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Abstract. Recent ECRH experiments in FTU have provided new results in two plasma scenarios, both
characterized by the absence of the sawtooth activity and by flat or reversed g profiles. The first is the current
ramp-up phase where low density plasmas have been heated up to high electron temperature. When the heating
is localized on the plasma axis, the high additional power density has produced the evidence of a deformation of
the bulk of the local electron distribution function, which is in agreement with the results of a detailed kinetic
simulation. When off-axis heating is applied, no clear evidence of non-diffusive energy transport has been found.
In the second scenario, ECRH has been applied on the high density plasma produced by pellet injection,
resulting in strong ion heating as shown by the increase of the neutron yield. The analysis of this scenario shows
that, when the post pellet phaseis MHD quiescent, an enhanced energy confinement regime can be obtained with
ECRH asfound previously in ohmically heated post-pellet plasmas.

1. Introduction

Plasma scenarios where sawtooth activity is absent permit to study the energy transport in the
plasma core. In the recent experimental campaigns on FTU (R=0.93 m, a=0.3 m) ECRH
(Electron Cyclotron Resonance Heating) has been applied in two different scenarios, both
characterized by the absence of sawtooth activity. In the current ramp-up phase very high
values of electron temperature (15 keV) and temperature gradients are achieved with ECRH
[1] in low density plasma, in conditions of low electron-ion coupling. Results at higher
density have been obtained with pellet injection, where the cooling of the plasma core
induced by the pellet inside the inversion radius produces a widening of the current density
radial profile that suppresses the sawtooth activity. The post-pellet plasma target is
characterized by high electron density, with a peak value near to the cut-off density (2.4x10%°
m™) of the 140 GHz ECRH system [2] and by peaked density profiles. In these conditions
clear evidence of ion heating has been obtained. ECRH operates at the fundamental



frequency, with perpendicular, low field side launch and ordinary polarization, so that the
resonant magnetic fieldis5T.

The energy transport analysis has been performed using the EVITA code that allows both the
interpretative and the predictive time-dependent analysis of a plasma configuration. The code
solves the diffusion equations for the poloida magnetic field, the electron and the ion
temperatures using the plasma geometry obtained from the equilibrium reconstruction code,
based on the magnetic measurements. Electron temperature is measured by ECE analysis and
by Thomson scattering. Plasma density profile is evaluated by the inversion of the line
averaged densities measured by a 5 chords DCN interferometer and a 2 chords CO,
interferometer. In the case of the pellet
injection the Thomson scattering density
profile are also used in the elaboration. The
value of Z effective is obtained by the
visible bremsstrahlung signals. Radiation
losses are measured by a 12 chords
bolometer array. The code evauates the
neutron yield which is compared to the
experimental value to obtain information on
the ion temperature. Deuterium is the
working gas for al the described scenarios.
The current density profile is obtained by
the solution of the diffusion equation for T R
the magnetic poloidal field and it has been 0 0.05 0.1
checked that the obtained profiles are t(s)
consistent with the MHD behaviour of the FIG. 1. Time traces for pulse 15020: a) current;

plasma discharges. b) density (peak and line average); c)
temperatures; d) ECRH power (on-axis heating).
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2. Current Ramp-up Experiments

The typical scenario of the current ramp-up experiment is shown in FIG.1. The peak electron
temperature attains 14 keV with 0.8 MW on-axis ECRH power at a line averaged plasma
density <nl>=4x10" m. Edge safety factor is g.=5 at the time of the maximum temperature.
Due to the low density the ion temperature is low (T; < 1 keV). FIG. 2 illustrates the radial
profiles of the electron temperature and the radial gradient of the electron temperature exceeds
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FIG.2 Electron temperature profiles at FIG.3. Energy flux versus n[JT in the
t=0.050 (ohmic,dashed), 0.060, 0.070, core (r/a<0.15) at the time of maximum
0.080, 0.095 s for on-axis ECRH. temperature for on-axis ECRH (12658

