductance of the plasma loop. The 
good agreement between theoretical predictions and the experimental variation of the primary 
coil current as a function of Ip (see Fig.6) validates the assumptions in the model, and therefore 
the value of the equilibrium time constant. Thus, this operation mode is not the most 
appropriate to achieve a fully non-inductive regime on short time for Tore Supra. 

An alternate and promising scheme is a feedback control of V0h such that the 
transformer flux is constant. An equilibrium could then be reached on a time constant, teq, 
which is now shorter than Tp. Typically, from a two circuits analysis, xeq = Xp (l - \i2 ), where JJ. 
is the coupling coefficient between the circuits (JJ. = 1 for Tore Supra), with the complete 
model, the expected plasma current time evolution for such operation mode has been calculated 
(Fig. 5). The full equilibrium is now reached on shorter time than for the previous scheme. A 
modification of the feedback system of Tore Supra has therefore been undertaken, in order to 
allow such an operation mode during the next experimental campaign. 
4. Conclusion 

The dependence of the flux consumption in non inductive discharges versus the LH 
power and the ratio of the characteristic ramp-up time to the resistive time has been verified 
experimentally. A new current diffusion code, CRONOS, has been developped which 
reproduces quite well the time evolution of the current density profile during LH assisted ramp-
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up regimes where a large fraction of the current is non-inductively driven. The time dependent 
analysis has revealed a broadening of the LH current profile during die ramp-up phase which is 
confirmed by the analysis of the hard X-ray emission profiles. This is attributed to 
modifications in the LH wave propagation due to variations of the q-profile. 

Non-inductive operation scenarios have also been studied. The analysis of the Tore 
Supra plasma-poloidal field sytcm shows that full non-inducdve equilibrium could have been 
reached over a rime scale of about one minute with the primary voltage maintained constant. In 
order to reach an equilibrium faster, a new operation mode is proposed, where the primary 
voltage is controlled so that the transformer flux is kept constant 
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INTRODUCTION 
The proposal of this paper is a contribution for developing reflectometry diagnostic for 

electron density profile measurements as routine diagnostic without manual intervention as 
achieved at JET (1)- Since density fluctuations seriously perturb the reflected signal and the 
measurement of the group delay, we described a method to overcome the irrelevant results 
with the help of an adaptive filtering technique. 

EXPERIMENT 
On the tokamak TORE SUPRA, three broad band O-mode reflectometers are installed 

(2). They cover the frequency domains 25-35, 35-50, and, 50-75 GHz and measure electron 
density profiles in die gradient region for densities between 0.8 to 6.8 10^" m"3. The plasma 
is probed along the horizontal axis at the mid plane of the torus in order to minimise 
refraction effects. It is used transmitter/receiver antennae and homodyne detection system. 
BWO sources can be swept in 1 ms every 2 ms. The whole set up is located outside the 
vacuum vessel. The detected signal is then function of the phase difference between the wave 
reflected by the mica sheet at die end of the antennae and the wave reflected by the plasma 
cut-off layer (fig. 1). 

DATA ANALYSIS 
The position re of the plasma cut-off layer is given by: 

c T(F) 
2 Jo VF2"f2 

determination of die group delay x(F) is achieved by performing FFT of the signal. In order to 
follow the evolution of the group delay as a function of the frequency, sliding FFT analysis is 
done over reduced frequency intervals (assuming the stationarity of the signal over the 
integrating frequency interval). The group delay is direcdy extracted by taking the maximum 
of me spectra between 4 and 15ns (where the plasma cut-off layer experimentally remains on 
TORE SUPRA). Linear interpolation between points is made for profile inversion (fig. 2). 
Before each pulse operation, reflected signal from the back wall is used to subtract spurious 
reflections occurring along the line (couplers, antennae ...) whose propagation length may be 
comparable to plasma cut-off distances. The lowest frequency being 25 GHz, assumption 
about me edge need to be done in order to solve the Abel inversion integral. Frequendy, a 
linear density profile decreasing to zero at the lefs may be reasonable. Nevertheless, a better 
evaluation of the edge density (fig. 3) can be obtained witii the help of the integrated density 
given by the interferometry diagnostic by minimising die difference: 

niimerf. - I ngreflec. dr 
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DENSITY FLUCTUATIONS 
The advantage of such FFT analysis is to see how the reflected signal is affected by 

