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Abstract. An overview of the FTU results during the period 1998-2000 is presented. FTU has operated
up to the nominal parameters (B=8T, I=1.6MA) with good reliability. Using the high-speed, multiple
pellet injection system in 8T/1.25MA discharges a phase lasting a few energy confinement time has been
achieved with improved confinement properties with peaked density profiles (n=4×1020m-3) ,  Te≈Ti and
Zeff≈1.3. Up to 14 keV of electron temperature have been obtained at high density using electron
cyclotron resonance heating (ECRH) on the current ramp. The transport analysis shows a very low
electron heat transport in the region with flat/hollow safety factor profile. Synergy studies have been
performed with simultaneous injection of lower hybrid and electron cyclotron waves in 7.2T discharges,
well above the ECRH resonance. Clear evidence has been obtained of electron cyclotron wave absorption
by the lower hybrid produced electron tails. Stabilisation of m=2 tearing modes has been obtained using
ECRH, with subsequent improvement of the energy confinement. Ion Bernstein wave injection in high
magnetic field (B=8T) plasmas has shown the reduction of the electron thermal conductivity in the region
inside the absorption radius possibly due to the formation of an internal transport barrier.

1. Introduction

Compact, high magnetic field tokamaks have the advantage of producing thermonuclear
grade plasmas at high plasma density, low impurity concentration and strong electron-ion
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equipartition. The Frascati Tokamak Upgrade (FTU) (a=0.3m, R=0.93m)  can exploit these
features by working up to a magnetic field B=8T and a plasma current I=1.6MA. During the
last campaign, FTU has been operated up to the nominal parameters with good reliability,
avoiding light-impurity contamination problem. Furthermore, the shot by shot use of the
titanisation system has been fundamental to obtain high performance discharges. Pellet
injection in these conditions allows a substantial increase of the energy confinement time (τE
=H×τITER89P, with H≈1.4-1.7) as long as deep fuelling condition are obtained. A maximum

neoτETio in the range neoτETio≈1020m-3 has been achieved in 8T, 1.25MA, pellet fuelled,
ohmic discharges with low impurity content (Zeff≈1.3) and strong electron-ion equipartition.

Full exploitation of the various heating systems has been made. The Lower Hybrid
system (8GHz, tpulse=1s) is composed by 5 gyrotrons (1MW each at the generator) feeding
5 grills on two FTU windows. One of the two Lower Hybrid structures showed a severe leak
problem and was dismantled during 1999, reducing the power available to about 1MW at the
plasma, a value which has been routinely achieved during the last campaign. The ECRH
system [1] (140GHz, tpulse=0.5s) has been working at a maximum power level of about
1.1MW at the plasma (corresponding to three gyrotrons), making use of the launching system
capability of injecting power at oblique angle with Current Drive (ECCD) capability. The
system has been employed both for transport studies and MHD mode stabilisation. Using
ECRH on the current ramp, a central temperature of 14keV has been achieved at high central
plasma density. Simultaneous pellet injection and ECRH has produced improved confinement
phases. Stabilisation of m=2 tearing modes by ECRH/ECCD has produced a substantial
confinement increase. Furthermore, combined injection of lower hybrid and electron cyclotron
waves in B=7.2T discharges has produced the first clear sign of synergy between the two
waves, with an increase of the order of 1keV of the electron temperature at the injection of
electron cyclotron waves. The Ion Bernstein Wave (IBW) Heating system (433MHz,
tpulse=1s), presently fed by one klystron (0.35MW at the plasma), has been employed in
high magnetic field discharges (up to 8.2T, beyond the FTU design value) to investigate the
formation of RF-induced sheared flows. Possible evidence of a transport barrier formation are
reported in this paper.

2. Steady Improved confinement at high density high magnetic field

Use of pellet injection in conditions where injected particles can be ionised close to the
plasma centre can lead to plasmas with improved confinement as observed in several
experiments [2-6]. Improved confinement is attributed to steep pressure profiles and is called
the PEP mode (Pellet Enhanced Performance) but this improved confinement phase does not
last very long due to the rapid decay of the pressure gradients. In other experiments, such as
ASDEX-U[5], multiple pellets have been used to increase and to maintain high-density
plasmas but typically without deep penetration. Multiple deep pellet injection has been used
in FTU in order to benefit from the high field capability of the device, hence high density
operation, and the availability of a multiple fast pellet injector (up to 8 pellets at 1.3 km/s).