0.4 MW, 14669 and 15020 0.8 MW)



200 keV/m. The global energy confinement of these discharge is close to L-mode scaling
values (ITER89-P) and ohmic power is of the same order as the additional power. In the
plasma core however the ECRH power is largely the dominant term so that the local energy
transport analysis can be performed in detail. The results of the interpretative analysis are
shown in FIG. 3 for the same plasma discharge where the local energy flux is plotted versus
neL1T, so that a given value of the electron thermal diffusivity Xe corresponds to a fixed slope
in the plot. Experimental data for the plasma core lie in range X=0.2+0.4 m?s as the ohmic
data, but at a much higher value of electron temperature and electron temperature gradient.
Previous data at a lower ECRH power (0.4 MW) are aso shown, with no evidence of
degradation of energy confinement in the plasma core with increasing power.

2. 1 Theeffect of different current profiles

In the current ramp-up phase the plasma target is characterized by a variety of shapes of the
current profile, that depends on the plasma start-up characteristics, gas filling, impurity
content. As a conseguence it has been possible to inject ECRH in plasma both with hollow
and peaked current profiles to study the consequences induced to the electron energy
transport. The data illustrated in FIG.1-3 correspond to a case where pre-ECRH temperature
and current profile is peaked. The MHD behaviour of the discharge is characterized by a low
activity until the sawtooth starts, FIG.1. FIG. 4 shows the case of a very hollow pre-ECRH
temperature profile: peak T reaches 15 keV with 0.9 MW on-axis ECRH, but a strong

SRE
< 5L ECRH |/
0 - i, sr—
010 012 t(s) 014
15 ]
_F (b)
g ]
— ]
0 i B ] =
0 0.1 r(m) 02 0.3 I T S <6 A
4] 0.1 0.2 0 01 0.2
r(m) r (m)
FIG.4. pulse 17389, (a) peak Te versus time; FIG.5. Comparison between pulse 15020
(b) Te radial profiles at t=0.098 (ohmic- (dashed) and 17389 (full) at the time of maximum
dashed), 0.108, 0.113, 0.118, 0.123 s, with temperature; (3) Td(r), ohmic data also shown:
0.9 MW on-axi's ECRH. (b) q(r); (c) magnetic shear S(r); (d) Xe(r)-

reconnection guenches the electron temperature increase when the minimum value of safety
factor g becomes lower than 2. FIG. 5 compares the two cases with different current profiles:
the values of the electron thermal diffusivity in the plasma core seems similar but it must be
noticed that q profiles are characterized by a low magnetic shear in then plasma core (s< 0.5)
for both cases.

2.2 Off-axis heating experiments
Off-axis heating experiment have been performed, either by changing the location of the

resonance layer by changing the value of the toroidal magnetic field B; or by tilting ECRH
launchers. In the latter case the power deposition is broader. In FIG. 6 the results of a radial
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FIG.6. Radial scan of power deposition, pulses experimental, dashed simulation.

17389 (full), 17392 (dash), 17393 (dash-dot);

(a) Te profiles, (b,c,d) ECRH power density.

scan of power deposition at fixed B; value are shown. In three different pulses the two
launchers were set respectively both at the plasma center, one at center one off-axis, both off-
axis. The shape of the electron temperature profile follows what is qualitatively expected from
a diffusive mode for the plasma energy transport. The interpretative transport analysis is
rather critical for off-axis experiments due to the uncertainty in the power deposition profile
so a predictive approach has been applied. The pulses were characterized by hollow pre-
ECRH temperature and current profiles. On-axis experiment were previously [3] successfully
simulated by using the Bohm term of the mixed shear Bohm Gyro-Bohm model [4] for on-
axis heating on peaked pre-ECRH profiles. The same approach is not successful in the case of