the density fluctuations of the plasma. On figure 4, we show an example of locally turbulent 
plasma obtained in high density conditions, and, group delay information is totally lost 
between 35 and 42 GHz. It seems that the apparition of spurious peaks is rather due to a 
scrambling of the phase, than to an attenuation of the amplitude of the reflected wave. 
Conditions in which plasma turbulence do perturb reflectometry signal or do not, is strongly 
dependent on density and temperature of the plasma. Le., reflectometry signals at low density 
and high temperature exhibit low perturbation, and, current drive heating generally worsen 
the situation (fig. 5). MHD activity has been a well identified perturbation to reflectometry 
signal since the reflection of the microwaves is very sensitive to low wave numbers 
turbulence. However, the above condidons do not necessarily relate with such turbulence, 
since microturbulencc also increases with density. 

ADAPTIVE FILTERING TECHNIQUE 
As we plot the group delay versus frequency one can observe jumps in the 

measurements. At this stage, data are fit with a polynom of order three, getting rid of the 
wrong points. This fit is used as the centre guide of a filter around which a restricted group 
delay interval is set in order to check again the maxima into the FFT spectra, this way the 
right peak can be better isolated, or, by default, interpolated. The computational calculation 
loops with a progressive reduced group delay window starting from 1.5 ns to 0.5 ns and the 
polynomial fit being each time recalculated (fig. 6) and behaves as an adaptive filter. In 
situation where signal is too perturbed the fit generally fails. 

CONCLUSION 
Progress still need to be done in order to clarify the role of the plasma density 

fluctuations to propagation and reflection of the microwaves. But now, density profiles given 
by reflcctometry are now carried out routinely on TORE SUPRA and is now part of the 
common data base. Program, written in matlab, allows profile calculation between shots. 
Accurate profiles are estimated for about 70% of the shots. 
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Introduction. Electron cyclotron absorption CECA) diagnostics in tokamak plasmas 
are the object of an increasing interest. They are mostly used for the investigation of 
superthermal electrons [1-4], of MHD activity [5], for a detailed power balance in ECRH 
experiments [6], to measure the radial profile of the plasma pressure neTe both in the main 
plasma configuration [7] and in the divertor region [8]. ECA measurements have also been 
performed to investigate the basic theory of electron cyclotron wave absorption in Maxwellian 
plasmas [9-12], generally found in good agreement with measurements of the optical depth for 
various modes and harmonics. In this paper, we propose a new application of ECA as a direct 
measurement of die electron temperature profile and we discuss the implementation and 
experimental test of this method on the Tore Supra tokamak (at this stage limited to the 
determination of the central temperature). The method consists in measuring die optical depth 
of waves propagating along vertical chords, at frequencies close to the electron-cyclotron 
frequency or its first harmonics. Sweeping die wave frequency (typically by 10 %), die full 
absorption line can be measured. In a large and hot tokamak plasma, the width of the 
absorption line is proportional to die maximum electron temperature along die probing chord, 
which allows, in principle, die measurement of die full temperature profile if several chords are 
available. 

Discussion of the method. We consider die ordinary mode at die first harmonic, 
propagating perpendiculary to die tokamak magnetic field along a vertical chord crossing die 
magnetic axis, namely the configuration used in Tore Supra [3]. The optical deptii x0 is die 
integral along the wave trajectory of die local absorption coefficient, given by [13] 

where r is die radial coordinate in a poloidal cross-section, N0 is die real part of the wave 
refractive index, H is the Heaviside function and Eo = mc2(û)c/û> - 1) is die energy of the 
resonant electrons. Since for vertical propagation Co- is nearly constant along die wave path, Eq. 
(1) shows that the width of the absorption line is related to die width Te of the exponential, 
which dominates the frequency dependence of Oo- This is illustrated by Fig. 1, where the 
computed transmission coefficient exp(-to) is shown versus frequency (lower scale) and versus 
Eo (upper scale) for typical Tore Supra parameters (a = 0.78 m, R = 2.36 m. Bo = 3.9 T, neo = 
3 x 1019 nr3) and several values of the central temperature Teo- A temperature profile of the 
type Te(r) = Teo(l - r2/a2)P is assumed, and P is also varied, keeping all die odier parameters 
fixed, for two different values of Teo- It appears diat a large variation of the peaking factor P 
(an order of magnitude) has the same effect as a 10 - 20 % variation of Tc0. Now, die high-
frequency side of the absorption line is determined by the strict relativistic condition Eo > 0 
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Fig. 1 : Computed transmission spectra at 
various TgO and (i= 15 (solid); 
p = 05 (dotted); 0=4J (dashed) 