In previous FTU experiments[6], improved confinement was achieved in the second pellet
phase with the following target plasma parameters: line average density n = 1.5×1020m-3, Teo
= 1.5 keV, B=7.1T and I= 0.8MA. Following the second pellet launch, central density was up
to 7×1020m-3 and neutron yield up to 4×1012 n/sec. Transport analysis has indicated that ion
diffusivity was neo-classical.   These high performance plasmas are very sensitive to m=1
internal kink modes, which can grow to a large amplitude and couple, in some case, to more



external modes, leading to mode-locking and disruptions. In the present campaign, technical
availability of FTU has been extended up to 8T, 1.6 MA plasmas with a significant length of
the current plateau (0.6 s at 1.6 MA).  

The  enhanced confinement regimes have been extended up to B=8T, I=1.25MA with
multiple pellet injection, only limited by the availability of pellets and the time duration of the
current plateau. Disruptions were avoided by careful conditioning of the first wall (using
titanisation) and adjusting the target plasma density so as to allow good pellet penetration.
Time interval between pellets was selected to be 100 ms, about one energy confinement time.

As shown in Fig1, the best confinement was achieved during the last sequence of pellets.
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FIG.1 Time traces of line-average density, central electron temperature and neutron yield  for
FTU pulse #18598, with five pellets injected during the 1.2 MA current plateau at B=8 T (edge
safety factor q=3.3).

Quasi steady conditions were achieved with a thermal neutron rate  up to 1.8×1013 n/s, a line
averaged density of 4×1020m-3 (peaked density is estimated to be larger than 8×1020m-3) and
central temperature of 1.5 keV. Core transport analysis shows that, in the post-pellet phase,
the electron thermal diffusivity is substantially reduced (χe < 0.1 m2s-1) and the transport is
dominated by the ion channel which drops to neoclassical levels

TAB.1 FTU RECORD DISCHARGES
SHOT B

[T]
I
[MA]

n
]10[ 320 −m

T
[keV]
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]10[ 113 −s

][mse H89P eTn 00

10[ 320 Kem−

11612 6 0.7   2.1 1.2 0.2 75 1.5 0.4
12744 7 0.8 3.0 1.1 0.5 75 1.5 0.6
18598 8 1.2 4.0 1.4 1.3 80-100 1.4-1.7 0.6-1.0

. The achieved confinement time is above ITER-89P. The resulting values of the fusion
figure of merit, neoτETio, are in the range of 1020m-3keVs  and are achieved in conditions were
electron and ion temperatures are equal and Zeff close to unity. The table shows the relevant
parameters of pellet fuelled shots at various magnetic fields. An accurate density profile was
not available for the 8T shot; the range in the table corresponds to the result of the kinetic



analysis and the confinement obtained from the equilibrium measurements, which
overestimate the energy content.
In an attempt to heat and/or to stabilise m=1 modes, effective coupling of LHCD to high
density, high field plasmas; 1.2×1020m-3, 7.9T, 1.2 MA, 0.8 MW has been achieved.  A 40%
increase in neutron yield together with a 20 % drop in loop voltage and good confinement was
observed with about 1 MW of LHCD power. In some cases, m=1 modes were stabilised. At
the very high density achieved during the multiple pellet phase, LHCD is not effective enough
with the presently available power to really affect the plasma behaviour.

Several 1.6 MA discharges were obtained during the last week of FTU high performance
operation. Pellet injection, up to three pellets, was studied. Some of the discharges were
terminated by a disruption for reasons under investigation, likely linked to the lack of tuning
of the operation with pellet injection.  MHD activity which could be associated with high
plasma current density operation (qedge= 2.5) has not posed significant problems.

Steady neutron yield of 1013n/s was achieved in the post pellet phase, one of the
highest achieved so far in FTU discharges. It confirms the trend indicating that performances
of multiple pellet operation increase with increasing plasma current.

