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Introduction:

Lower hybrid current drive (LHCD) experiments have been performed in Tore Supra
in various density regimes. The total power coupled to the plasma reached 4MW and a
strong electron heating has been observed.To investigate the power deposition mechanism
on the electrons, r.f power modulation experiments have been performed.These experiments
allow us to estimate the power deposition profiles on both thermal and non-thermal electrons
and also to study their respective time responses. From these studies it is possible to deduce
a thermal heating scenario which agrees with the experimental results.

Experimental conditions
The LHCD modulation experiments have been performed in helium discharges, at a

toroidal field of 4 Teslas, with a plasma current of 1.6MA and at relatively high volume
averaged densities up to <ne>=5 10^m-3 , kept constant over the rf pulse (Fig 1). The
thermal and fast electron responses are analysed using in particular the following
diagnostics.

A soft X-ray pinhole camera views the plasma along 43 vertical chords
(Ar=3cm,At=500(is) and measures the photon emission in the 2-15 keV energy range.The
signal delivered by a detector can be written as:

i(r)=G ne(r)2 Te(r)a f(Zeff)
where G is a constant, generally a=2 because of the 125fim beryllium filter in front of the
detectors, and f(Zeff) represents the impurity contribution which can be evaluated
quantitatively from VUV spectroscopy and visible bremsstrahlung data.

A set of 6 Fabry Perot and one Michelson interferometers measure both the thermal
and non-thermal responses of the electron distribution function by analysing the E.C.E
spectrum. The Fabry Perots, looking in an equatorial plane (Ar=10cm,At=lms) are tuned to
the second harmonic, 5 of them in the optically thick region (signal mostly proportional to
Te) and the last one at the edge where the plasma is optically thin and therefore sensitive to
the non-thermal electrons. In the latter case,we made sure that the second order transmission
corresponding to the ECE third harmonic has been properly filtered.

A hard X-ray (30-700keV) spectrometer views the plasma along 5 chords (Ar=5cm,
At=ls).

A Thomson scattering system measures the electron temperature (Te) profile (Ar=
6cm , At= Ins with a time repetition of 37ms).



The soft X-ray signal modulations are thought to be caused only by the temperature
modulation as numerical simulations using spectroscopy, Thomson scattering and Fabry
Perot data have shown no significant impurity variation during the r.f. modulations.

Power deposition profiles
For the measurements of power deposition, r.f. power was modulated during 2

seconds, between 1.6 and 2.4 MW, with a 200 ms period square wave. Figure 1 shows the
modulations induced on the soft X-rays, Te and on the non-thermal ECE.

To analyse the power deposition profiles on the bulk electrons, a number of terms have
to be included in the power balance equation, namely the ohmic power source which varies
during the modulation (P<jh). the radial heat diffusion and the power flux arising from the
thermalisation of the fast electrons (PLHCD)-This can be written for the perturbed quantities
as:

nc(r)rXe— TdrhPon+PLHCD ( 1 )
dt rdr dr

Fig. 2 (bottom) shows the experimental power deposition profile on the thermal electrons
deduced from the slope variation of the soft X-ray signals at the switching on and off of the
r.f. modulations. It represents the l.h.s term of the above equation. For comparison fig2 (top)
shows the hard X-ray profiles measured at four different energies (50-100-150-200 keV). We
observe that, at these high densities, the obtained bulk power deposition is quite uniform over
the plasma cross section (r<50cm),whereas the high energy electrons are produced off-axis
consistently with the accessibility criterion [1],

Time responses

To study the time responses of the thermal and non-thermal electrons, further
modulation experiments have been carried out in which the r.f. power was square modulated
from 1.2 to 2.3 MW with the waveform shown on fig.3. This waveform is repeated
successively 6 times during the same shot and has a large frequency spectrum. The sampling
period of the soft X-ray and non-thermal ECE data was T=lms. The line-averaged density (4
x 10 m ) was kept perfectly constant over all measurement chords and corresponds to the
above situation where the high energy X-ray profiles are hollow. Fig. 3 (top) also shows the
non-thermal ECE together with a central chord soft X-ray signal. The following observations
can be made from the respective time evolution of these signals :