(i.e., <o < coc). On the other hand, at the 
low-frequency side the resonant energy is 
in the superthermal range, Le., Eo/Te » I. 
This means that, at those frequencies, cto(r) 
is exponentially peaked at the radial position 
where Eo/re is minimum, namely, where Tc 

is maximum. Thus, the value of the optical 
depth at the low-frequency side of the 
absorption line is essentially determined by 
the maximum value of the temperature 
along the wave trajectory, and the width of 
the absorption line is weakly dependent on 
the other parameters entering Eq. (1). 
Since the dependence on the temperature 
peaking factor is weak, a rough knowledge 
of 3 is sufficient for an accurate 
determination of Tço. Conversely, such a 
weak dependence on {3 makes the 
determination of the temperature profile 

(and the necessary inversion) easy for a multiple-chord diagnostic. The density profile has an 
even smaller impact on the line width, since it does not enter the exponential in Eq. (1). 

This relatively simple principle is, in fact, complicated by a number of spurious effects. 
In the actual equilibrium of a tokamak, the magnetic field is not exactly constant along a vertical 
line, because of the poloidal field, magnetic ripple, diamagnetic and paramagnetic effects. The 
most important effect is due to the paramagnetic field, which enhances the toroidal field in the 
central region by a few percent, typically. This causes a global shift of die absorption line, but 
generally also affects the line width, since the wave sees different values of the magnetic field 
along its propagation. Incidentally, the position of the line can be considered one of the most 
precise measurements of the actual magnetic field in the plasma core. Moreover, the ray 
trajectory is not exactly vertical either, and the antennae have finite divergencies. The influence 
of such spurious effects on the determination of the temperature by line width measurements 
can be accounted for by means of numerical calculations of the transmission coefficient for the 
actual experimental parameters. These calculations are based on ray-tracing in a magnetic 
equilibrium including Shafranov shift, poloidal and paramagnetic field, both numerically 
evaluated for a given current density profile. 

Experimental results. We now present die results of a systematic experimental 
study performed on Tore Supra. The experimental arrangement is the following [3]. A narrow 
beam of microwaves (spread angle < 2°, frequency range 77-109 GHz) is launched into the 
torus from a bottom port along a vertical direction intersecting the magnetic axis of a standard 
discharge. The launched beam is amplitude-modulated at die frequency fo = 20O kHz, and the 
received signal is video-detected through a low-pass filter (20 kHz band). The main parameters 
scanned are the density (1019 < nco < 5 x 1019 nr3), the plasma current (0.8 < Ip < 1.5 MA) 
and the heating power (0.5 < PH < 6 MW). Different regimes are explored, i.e., Ohmic plasmas 
(with limiter and/or ergodic divertor), lower hybrid (LH) heating, ion cyclotron heating and a 
combination of the two. This results in temperature variations in die range 2 < TcO < 8 keV. 
The density profiles are measured by a 5-chord infrared interferometer, the temperature profile 
by a 12-channel Thomson scattering system and by ECE using a Michelson interferometer. 
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P/Pj : 

Fig. 2 

90 100 
frequency (GHz) 

: Experimental transmission spectra for 
shot 13552. Ohmic phase. T^ = 3.4 
keV (dotted); LH phase, T^ = 6.6 keV 
(solid) andTa = 7.6 keV (dashed). 

Typical examples of experimental 
transmission spectra are presented in Fig. 2 
(ratios of the detected power P and the 
same quantity in vacuum Pv). The curves 
shown are measured during the same 
discharge, at three different times, 
corresponding to the Ohmic phase (Tco = 
3.4 keV) and to the LH heating phase (Teo 
= 6.6 keV and Teo - 7.6 keV), 
respectively. Note the evolution of the line 
width for different temperatures, similar to 
that shown in Fig. 1, in addition to the 
evolution of the global level of the signal, 
due to changes in refracion. In the Ohmic 
phase the discharge has sawteeth and the 
refraction losses are much larger. Note also 
that the curves corresponding to the LH 
phase display a superthermal absorption 
line at low frequencies, which is generally 
well separated from the thermal one. 

