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Abstract. The dependence of the local effective electron thermal diffusivity and of the global energy
confinement on the intensity and the distribution of the heat source is explored in ECRH experiments performed
on FTU tokamak. Energy transport is analysed by applying a dominant EC heating with Pecrh‡0.8 MW and
Poh¯0.2 MW during ECRH, at the frequency of 140 GHz correspondent to the fundamental electron cyclotron
resonance at Btor=5 T. In order to discriminate the underlying diffusive transport against internal disruptions
events, ECRH is also used to stabilize sawteeth. In these conditions, the predominance of ECRH over OH allows
a good estimate of heat fluxes. Ion heating in the order of Ti/Ti¯30% is observed in experiments with central
density up to ¯10 20 m-3 .

1. Introduction

The peculiar properties of the electron cyclotron heating (ECH), including high power density
and wide range of energy deposition profiles in the plasma, allow the modification of current
density profiles with the suppression of the sawtooth activity during the flat top of the plasma
current. A detailed study of the energy transport properties can be performed in this quiescent
condition. In the recent experimental campaign on the FTU tokamak (R=0.93 m, a=0.3 m) the
sawtooth suppression has been achieved in a typical deuterium plasma target of ne=0.8-0.9
1020 m-3 line averaged electron density, 400 kA on the flat top (safety factor at the edge¯6).
Different heating schemes has been successfully employed, using both poloidal steering of
the two available EC beams [1] and toroidal field adjustments in the range of 5.4-5.8 T. In
this series of discharges up to 850 kW of ECH waves were launched in ordinary polarization
from the low field side, in pulses lasting up to 0.5 s. The typical ohmic power (POhm)of the
plasma target was about 420 kW, decreasing at about 200 kW during the EC heating due to
the modification of the plasma resistivity with the electronic temperature. The plasma density
was sufficiently high to give remarkable effects on e-i coupling and power transfer (Pei).
The energy transport analysis, mainly interpretative, has been conducted using the EVITA
code that solves the time dependent equations for the poloidal magnetic field and for the
electron and ion temperatures. The plasma geometry from equilibrium reconstruction, the
electronic temperature from ECE measurements, the plasma line averaged density from DCN
and CO2 laser interferometers, the neutron yield, the visible bremsstrahlung radiation, the
radiation losses (PRad) from bolometric measurements and the calculated power density
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FIG. 1 Electron temperature time traces for different
heating schemes.

deposition of the EC beams (PEC) have been used as input data [2].  A consistency check of
the calculated quantities was performed comparing calculated and measured neutron yields
and loop voltage. The effective electron thermal diffusivity  χe is evaluated from the equation
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where the left-hand term is the normal electron heat flux averaged on the magnetic surfaces of
radius ρ. The heat flux is evaluated from the power balance equation for the electronic
population:
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where V is the plasma volume and W the electron thermal energy.

2. Sawtooth stabilization

Sawtooth stabilization was achieved following a few different heating schemes [3]. With a
toroidal field  B0=5.2 T (at the vacuum vessel center) and no poloidal injection angle the

absorption layer is located on the
magnetic axis of the plasma. The
shots shown in fig. 1 represent a scan
of the toroidal field and of the
poloidal angle of injection. Prompt
stabilization occurs for #18255
(B0=5.6T) where the poloidal angles
of launch for the two beams were
adjusted to locate the absorption at
rabs=8 and 9 cm respectively from the
magnetic axis (see fig.2) and for
#18282 (B0=5.5T, rabs=6 and 10.5
cm). Delayed stabilization occurs for
off axis deposition as in #18281
(B0=5.6T, rabs=9 and 16 cm) and in
#18290 (B0=5.8T, rabs=10.5). At the
level of EC power available, no
stabilization occurs if the absorption
layer is inside the inversion radius of

the sawteeth, about 5.5 cm from the magnetic axis, as for #18285 (B0=5.4T, rabs=4 and 9 cm).
The central electron temperature suffers a progressive decreasing starting as soon as sawtooth
suppression is achieved. That is due to impurity accumulation at the plasma center, as the rise
in the soft x rays and bolometric measurements indicate. A moderate increase of the electron
density is also observed. The effect on the global stored energy is negligible for the case of
nearly on axis EC deposition (#18255, #18282) but it becomes significant for the off axis case
(#18281, #18290). This suggests a relationship with the plasma volume enclosed in EC
deposition.