A new correlation reflectometer has been installed on FTU. Its results show a similar
structure of turbulence spectra as  that observed on other machines such as T10 (broadband,
quasi coherent,  low frequency). Pellet induced high confinement discharges show the three
components in core turbulence and only the low frequency component in the periphery [7].  

3. ECRH on the current ramp and with pellet injection

The control of the current density radial profile can be a tool for reducing the level of
turbulent fluctuations causing anomalous transport. The formation of transport barriers with
flat or hollow current density profiles has indeed been shown in several tokamaks[8-14]. On
FTU, the transport behaviour in these conditions has been investigated by heating the plasma
with Electron Cyclotron Resonant Heating (ECRH) during fast current ramps. If the ramp rate
of the plasma current is sufficiently fast, the skin effect drives the plasma current
preferentially in the outer part of the discharge producing a non-monotonic current density
radial profile. Moreover the detail of the plasma startup conditions, the impurity content and
the gas feed can influence the shape of the current profile. In addition, during plasma current
ramp-up sawteeth are absent, and the underlying heat transport mechanisms can be disclosed.

The FTU ECRH system allows to perform such an investigation at high magnetic field
values (B=5.3T) and high plasma density (n<2.4×1020m-3). Power deposition by ECRH is
well localised; this allows to check the radial temperature profile response to variations of the
location of the resonant absorption radius, and to determine the influence of the electron free
energy sources on turbulent heat transport. Furthermore, by changing the current ramp rate
and the startup conditions a variety of current density profiles can be obtained, and the
stability of the discharge is accordingly affected.

In the following figures, the electron temperature radial profile is shown at different times
during the ECRH phase for two discharges with different location of the resonant absorption
radius. No MHD activity was present during the profile evolution shown, so that the profile
shape is  governed by heat transport only. Very high central electron temperature values (up
to 14keV at line average densities around 0.4×1020m-3) have been achieved with central
resonance. These are among the largest electron temperature values achieved so far in a
tokamak. Since the electron distribution function inside the power deposition layer is non-
maxwellian, the strong peaking of the radiation temperature is apparent and corresponds to a



nearly flat energy profile in that region, with an effective electron temperature about 70% of
the maximum value. Electron heat transport is dominated by thermal diffusion as exemplified
when off-axis resonance is used.

    

FIG.2 Off-axis ECRH, 0.9 MW; electron
temperature profiles before ECRH (dashed)
and during ECRH, after 6, 11, 16 ms. Shaded
area indicates the localization of the ECRH
power

FIG.3 Central ECRH, 0.9 MW; electron
temperature profiles before ECRH (dashed)
and during ECRH, after 3, 8, 13, 23 ms

The distortion of the electron distribution function is evident in the ECE spectra, measured by
the Michelson interferometer, since both the third harmonic emission (which is nearly
optically thick) and the downshifted second harmonic emission are well below the level
implied by the central electron temperature. This result is consistent with the apparent
peaking of the central electron temperature induced by a distortion of the bulk of the electron
distribution function, as suggested by kinetic simulations[15]. Differently from other RF
induced distortion, which typically produce energetic tails, in this case slope temperature of
the electron energy distribution increases at energies below the thermal one.  In order to
measure the structure of the electron distribution function at low energies, an oblique ECE
diagnostic was installed on FTU in collaboration with CIEMAT.  It started operating at the
end of the last experimental FTU campaign, and some preliminary data, with 400 kW of on-
axis ECRH, have been obtained

Tearing modes and fast mixing events have been observed which can affect the transport
properties in the internal region. Core confinement improvements have been observed when
the minimum q was close to integer values and a stability window for MHD modes is
expected.

The thermal diffusivity remains low even at extremely high values of the electron
temperature gradient, i.e. in the presence of strong free energy sources which might drive
turbulence[14,16]. This may be due to the beneficial effect of a flat/hollow current density
profile on plasma turbulence theoretically predicted and experimentally observed also on other
tokamaks. Note that improved confinement in other tokamaks was mainly achieved either at
high Ti /Te ratio or at low densities, whereas in FTU low thermal diffusivities  are obtained at
high density and high electron temperature.