Figure 2 shows that both refraction effects and the presence of a large fraction of supcrthcrmal 
electrons do not generally affect this temperature diagnostic. In order to include cases in which 
superthermal electrons are present, it is more convenient to measure the line widm Af at the very 
bottom of the absorption line. Af is shown versus the central temperature (measured by 
Thomson scattering and/or ECE) in Fig.3, for a wide variety of shots. The general trend of 
proportionality between Af and the maximum temperature along the probing chord (in our case 
nearly central) is evident, despite the large excursion in many plasma parameters of the shots 
analyzed (especially density and current). 
A theoretical evaluation of Af shows that 
for Teo > 1 keV the dependence is 
predicted to be nearly linear, but with an 
offset value and a slope which are weak 
functions of density, current, peaking 
factors etc. When the experimental values 
of density profile, plasma current, 
Shafranov shift, as well as a reasonable 
guess for the temperature peaking factor 
(P = 2) are inserted into a ray-
tracing/absorption code, the central 
temperature can be determined from the 
measured Af with good precision. This 
can be done routinely by means of a fast 
numerical algorithm, using 2-D ray-tracing 
for multiple rays, in order to take into 
account line broadening due to the Finite 
antenna width. The resulting central 
temperature measured by microwave 

0 2 4 6 8 
Te (Thomson/ECE) 

(keV) 
Fig. 3 : Experimental line width vs temperature 

measured in the central region by 
Thomson scattering and/or ECE 
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transmission is compared to the standard measurements by Thomson scattering and/or ECE in 
Fig. 4. It appears that the different methods are in good agreement both in Ohmic and 
additionally heated discharges, and that the error affecting the new method is not larger than that 
of the traditional ones. Note mat the dispersion of the experimental points is panly due to the 
fact that in the data analysis an average temperature peaking factor has been assumed (J3 = 2). 
If several chords were available, Teo and p could be determined simultaneously, and such a 
source of error would be removed. 

Conclusions. A new electron temperature diagnostic has been proposed and 
experimentally tested, based on line width measurements of microwave transmission spectra for 
vertical propagation. The main merits of this technique are related to the good time resolution 
(- 1 ms for the system presently installed on Tore Supra) and to the insensitivity to the presence 
of superthermal electrons, since the thermal and superthermal absorption lines are easily 
separable. Despite the fact that the spectra are strongly affected by refraction losses, we have 
found that the line width is quite insensitive to that and the method works well as long as the 
cut-off is not approached. This is the main advantage of the line width technique with respect to 
methods based on the absolute measurement of the optical depth for optically gray harmonics 
[7], which require an excellent knowledge of the density profile, in order to separate refraction 
losses from absorption. Ray-tracing calculations show that the memod can be extended to 
several chords (in order to measure the full temperature profile) and applied to high-density, 
high-temperature plasmas, by using the 2nd harmonic O-mode. This configuration has the 
additional advantage of being completely insensitive to fast electrons, thus it seems an ideal 
temperature diagnostic method for high-performance LH-driven plasmas in Tore Supra. 

Acknowledgements. We wish to thank B. Saoutic for his help in the evaluation of 
paramagnetic corrections in Tore Supra. 
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Routine average effective charge calculation using visible Bremsstrahlung emission and 
comparison with the impurity transport code of Tore-Supra. 