hollow current profiles as the model sets Xe~0.0 for magnetic shear s<0 resulting in extremely
hollow electron temperature profiles. To show the compatibility of the results with a diffusive
model, the data of the full off-axis case have been simulated, FIG. 7, using an ad-hoc electron
thermal diffusivity profile, constant in time,
with a value in the range 0.2-0.5 m%s in the
plasma core. FIG. 8 shows the result of an off- #17386
axis heating experiment where the localization
of the resonance has been changed by changing <
B: vaue, in the case where the pre-ECRH g
|_

profiles are peaked. In this case the data can be
reproduced by using the functiona form of the
Bohm term of the mixed shear Bohm Gyro-
Bohm model, multiplied by afactor 2.

2.3) High electron temperature on current 0 T Io.1l - Io.zl - 0.3
flat top r (m)

FIG. 8. Electron temperature profiles at
with hollow electron temperature and current  0-9 MW ECRH; full line experimental, dashed
density profiles there are cases where this S'mlagon’ the ISh"’;?.ed area indicates the
feature persists also in the current flat-top power deposition focalization.



phase. Thisis due to high radiation from  ~ g F~ 7 = " T © T T 7~ 77 7]
the plasma core, so that the local ohmic E 5 | @

power is balanced by radiation losses at :o o L e e S
the plasma center. On axis ECRH heating 0.5 t(s) 0.55 0.6
has been applied to such a plasma, FIG. 9, I LA B B
and a peak T value in excess of 10 keV 10 F -

has been obtained at the same density
characterizing the current flat-top <
scenario (<nl>=4x10"° m®), at a plasma ©
current 1,=0.4 MA. The local analysis of E
the ohmic phase of this pulse shows that
indeed the balance between ohmic power
and radiation losses in the center while
the g profile appears to be hollow with
0o=3 and gqmir=2. The plasma is MHD
quiescent until the development of the
saw-tooth activity. The Te profile a the
time of the maximum temperature is
narrower than in the ramp-up cases FIG.2, 4, possibly due to the reduced width of the low
shear (s< 0.5) region The value of Z effective is Zg=3 in this scenario, while current ramp-up
phase has much higher values Z«=7+10. The pulse demonstrates that high T, values can also
be obtained on the current flat-top phase, provided that the current profile is far from the
standard sawtooth regime. In this pulse comparison between the experimental neutron yield
and the estimate using a the ion temperature evaluated using Chang-Hinton ion thermal
diffusivity, shows a degradation of the ion transport during the high electron temperature
phase. Indication of density pump-out are also observed.

0 '__ ~
0.8 0.9 1 1.1 1.2
R (m)
FIG. 9. pulse 17578, () peak T, versustime; (b) T,

radial profiles at t=0.486 (OH), 0.506, 0.511 and
0.525 s, with 0.9 MW on-axis ECRH on current flat

2.4) Electron Temperature Measurements

The present set-up of the Thomson Scattering diagnostics on FTU is not well suited for high
electron temperature plasma (Te > 10 keV) due to the chosen spectral range. Therefore the
measurement must rely on ECE analysis. The full ECE spectra including 2™, 3 and 4™
harmonics is shown in FIG. 10 for a high electron temperature plasma pulse. A hump at the
low field side (i.e. low frequencies) is observed in the experimental data, due to the relativistic
down shifted emission from the central electrons, not reabsorbed by plasma periphery. A
simulation of the spectra using the measured peak electron temperature Tg=15 keV shows
that the intensity of this hump should be much greater than observed, as also the other
features at the 3 and 4™ harmonics. The full spectra except the 2™ harmonic peak can be
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FIG. 10 ECE spectra for a high T, discharge, experimental data (dots) are compared with
simulations assuming a) To=13.5 keV and b) Te,=11.5 keV; low energy deformation of the
electron distribution function is not included. 2™ harmonics is located at 280 GHz. The
arrows indicate the low frequency hump.