The injection of high-speed solid deuterium pellets can improve the global energy
confinement (by generating peaked pressure profiles), reduce ion transport to the neoclassical
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level and suppress the sawtooth activity (generally by modifying the plasma current profile).
Electron Cyclotron Resonance Heating has been used to increase the electron temperature in
these very high density regimes, and to study the heat flux in the presence of a well-localised
heat source[16].

As the central density is above the cut-off value (ncr=2.4x1020m-3 at 140 GHz), optimum
heating conditions are achieved with off-axis resonance. Central heating is affected by cutoff
problems; as the ECRH power reaches the plasma centre, a strong density pump-out occurs,
causes of which are being analysed. The cutoff is avoided by placing the resonance at r=a/3; a
moderate pump-out is observed in this case. Neoclassical ion heat transport and a subsequent
improved global confinement can be transiently achieved in the optimised conditions. The
duration of the improved regime is limited by the onset of an internal kink (m/n=1/1)
instability that leads to a decrease of the central density and a degradation of the ion
confinement. A way to control the evolution of the current profile (with LHCD for instance)
or to stabilise the kink mode will be needed to prolong the improved confinement phase.

4. Formation of a reduced transport barrier during IBW injection

Ion Bernstein waves (IBW) have been proposed as a possible tool for pressure profile
control in tokamaks. Theoretical calculations[17] show that, close to the absorption radius,
IBW produce a sheared poloidal flow which, at sufficiently high power, can stabilize the

FIG.4 Temperature (scale on the left) and density (scale
on the right) radial profile during the ohmic phase
(blue) and during IBW heating (red) showing 
simultaneous peaking of both profiles close to 
absorption radius (the vertical dashed line).

FIG.5 Thermal diffusivity (continuous line, scale on 
left) and pressure radial profile (dotted line, scale 
the right) before (blue) and during (red) IBW heating
showing the reduction of the heat diffusivity in the 
part of the discharge.

turbulent fluctuations responsible for particle and heat transport. Previous results from PBX-
M[18] gave some support to this possibility, whereas DIII-D[19] and TFTR[20] found no
evidence of transport reduction. The IBW experiment on FTU is designed to minimize
spurious effects, such as impurity release from the antenna, using a phased waveguide array



for coupling the RF power[21]. IBWs have been injected in FTU up to a coupled power of
0.35 MW (the present maximum available power) at the frequency of 433 MHz,

corresponding to a RF power density of 15 MW/m2. In order to have good core absorption
and no peripheral damping, a hydrogen plasma at B = 7.9 T was chosen. The 4th ΩH ion-
cyclotron harmonic resonant layer was located at about one third of the minor radius; thus, full
IBW power absorption is expected at such a radius.

In these operating conditions, the IBW power injection produced a simultaneous
increase of the central electron temperature (up to 2 keV) and peaking of the plasma density
[22]. This result is shown in Fig. 4 and the corresponding increase in pressure profile is shown
in Fig. 5. This figure also shows the electron thermal diffusivity profile obtained by the
transport analysis. This analysis was performed using as an input in the JETTO code the
experimentally determined electron temperature and density profiles, the equilibrium
configuration, the radiation profile and the effective ion charge. The deposition profile
expected from the linear theory and neoclassical resisistivity were assumed. As a result, a
reduced central electron diffusivity (up to an order of magnitude) is obtained during IBW
injection, without any significant change of the ohmic power profile. The thermal diffusivity
shows a reduction from the resonant layer to the axis. A local increase of the plasma pressure
gradient is also observed, in agreement with the prediction of theoretical models for ExB
sheared flow generation by IBW.