R. Guirlet, M. Mattioli, C. DeMichclis, W. Hess, A.-L. Pecquet. 
Association EURATOM-CEA, Département de Recherches sur la Fusion Contrôlée 
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Introduction: The effective charge (Zeff) is an important plasma parameter dealing for 
example with the impurity behaviour and the fuel dilution. Thus it is important to get a 
reliable, routinely available Zeff calculation. This is done in Tore-Supra, using a visible 
Bremsstrahlung diagnostic. Here we present the measurements, together with a reliability test 
of die results by means of an impurity transport code simulating all available experimental 
data (XUV line spectroscopy, soft X-ray emission and Bremsstrahlung). 
L Visible Bremstrahlung and Zefr 
1.1. Visible Bremsstrahlung diagnostic [1]: Tore-Supra is equipped with a telescope 
coupled to nine optical fibres guiding the light from nine Unes of sight in a poloidal section of 
the plasma onto interferential filters centered at 5238±5À. The photons passing through the 
filters are then collected by photomultipUer tubes and stored with an acquisition speed of 4 
ms. The filters were recently doubled to reduce the nearby C II 5249.5À Une to a negUgible 
level. Fig, 1 shows the diagnostic set-up. Note the position of the first five (low field side, 
LFS) chords viewing the external wall through die plasma. 
I. 2. Visible Bremsstrahlung typical profiles: Fig. 2 shows (solid line) a typical profile 
during a steady state phase for a low density (<nc>= 2.2 1019 nr3), ohmic discharge. A clear 
enhancement can be seen on the LFS chords, which can be attributed either to an extra 
contribution (molecular radiation has already been observed on Tore-Supra) coming from the 
outside of the confined plasma or to a density excess at the external edge of the plasma. Since 
in this case there is no indication for any unusual high density at the edge, it has to be due to 
an "outside contribution", and has nothing to do with the effective charge of the plasma. This 
effect has been found to be weaker for higher ne as shown on the dashed line profile, which 
represents a similar discharge at <ne>=3.35 1019 nr3. Note that a signal deficiency is visible 
on the innermost chord (at h=-0.4 m), probably due to a misalignment. 

The effect of additional heating (LH or ICRH waves) is similar to the previous one, as 
can be seen on fig. 3 presenting two ICRH heated discharges leaning on the outer limiter. The 
two discharges are identical except for the injected power, respectively 1 MW and 4 MW. 
Clearly the light excess depends on the injected power. However this effect is weaker when 
the plasma leans on the inner wall, due not only to the relative displacement of die Unes of 
sight towards the external edge, but also to die lower plasma-external wall interaction. 

Fig. 4a presents the case of a deuterium, medium density (<ne> = 2.7 1019 nr3) 
discharge with ergodic divertor (ED). The characteristic feature to be noticed for an ED 
discharge is the local Bremsstrahlung enhancement seen only on the outermost chord (h=0.7 
m). Fig. 4b shows the density profiles measured 0 by reflectometry [2] in the equatorial plane 
and ii) by Thomson scattering on a vertical diameter. The outboard Bremsstrahlung 
enhancement might be due to the high edge density measured by reflectometry. 
13. Zeff calculation: The visible Bremsstrahlung emissivity e(r) at a position r in the plasma 
is related to the electron density ne(r) and temperature Te(r) and to the effective charge of the 
plasma ZefKr) through the following expression: 

, , 0-95 IP"13 "eW _ , . m 

e(D= J . g f r - r — Z e f f ( r ) (D 

e being in photons/(s.sr.À.cm3), ne in enr3 and Te in keV; X (in Â) is the centre filter wave
length and gff is the average Gaunt factor for the free-free processes. 
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Since. on one hand, we do not measure the emissivity but its integral B; on die i* 
chord, and on the other hand, an important part of the emission profile is affected by die 
"outside contribution", we use only one of the most central lines of sight for our Zeff 
calculation. Furthermore, our purpose is to build a routine process of Zeff calculation, and so 
die choice of only one line of sight allows to avoid die problems raised by die Abel inversion. 

To use ( 1) we assume mat Zeff is constant over die plasma (which is reasonable as far 
as we neglect die contribution from die edge): 