reproduced by a lower Tg=11 keV. The 20— T T 1
discrepancy can be solved by taking into account : A ]
the distortion of the low energy distribution 15 | i ]
function due to the high ECRH power density in S | ' ]
conditions of low collisiondlity: high temperature >, [ A\ ]
and low plasma density [5,6]. A high poloidd B [

resolution Fokker-Plank code has been run for © [

plasma parameters typical of the high electron ° - ]
temperature plasma pulses. The deformed i g
distribution function is isotropic and the deviation R Y
from a maxwellian is concentrated in the range fife

10+20 keV. The consequences of the deformation  FIG.11 ECE radiation temperature
of the electron distribution function on the ECE mil - norg?zt“r;?)dt'on friql:]i't]%’r:]
spectra are shown in FIG.11 where the ratio lan disiribution - Tunctl
between the peak and the hump intensity isin good ~ (dashed); with distribution function

: : deformation for on axis (dot dashed)
agreement with the data shown in FIG. 10. The and 1 cm off-axis (full) deposition
effect is important only in the ECRH deposition '
layer, near to the magnetic axis while the measurement of the electron temperature in the
gradient region is unaffected. Also the Thomson Scattering measurement is sensitive to the
deformation of the electron distribution function but the effect is quantitatively smaller.
Another result from the code is that the energy content of the deformed low energy
distribution function is near to the value corresponding to the nominal temperature value, so
that even the estimate of core energy appears to be correct.

3) Pellet Experiments

Ohmic plasma in the post-pellet phase %

are characterized in FTU by the m) g

suppression of the sawtooth activity, by “ 1

pesked density profiles, by the 2,

reduction of the ion energy transport to W) 3

the neoclassicad value and by an

improved global energy confinament (ke\:)f

[3]. ECRH has been applied in this © |
scenario to check if these features are 3 :
maintained with additional electron . "
heating. The cut-off density at 140 GHz - 6 .
(2.4x10°m™) sets a strong constraint to % 2 i
the experiment, as the pellet injector 2 ]
system was designed to injetz:g (9 41 | T\ TERSP ’
deuterium pellets of a size (1-2x10 Y Y
atoms) permitting to explore the high te

density limit of a high field tokamak. FIG. 12. Time traces for pulse 17839, pellet
To fulfil the constraint a low density injected at t=0.55 s. @) peak and line averaged
plasma target (<nl> < 1x10”° m*®) has density; b) total and ECRH power; c) peak
been chosen and off-axis ECRH has electron and ion temperature; d) neutron yield:

; : experimental (full), neoclassical (dashed), 2
been applied. The results obtained for a fimes neoclassical (dot-dashed): € soft X

plasma pulse at 1,=0.6 MA, Br=5.6 T, emission; f) : P
_ : ; global energy confinemnet time:
g?fvjelf()oasr ° 3“\/‘?:’2 ;Spféfsloz'm'ﬁ; experimental  (full), ITERBY-P  (dashed).



the pellet, in a phase when the line averaged density is very slowly decreasing, while peak

density is dlightly increasing so that density
profiles are peaking. MHD activity is rather
quiescent as the sawtooth is suppressed by the
pellet. The plasma reheating is helped by ECRH,
electron temperature and neutron yield increase up
to the time when a strong central m=1 mode starts.
At that point the neutron yield increase is
guenched, density decreases and density peaking is
reduced. The global energy confinement time that
has reached transiently 1.5 times the value of the
ITER89-P scaling returns near to the L-mode
value. The comparison between the experimental
neutron yield and the estimate produced by the
solution of the ion energy diffusion equation using
Chang-Hinton ion thermal diffusivity shows that
before the m=1 mode the neoclassical vaue is in
agreement with the experiment, while during the
mode the ion diffusivity increases of afactor 2. In
FIG.13 the electron density and temperature
profiles are shown together with the radia location
of the ECRH power, for times before the m=1