- the ECE trace varies on a much shorter time scale than the soft X-ray one, thus
showing a direct response to the fast electron population whereas the soft X-rays do not have
any rapidly varying component (cf. short modulations) ;

- this ECE signal does not in turn contain any slowly varying component. This is not
the case for the other five ECE channels which view optically thick regions and are clearly
influenced by both thermal and non-thermal electron populations.

- although there is a change in the general slope of all the soft X-ray traces when the
r.f. modulation is turned on and off (long modulations), this response establishes itself more
rapidly on the off-axis chords than on the central ones. This indicates that a significant part
of the central heating source is somewhat delayed in time with respect to the off-axis one.

In order to analyse this delay quantitatively we have numerically processed the various
signals [2] assuming that the responses are linear, and obtained approximate z-transfer
functions between the r.f. excitation and the measured data. Simulated data obtained with
these transfer functions and the real r.f. input data are displayed on fig. 3 (bottom) for the
non-thermal ECE, a central soft X-ray chord and an off-axis one.

The slow time response of the soft X-rays is assumed to be related to the first
eigenmode of the heat diffusion operator and shows up as a pole in the corresponding
transfer functions (the related time constant, common to all chords, is found to be 125 ms). It
was not possible to find other realistic poles (higher eigenmodes) and the delayed part of the



transfer function, after the pole has been removed, is assumed to represent the response
Hs(z) of the heat source to the r.f. excitation. In the low frequency domain (0-10 Hz) we can
plot the phase of Hs(z=exp(ju)T)) versus frequency for various chords (fig.4 top) and versus
radius for a set of different frequencies (fig.4 bottom).

For each chord the phase shift increases linearly with frequency at a rate which is
identified as the local build-up time of the fast electron distribution, either from local or non-
local (spatial transport) power absorption. This is supported by the fact that the non-thermal
ECE response (not shown on fig.4) coincides with the r = 35cm line in fig.4 (top), i.e. with a
characteristic time of 8 ms corresponding to the slowing down time of = 250 keV electrons
or to a radial diffusion time.

Furthermore, for modulation frequencies lower than 10 Hz, i.e. much slower than the
fast electron build-up time, the phase delay between the heat source and the r.f. power is
increasing when one moves towards the plasma center and reaches 50 degrees on axis for
10 Hz. This can be interpreted as caused by the radial transport of fast electrons towards the
center, on a time scale T which is of the order of 14 ms as found from the slope of the central
chord curves in fig.4 (top). This diffusion time is of the order of the slowing down time of
the fast electrons which makes difficult the distinction between the two effects.

Conclusion
Although X-ray measurements, accessibility considerations and ray-tracing

simulations [3] indicate that coupling to high energy electrons occurs at half plasma radius at
relatively high densities, thermal power deposition profiles show that fairly uniform bulk
heating takes place across the profile. A detailed analysis of the time response at different
radii exhibits a phase delay at the centre corresponding to a characteristic time of = 14 ms.
This could be explained by a model in which fast electrons diffuse towards the centre during
their thermalisation process. With more precise knowledge of the r.f. deposition profiles,
their diffusion coefficient could then be estimated. For example, assuming that the r.f. power
is deposited with an off-axis Bessel-like profile, e.g. J0(k0r)-Jo£kir) with ko = 2.4 and
k i=5.5, one would find a characteristic diffusion coefficient, D = a / (kj T) ~ 1.4 m /s.

These results have important implications for a reactor-like scenario in which LH
waves will generally not be accessible to the centre. Further experiments are in progress to
study the dependence of the fast electron creation and diffusion on the plasma density and on
the launched LH power spectrum.
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