In addition to the Bremsstrahlung data, die calculation uses Te and ne profiles measured by 
Thomson scattering and interferometry. The Gaunt factor depends on Te and, strictly 
speaking, on die individual impurity ions. This can be taken into account by an impurity 
transport code. For our purpose simplified formulae [3][4] have been used, which differ from 
5 to 10% (but are less sur at low Te values characteristic of die edge region). The Zeff 
uncertainty is estimated to be 30%, mainly due to die uncertainty on ne and on die diagnostic 
geometry. An example is shown on fig. 5, for a tiiree phase discharge: ohmic, 3 MW ICRH 
(light shaded region) and then ICRH after a Neon puff( dark shaded region). 
II. The impurity transport code and related diagnostics. 
II.1. UV and soft X-ray emission diagnostics: Two odier diagnostics are used with the 
impurity transport code: the first one is a grazing incidence spectrometer for XUV emission 
line detection. This spectrometer gives two spectra around, respectively, 30 Â and 250 Â 
every 200 ms and die temporal evolution of C, O, and metallic impurity lines in die confined 
plasma. The XUV spectrometer sensitivity in die low wavelength region has been obtained 
from low-Z targets Ka radiation by using an auxiliary electron gun and an absolutely 
calibrated proportional counter. 
The second diagnostic is a multichord soft X-ray camera with 38 vertical lines of sight. The 
detector sensitivity has been roughly estimated from die manufacturer data and corrected 
empirically to agree witii die numerical simulations in a variety of experimental situations. 
The final uncertainties are 30-40% for line emission between 20 and 120 A and 50% for soft 
X-ray emission. 
H.2. The impurity transport code: The impurity transport code includes subroutines 
evaluating die measured soft X-ray emission and the visible Bremsstrahlung emission [5]. 
The free-free Gaunt factor is evaluated for each impurity ion following references quoted in 
[5]. The impurity flux is obtained as usually adding a diffusive and an inward convection 
term. Since only steady-state phases of the discharges are considered for tiiese simulations, 
the impurity distribution depends only on die transport peaking parameter, a function of die 
ratio of the two transport parameters. A peaking parameter of the order of one is usually 
taken. For comparison witii XUV spectroscopy die brightnesses of die most ionised ions are 
simulated (Lya for C and O and An=0 Be-like ion lines for metals). Since die two Lya lines 
are not central, the poor knowledge of die peaking factor causes an additional uncertainty on 
die line brightnesses. 
III. Comparison of the results: As an example (fig.6) we take the first two phases of the 
case shown on fig. 5. Figures 6a,c superimpose the measured Bremsstrahlung profile and the 
simulation. The agreement is good for the central chords. Figures 6b,d present the same 
comparison for the soft X-ray emission; the agreement is again satisfactory. Corresponding to 
fig 6a,c (ohmic phase) we find Z^Brerns.) - 1.3 and Zeff(simul.) - 1.2 . During the second 
phase (fig. 6c, d, ICRH) the values are respectively 1.4 and 1.35; after the Neon puff (fig. 5, 
t=5.4s), 2 and 1.8 . The differences between the two values might be due to the plasma edge 
emission which should be subtracted from the central chord signal but the agreement is 
however satisfactory. 
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The main difficulties are found in He discharges, for which the Bremsstrahlung 
measurements are significantly lower than the simulations. An overestimate of the He/D 
concentration ratio would produce this effect. 
Conclusion: The Bremsstrahlung brightness profiles depend greatly on the experimental 
program: the LFS chords seem to reflect the plasma-external wall interaction, but the most 
central chords can be used for Zefj calculation in most cases (with the possible exception of 

plasmas with Marfes). The routine Zcff calculation, although not perfect, has the advantage to 
give reasonable (compared to the code) values in various scenarios. The agreement between 
calculations and simulations is surprisingly good considering the various uncertainties 
presented here: these are probably overestimated and should be recomputed. 
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Figure caption: 
1. Visible Bremsstrahlung diagnostic setup; 
2. Visible Bremsstrahlung brightness profile as a function of the viewing chords 

tangency radius for two ohmic discharges: 
<ne>=2.2xlOl9 m-3 (SoUd line) and <nc>=3.35xl019 nr3 (dashed line); 

3. Same as fig.2 without (solid line) and with ICRH (dashed line: 1 MW, dot-
dashed line: 4 MW); <ne> - 4.2 101» or3. 

4.a) Same as fig.2 for an ohmic, ED discharge; b) Corresponding density profile 
measured by reflectometry (+) and Thomson scattering (solid line); 

5. Z e f f time evolution ; light shaded: ICRH; dark shaded: ICRH + Ne; 
6. Simulation (solid line) and experiments (+). same shot as fig.5: 

Ohmic phase: a) visible Bremsstrahlung; b) soft X-rays; 
ICRH phase: c) visible Bremsstrahlung; d) soft X-rays 
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COMPARISON BETWEEN DIFFERENT METHODS OF MAGNETIC FIELD 
DIAGNOSTICS IN BEAM EMISSION SPECTROSCOPY 
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Abstract 

Magnetic fidd diagnostics in tokamaks using the motional Stark effect in fast neutral beams have been 
based on two kinds of polarimetry which we call "static'' and "dynamic''. It is shown that static po-
larimetry presents a number of advantages over dynamic pdarimetry, provided it is made complete in 
the sense that a sufSdent number of polarisation analysers is installed and difierent parts of the spec
trum are explored to yidd full information on the set of unknowns inherent in die problem. A detailed 
scheme of self-calibrating static polarimetry is proposed, indudxng the case where an in-vessd mirror 
with changing characteristics (coating by impurities) is placed in front of the optical detection system. 