5. Synergy studies in combined injection of LH and Electron Cyclotron waves

Synergistic effects between Lower Hybrid (LH) and Electron cyclotron (EC) radio-
frequency waves have been observed for the first time at a substantial power level in the FTU
tokamak. Motivation for these studies was the prospect to combine their most interesting
features, namely a high current drive (CD) efficiency for LH waves and a very localised,
tuneable, and effective heating for EC waves. Indications of this interaction have been
previously observed in other tokamaks [23].  Clear macroscopic effects have never been
reported due to a series of limitations (transient scenarios, low plasma density and therefore
electron collision time of the fast electrons larger than the radial diffusion time, low ECW
absorption). The FTU experiment is equipped with more powerful RF sources (PLH up to 0.9
MW at fLH=8 GHz; PEC up to 0.75 MW at fEC=140 GHz), and relevant reactor characteristics:
magnetic field of 7.2 T and central plasma density up to 0.7×1020 m-3 in the reported domain of
studies. In effect, very good current drive efficiency is achieved  with LHCD alone at high
magnetic field (7.2T) and full current drive has been obtained with an LH power of about 1

MW, neo = 0.5 10 20 m-3and I=400kA, the central electron temperature reaching 4 to 6 keV.

  The  synergy LHCD-EC is characterised by a substantial heating of the electrons at a
magnetic field much higher than the resonant magnetic field for electron cyclotron resonance for
which no heating is observed without LHCD. Energetic electron tails, which provide a
substantial damping of EC waves, are enhanced and a consequent increase in electron
temperature and current drive is observed. Up to 60 to 70% of EC power is estimated to be
absorbed in this process. For BT= 7.2 T , the cold EC resonant value (BT= 5 T) is well outside
the FTU vessel. The EC waves (O-mode, outer perpendicular launch) cannot interact with the
bulk electrons, whereas they can be absorbed by the suprathermal electrons tail induced by
LHCD, because the relativistic mass down-shifts the resonance frequency. Absorption of the
EC power is evident for almost all conditions of density and current, as deduced from the fast
EC emission, the hard X-ray (HXR) camera. Absorption can be as high as 70%, according to
the probes detecting the escaping EC radiation. However macroscopic effects are observed



only when the fast electron tails are concentrated within a normalised radius r/a ≤0.3 and for
ne ≤0.6x1020 m -3. These conditions are likely to be due to the need of a sufficiently high
suprathermal electrons density, which is presently limited by the available LH power.
The EC power produces typically a slight increase of density, a clear drop in the loop voltage V loop,

Density

Loop Voltage

PLH PECW

Central Te

)

FIG.6 Time traces of density, loop-voltage, LH
and ECRH power; central temperature during
combined injection.

FIG.7 Thomson Te(r) profile at different times:
Ohmic phase (red), LH (0.6 MW) only(violet),
LH+ECRH (0.6+0.35 MW: green; 0.6+0.7 MW:
cyan)

and an increase larger than 1 keV in the central electron temperature (Fig6). The variation of
the loop voltage, Vloop, is consistent with an extra driven current of about 10% (35-40 kA out
of 350 kA total). Compared to the LH only phase, the electron temperature profile Te(r)
increases all over the region with r<10 cm (r/a<0.3), with ∆Te0 doubling as the EC power
doubles (Fig 7). The HXR data do not show large changes of the radial profile during the
EC+LH phase, whereas the level of the signal is significantly increased. From the time
evolution of the electron distribution function, estimated from HXR measurements, the EC
perpendicular emission has been simulated in very good agreement with the measured spectra
from the Michelson interferometer . A simulation [24] has been made including propagation of
LH waves ,  build up of the fast electron population and down shifted damping of the EC
waves. A multi-pass damping has to be included in order to reproduce the 70% absorption.
The good agreement between HXR data and simulation  indicates that the physics of the
interaction EC waves – fast electrons is satisfactorily understood. This technique open the
prospect to use EC waves at a different field than the resonant field.

6. Tearing mode dynamics during ECRH

Tearing modes are systematically observed in FTU plasmas with high edge safety
factor and low density. The increase of plasma pressure that can be induced by ECRH close
to the plasma centre allows studying the dynamics of these modes as a function of the
poloidal beta and to compare the results with the predictions based on neoclassical MHD
models.
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6.1 Neo-classical tearing mode dynamics
Two types of response of tearing modes to the effects of localised heating have been