FIG.13. Pulse 17389, radial profiles:
a) electron density, at t=0.595 s (OH-
dashed), t=0.650 s (ECRH-full),
shaded area marks the power
localization; b) electron temperature at
t=0.595s (OH-dashed), t=0.610, 0.630,
0650 s (full).

mode onset. The additional power is deposited just

below the cut-off layer a 2.4x10°°m™ and symptoms of density pump-out in the deposition
region are observed. The evolution of the temperature profiles shows the characteristics of a
diffusive behaviour, similarly as in the low density high temperature case of section 2.
Thecurrent profile as evaluated from the
diffusion equation for the poloidd 59_

magnetic field is very flat in the core (m.3)2 it ). -
region, including the deposition layer, Y tr < <>

as magnetic shear s< 0.5 for r/a< 0.5. 2y ]
The same scenario has been performed w), L -~ T N
aso at higher plasma current, 0.76 MA, o ll y Pecp]

0.=3.7 with qualitatively similar results
as far as the time behaviour of the main
guantities is concerned. Quantitatively
the lower g, case shows only a marginal
confinement improvement over the L-
mode and no clear reduction of ion

energy transport can be deduced from 9 4 » s
the experiment. The neutron yield 3" e 'l,T'?R, 'P.'
increases of about 20 % up to 3.5x10% 0.6 07 B 0.8

n/s essentialy due to the broader
temperature profiles.

Some experiments have been performed
in a similar scenario displacing the
resonance layer to the plasma center.
The on-axis heating induces a fast onset
of the sawtooth activity and a stronger
density pump-out has been observed.

FIG. 14. Time traces for pulse 17844, pellet
injected at t=0.6 s a) peak and line averaged
density; b) total and ECRH power; c) peak
electron and ion temperature; d) neutron yield:
experimental (full), computed with x; 5 times
Chang-Hinton (dashed); €) global energy
confinement time: experimental (full), ITER89-P
scaling (dashed).



To reduce the density increase produced by the pellet the scenario where the pellet injection is
performed on a plasma heated by off-axis ECRH has aso been performed. In that case the
higher electron temperature induces a more peripheral deposition of the pellet particles. The
results are shown in FIG.14 where density, power, temperature, neutron yield and global
confinement time are plotted versus time for apulse at 0.76 MA, g.=3.7. In this case the pellet
injection is not able to suppress sawtooth activity that persists. In this last plasma scenario the
improvement on the global energy confinement and on the ion energy transport are not
observed.

4. Conclusions

The experiments with ECRH in the current ramp-up scenario show that low values of electron
therma conductivity, comparable to the values measured in the core of ohmic plasma
discharges, are observed in the plasma core at a much higher values of electron temperature
and electron temperature gradients. The comparison between plasmas with different shapes
of current density profiles indicates that the low therma conductivity region could be
correlated with a low or negative value of the magnetic shear. It has also been shown that
similar results can also be obtained in the current flat-top phase in cases when the current
profileis far from the standard sawtoothing scenario. The experiments where ECRH has been
injected in the post-pellet phase show that the improvement in the energy confinement and in
the ion energy transport, probably correlated with peaked density profiles, can be obtained
also with additional electron heating. An interesting feature of both scenarios is that the
electron temperature profile in the core region does not show indication of profile resiliency
and can be interpreted as the result of a diffusive transport mechanism far from a critical
gradient regime. This observation is found for ECRH in the plasma core both in the low
density, high temperature case of the current ramp-up experiments and in the high density,
low temperature case of the post-pellet plasma phase. Other experiments with more peripheral
ECRH on low current discharges have produced qualitatively different results in FTU [7]
where indication of profile resiliency are clearly found. The different behaviour could be
correlated with the different magnetic shear values in the deposition region of the additional
power between the two different experimental scenarios or to the proximity to a critical
gradient regime in the experiments of ref. [7].
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