Introduction 

In a variety of tokainaks (JET, Dm, PBX, TFTR) the Ha emission of fast injected neutral (H 
or D) beams has been exploited for magnetic field measurements [1-5]. The principle of these 
diagnostics relies on two effects caused by the large velocities of the beam particles. First, the 
electric É =v xB field causes a spectrally resolvable linear Stark splitting of the Ha fine, 
much larger than the Zeeman effect, with part of the components (/r) being polarised parallel to 
É, another part (a) being polarised in the plane perpendicular toJE. Second, a large Doppler 
shift leads to a distinct separation of the main Stark multiplet (associated with the main velocity 
class v of the beam) from those of the other two classes vl-Jl and v / -JÏ, as well as from the 
unshifted Ha fines arising from charge exchange (CX) and from cold plasma edge emission. 

Information on the direction of Ê and thus on that of B can be obtained e.g. by analysing the 
polarisation of the intense central a components. The quantity to be measured this way is the 
angle <p of the projection Bx of B in the plane perpendicular to the atomic beam (see Fig. 1). 
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In order for the diagnostic to be complete, the number of (independent) measured quantities 
should not be lower than the number of unknowns inherent in the problem, hi the absence of 
polarisation changing optical elements, there are three such unknowns: the angle q> (whose * 
détermination is the goal of the diagnostic), the amplitude of the polarised signal, and the in
tensity of the unpolarised background, hi the presence of, e.g., an in-vessel mirror with possi
bly changing characteristics (deposit of impurities), there are two further unknowns, namely 
the reflectivity ratio r and the phase difference S between the s and p polarisation of the mir
ror. It is important to notice that when the number of unknowns exceeds four, complete infor
mation, cannot be found from, one restricted interval of the spectrum (as e.g. the one of the 
central a components). The reason is that the state of incoherent quasi-monochromatic radia
tion, is futty described by four parameters, e.g. the four Stokes parameters. Additional informa
tion has in such cases to be sought in different regions of the spectrum. 

Methods used in the past 

Measurements on JET have been based on static polarimetry, with the intensity being analysed 
at two angles (vertical and horizontal) of linear polarisation [2]. In view of the five existing un
knowns (a metallic mirror in the plasma vessel was at the head of the detection system), sepa
rate information had to be sought on the unpolarised part of the radiation (usually obtained by 
fitting procedures) as well as on the characteristics of the minor (obtained by calibration out of 
plasma operation). Since the wavelength region measured on JET is sufficiently wide to pro
vide all features of the Ha emission including the unpolarised CX and cold edge line, it would 
in principle be possible to exploit the latter for a permanent calibration of the reflectivity ratio 
r of the minor (see the first expression in Eq.(3) below). 

In the DUI, PBX and TFTR tokamaks [3-5], dynamic polarimetry has been employed. The es
sence of these methods is a high frequency modulation of the polarised part of the radiation in 
combination with synchronous amplification and detection of the signal. The radiation is 
transmitted through two photoelastic modulators (PEM) driven at two different frequencies 
co j and a>2, and through a linear polariser which converts the polarisation modulation into in
tensity modulation. An interference fiber is used to select the three strong a components in the 
center of the main Stark multiplet. In the absence of a minor, two signals, namely the intensity 
modulation amplitudes at the frequencies 2<Oj and 2a>2 provide the angle <p. To account for 
the presence of a minor, two further signals are detected [5], namely the modulation amplitude 
at Û)J and a low path signal giving information on the unpolarised background. The method 
requires calibration of the various relative gains. From the four signals detected one obtains an 
expression for the angle <p which depends on the "fifth unknown" of the problem, namely die 
reflectivity ratio r of the minor; the precise value of the latter cannot be determined during 
plasma operation. Since dynamic polarimetry is mtrinsicalry restricted to a spectral interval 
over which the polarisation does not change appreciably, it cannot be extended to procedures 
allowing for the determination of more than four unknowns. 