3.1 Energy transport analysis

The transport analysis shows that the local electron power balance becomes everywhere
negative with the exception of the EC absorption region when EC heating is switched on (see
FIG. 3) for both on axis and off axis cases. In the balance also the e-i energy transfer is



relevant. In #18282 for example the maximum
ion temperature increases from 0.91 to 1.15
keV (26%), and the temperatures ratio is
Te/Ti=1.6÷2. The experimental neutron flux
time behaviour is fitted for a ion thermal
diffusivity 4 times larger than neo-classical
theory. During the EC heating, the ion
population drains from the electrons more
power than available from local ohmic heating
in the plasma core. A similar consideration
holds for the radiation losses in the plasma
core, where the radiated power is greater than
the local heating source. This effect is clearly
visible in the electron temperature profile that
appears hollow due to the local negative
power balance. Whatever is the main heat
transfer process, it appears to be dominant in
the local power balance and in shaping the
temperature profile.
The ratio between EC power and ohmic one is
about 2 at the switching on and it remains
almost 4 during the whole EC pulse. The heat
flux outside the EC absorption region as far as
2/3 of the radius is therefore mainly due to the
EC power, which profile can be evaluated with
less uncertainty in respect to the other terms of
the power balance equation. This allows a
reliable estimate of the effective thermal
diffusivity.
As the FIG. 4 shows, the electron diffusivity
steps across the EC heating profile, dropping
near or below the ohmic value in the inner side
and increasing outside. This occurs apparently
regardless of the position of the EC absorption
in the plasma column. This process is switched
on in a very short time scale (few ms) at the
EC heating start, and lasts along the whole
pulse. FIG. 5 shows this calculation for
#18290. In spite of negative local power
balance in the core of the plasma (about 200

kW inside the EC absorption radius), the temperature profile remains peaked, then a certain
amount of heat is transferred against the electron temperature gradient.  The presence of a
step in the diffusivity is a feature relatively independent on the local power density level,
since it appears for both the case of beams converging on the same absorption radius
(#18290) or not (#18281). Another feature to be considered is the flattening of the magnetic
shear profile near the radius of the EC deposition as illustrates FIG.7. For the off axis case,
the flattening radius also corresponds to a local minimum in the diffusivity (FIG. 8).
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FIG. 2. .  Electron temperature profile
from ECE and EC power deposition at
30ms after the ECH start for different
heating schemes.



3.2 Evaluation of the power balance errors

In order to estimate possible causes of error in the thermal diffusivity calculation due to
uncertainty about the source and sink terms, the heat flux was evaluated supposing the
maximum possible error in the location of the EC heating profile, and the power density was
accordingly changed preserving the total EC power. Moreover, the shape of the deposition
profile was broadened and sharpened. The main features of the diffusivity profile remain
unchanged. Since the negative part of the diffusivity profile is located in the inner side of the
plasma in respect to the deposition profile, also an error up to 100% in the ohmic and
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FIG. 3 .Local power balance for #18281 FIG.4 Electron thermal diffusivity and power
sources for #18281
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radiation power densities in the center were supposed. The range of this variation of source
and sinks terms has been chosen maintaining a reasonable agreement with the experimental
data, line or volume integrated. Results of this calculation are shown in figure 6 for #18290.
Also in this case the main features of the diffusivity profiles are unchanged and it is
particularly clear for #18290 that it still goes negative.

4. Conclusions

Stabilization of the sawtooth activity in plasma scenarios with high electron density is
achieved  if PEC>POH and  the absorption is outside the inversion radius. The impurity
accumulation starting in the plasma core after stabilization and the electron-ion thermal
exchange limit the electron temperature peaking. The analysis of the energy transport has
been performed  for moderate and significant off axis EC deposition. Due to the decreasing of
the ohmic input at the ECH switch-on the power balance becomes everywhere negative
except that in the deposition region. In all cases studied the effective electron thermal
diffusivity presents a clear step across the deposition region, decreasing inward and
increasing outward. In cases with strongly localized off axis ECH deposition evidence of
energy transport against the electron temperature gradient is found.
Presence of effects due to heat transfer not driven by temperature gradient were early
suggested in [4] and recently in [5,6], but the understanding of its physical mechanism is still
an open question.
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