identified in FTU. The interpretation of these experimental results led for the first time to
identify the detailed mechanism governing the rotation of toroidally coupled and uncoupled
magnetic islands, associated to finite inertia and wall braking.
High power Electron Cyclotron Resonance Heating (ECRH) experiments have been performed
on the FTU tokamak with the objective of controlling the MHD activity by fine adjustments
of the position of the RF power absorbing layer. The fundamental resonance scheme at
140 Ghz was used. A power PEC=800 kW was injected slightly off-axis in plasmas with
major radius R0=0.97 m , minor radius a=0.27 m, toroidal magnetic field B=5.6 T, low plasma
current (Ip≈350 kA), and high safety factor values (qa ≈6). At these high qa values, sawtooth
relaxations are small or absent, while MHD oscillations with poloidal number m=2 are
observed in many cases. As a consequence of a moderate re-shaping of the current density
profile and of a substantial increase of the plasma pressure induced by ECRH, the MHD
oscillations are strongly amplified (Fig. 8), if the absorption radius rabs≈rq=1< rq=2. The
oscillations are detected by a fast ECE multichannel polychromator, by an array of detectors
for soft X-ray tomography and by a set of Mirnov coils. Cross-correlation analysis shows
that the poloidal and toroidal periodicity of these fluctuations is m=2, n=1. In some cases, an
m=1, n=1 component is detected in the central region.

The oscillation frequency transiently increases as ECRH is applied, and then it slows
down to locking while the area of profile flattening remains constant. The frequency evolution
for a pure m=2, n=1 mode (#15469) is shown in Fig. 9. In another case (#14979) an m=1
mode is excited as a sideband by toroidal coupling to the m=2, n=1 tearing mode.

1

1.5

2

2.5

3

3.5

4

0.59 0.61 0.63 0.65 0.67

T e
(k

eV
)

t(s)

r=0.9 cm; r/a=0.03

r=7.6 cm; r/a=0.3

ECRH ON - 800 kW

#15469

T
e,ECE

0

1000

2000

3000

4000

0

1

2

3

4

0.58 0.6 0.62 0.64 0.66 0.68

exp.
calc.

w2,1 calc. 
w

2,1
=δT

e
/grad<T

e
>  exp.

f(
H

z)

w
(cm

)

t(s)

#15469frequency

FIG.8 Te from two fast ECE channels (shot
#15469), tuned close to the plasma center (top,
r/a=0.03) and to the position of maximum
temperature oscillations (bottom, r/a=0.3)

FIG.9 Time evolution of the measured and
calculated  island width  and rotation
frequency  for FTU shot #15469.

The frequency evolution of this case (Fig.10) is more complex than that of shot #15469
because here, as explained below there is a joint evolution of the m=1 and m=2 modes
terminating with uncoupling of the m=1 from the m=2 while the latter locks to the wall. An
interpretation of the observations and of the possible triggers of the modes can be given,
through a suitable model for the evolution of the island width and rotation frequency. A non-
linear dynamic model has been developed [25] extending the procedure introduced by
Rutherford for large R/a, and resistive MHD ordering.



On the basis of the model presented in Ref. [25] the following interpretation can be
given of the evolution of the rotation frequency shown in Fig.9 [26]. Before application of
ECW power a marginally stable m=2 mode is rotating at a constant frequency ω2

corresponding to the local electron diamagnetic frequency ω*m /2π~3kHz. The RF power
input increases the pressure gradient and the frequency ω*m /2π grows to 5 kHz while the
mode is destabilized becoming a large rotating island. Subsequently (t>0.62) the island slows
down in two stages. It can be stated that while the first stage with ω2 ∝ W−1 (with W being
the island width) corresponds to the inertial effect of the growing moment of inertia of the
rotating island, the second stage is due to the wall eddy currents braking torque. This
interpretation is supported by the results of the simulation  shown in Fig. 9, where the
calculated island width and mode frequency are compared with the measured ones. This
shows clearly for the first time an inertial effect on rotation of a magnetic island, therefore
clarifying their dynamic evolution.
The second important case of tearing mode frequency evolution is shown in Fig. 10 (shot
#14979) together with the evolution reconstructed using the full system of coupled equations
[26]. In shot 14979, two modes (m=1, n=1) and (m=2, n=1) are observed that rotate tightly
coupled at the natural frequency of the m=2 island, ω∗2 /2π ≈ 3kHz . When through wall
braking the m=2, n=1 mode is locked, the m=1 keeps rotating uncoupled and eventually
decays in amplitude. The numerical results of the model reproduce the essential features of the
experimental observations; this confirms the role of inertia and wall interaction in determining
the phase relations necessary for coupling.