Self-calibrating static polarimetry "* 

As an example of a set of measurements which is complete in the presence of an in-vessel nrir- 3 

ror we suggest the following anangement. Three linear polarisation analysers set at angles a 
- 45°, 90°. 135° (this choice minimises the photon noise when beam injection and observation 
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are horizontal) and a circular polarisation analyser are used in combination with fiber optics 
and a grating spectrometer covering the total spectral domain of the//*a emission. The spectral 
resolution (typically 4 A) is to be chosen such that the bulk of central a components is still 
well resolved from the neighbouring TT components. The four different spectra (see Fig. 2 for a 
calculated example) are then to be used to determine the intensities I°(4S°)y I<T(90°), 
Ier(I35°), l(q)e(4S°) (superset ? recalling the presence of a quarter wave plate to measure 
circular polarisation) and Ie* (45°), Ie* (90°), obtained by integrating over corresponding 
intervals about the a components and about the CX and cold edge line, respectively. 

0 . 0 5 

0.04 

£480 6500 6520 £540 6560 6580 

As shown by an analysis in terms of Stokes parameters, the angle q> can be expressed from the 
measured intensities as 

q>=arctam 

where If, If, If, If, the Stokes parameters for a components, are given by 

(1) 

If =Ia(450)+Ia(135°) 
If =1° (45°)-1" (135°) 

If = la(4S °) +I"(135 °) -2 -I"(90 °) 
If = Iff(45 °) + Ia(135 °)-2 •I(q),T(45 °) (2) 

while the reflectivity ratio r of the mirror is obtained from the CX and edge line intensities as 

rCX 

r=\ 
1^(90°) 

J/2 

1^(0°) ) 
lcx(90°) 

<2ICX(4S°)-ICX(9(f) r (3) 

Both signs of the square root in (1) may occur, depending on the case under consideration. 
It is noteworthy that the first expression for r in Eq.(3) would be appropriate for the polarime-
ter presently used on JET. 

m the above result for <p all unknowns are eliminated. With regard to an in-vessel mirror with 
possibly changing characteristics this means that the procedure is self-calibrating. Self-
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calibration can also be achieved with regard to possible deviations in the transmission of the 
different polarisation channels (polariser, fiber optics, spectrometer). Any such differences oc
curring for 1(45°), 1(135°), P(450), for example, can be eliminated by renormalising the 
spectra so as to bring them in coincidence for the CX and cold edge line. The procedure thus 
avoids several crucial calibration problems and implies only relative measurements of spectra. 

Finally, it is worth noting that in static polarimetry, when working with the same étendue, the 
errors arising from photon counting statistics turn out to be roughly a factor of three smaller 
than in dynamic polarimetry. m practice, however, static polarimetry uses a grating spectrome
ter with typical étendues (limited by spectral resolution) not exceeding 5 •W'nfsr, while dy
namic polarimetry uses an interference filter and large étendues reaching typically IO~7nCsr. 
The above factor of three is therefore compensated by a factor of -Jw s>4,5 in the square 
roots of the photon counting numbers, and it may be concluded that under their respective 
customary operating conditions both kinds of polarimetry are affected by about the same sta
tistical error. This amounts to an uncertainty of typicsuy 0.1° for the angle <p. 

Conclusion 

"Complete static polarimetry" presents some substantial advantages over dynamic polarimetry. 

When combined with a grating spectrometer (the most common procedure), it is self-
calibrating with respect to an in-vessel mirror with changing characteristics as well as with re
spect to possible deviations in the transmission of the different polarisation channels. This im
plies that the procedure is based uniquely on relative measurements of spectra. Due to the 
possibility of varying the wavelength region and the spectral resolution of the monochromator, 
static polarimetry also renders the diagnostics more flexible. The same diagnostic equipment 
can be used for resolving all features of the Ha spectrum, including the separate Stark compo
nents (e.g. for measurements of diamagnetism) and the CX-hne (e.g. for measurements of ion 
(H*, D*) densities and temperatures) and also for investigating other spectra (e.g. for CX re
combination spectroscopy of impurity lines and the wealth of diagnostics it includes). 

When combined with an interference filter selecting the ^-components (as may be of interest 
when the emphasis is on high time resolution ( « 10 ms, say) so that high étendues are re
quired), static polarimetry looses the advantages mentioned above. However it might still be 
preferred over dynamic polarimetry, because when operating with the same étendue it has the 
benefit of being less affected by the photon noise. 
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