6.2 Tearing mode stabilisation
The dynamics of TM strongly depends on the radial position of the absorbing layer,

to the extent that the (m=2,n=1) mode is fully suppressed if absorption occurs inside the
magnetic island [27]. The width of the saturated island, as given by the amplitude of the
corresponding flattened region of the Te profile, is w≈3 cm=0.1a, which is comparable to the
size of the EC power deposition profile δabs=2.5 cm. Fine tuning of the absorption position
with respect to the island, necessary for TM stabilisation, is achieved by steering the EC
beams [28] and not by changing the toroidal magnetic field, which represents a step forward
towards the active control and suppression of TM by EC waves.

Poloidal localisation of the absorption is as important as well. In fact, if the island is
locked to the walls, in a position unfavourable for stabilisation, ECRH has no effect. In order
to be suppressed, the island must rotate, allowing absorption at the O-point at each turn.
Stabilisation is therefore achieved by smoothing out the m-order current density distortion on
the resonant surface, and not by a local flattening of J(r) and the consequent reduction of the
destabilising ∆’ term. This is also consistent with the low power threshold necessary to
achieve stabilisation, which is found to be PECRH≈0.15POH. If a change in the magnetic shear
around rq=2 would be the origin for TM stabilisation, as for the case of sawteeth stabilisation, a
power in the order of the ohmic one would likely be needed.

Stabilisation occurs even in the presence of a coupled (m=1,n=1) mode, which
vanishes a few ms after the suppression of the driving (m=2,n=1) mode. Since the presence of
coupled modes contributes to mode dynamics, in reactor applications for NTM stabilisation
their presence shall be carefully considered both for adjusting the necessary power level, and
for identifying the main driving mode, the first to be stabilised.

Stabilisation is achieved by ECRH, with perpendicular launch of the EC waves from
the low field side. Experiments performed with ECCD, co and counter driven with respect to
the ohmic current, and located at the same radial position as for pure ECRH, have shown no



difference in the stabilising effect. The negligible role of ECCD with respect to ECRH is due,
in the cases considered, to the modest current drive efficiency in the relatively low Te values
at the absorption position. At the much higher temperatures expected in fusion plasmas where
NTM stabilisation is required, the ECCD contribution should become dominant over ECRH.
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After TM stabilisation, core confinement of both energy and particles is strongly enhanced.
The peaking of the profiles following TM suppression may lead to the development of
standard sawteeth, which in turn determine profiles no more unstable with respect to
(m=2,n=1) tearing mode. It may happen, therefore, that (m=2,n=1) mode does not re-appear
after removal of the stabilising EC power.

7. Impurity transport studies

Impurity transport and temperature effects have been studied at FTU, by means of
mid – high  Z  elements (Fe, Ge, Mo, W),  for high temperature ECRH heated plasmas.  These
experiments have been performed in collaboration with the Johns Hopkins University (JHU)
and the Lawrence Livermore National Laboratory (LLNL). Medium-high Z elements have the
advantage not to be fully ionised even at very high electron temperature (tens of keV) and to
exhibit a large variety of soft X and VUV emissions very sensitive to the local plasma
properties like temperature, non thermal effects, turbulence, changes of transport properties
and so on [29] . X-ray emissions (L-shell) of intrinsic Mo in the core, heated by ECRH power
at about 8 keV during the current ramp up with a magnetic shear still negative or zero, revealed
a negligible impurity transport and a central impurity peaking [30].

8. Future plans

FTU will resume operation at the beginning of 2001. The reinstallation of the second
LH launcher will allow to double the power available to the plasma. A multi-junction will
replace one of the grills to test the feasibility of this coupling scheme for FTU plasmas. The



IBW power capability will be upgraded by inserting a second launcher which should bring the
total available power up to 0.7MW. A boronisation system will be installed at the end of the
present shut-down to improve the wall conditioning capability.

The modifications of FTU to allow the investigation of D-shaped plasmas (up to a
plasma current of 0.45MA for single null operation) has been proposed and might start during
the year 2002.
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