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Abstract
New FTU ohmic discharges with a liquid lithium limiter at IP = 0.7–0.75 MA, BT = 7 T and ne0  5 × 1020 m−3
confirm the spontaneous transition to an enhanced confinement regime, 1.3–1.4 times ITER-97-L, when the density
peaking factor is above a threshold value of 1.7–1.8. The improved confinement derives from a reduction of electron
thermal conductivity (χe ) as density increases, while ion thermal conductivity (χi ) remains close to neoclassical
values. Linear microstability reveals the importance of lithium in triggering a turbulent inward flux for electrons
and deuterium by changing the growth rates and phase of the ion-driven turbulence, while lithium flux is always
directed outwards. A particle diffusion coefficient, D ∼ 0.07 m2 s−1 , and an inward pinch velocity, V ∼ 0.27 m s−1 ,
in qualitative agreement with Bohm–gyro-Bohm predictions are inferred in pellet fuelled lithized discharges. Radio
frequency heated plasmas benefit from cleaner plasmas with edge optimized conditions. Lower hybrid waves
penetration and current drive effects are clearly demonstrated at and above ITER densities thanks to a good control
of edge parameters obtained by plasma operations with the external poloidal limiter, lithized walls and pellet fuelling.
The electron cyclotron (EC) heating system is extensively exploited in FTU for contributing to ITER-relevant issues
such as MHD control: sawtooth crash is actively controlled and density limit disruptions are avoided by central
and off-axis deposition of 0.3 MW of EC power at 140 GHz. Fourier analysis shows that the density drop and the
temperature rise, stimulated by modulated EC power in low collisionality plasmas are synchronous, implying that
the heating method is the common cause of both the electron heating and the density drop. Perpendicularly injected
electron cyclotron resonance heating is demonstrated to be more efficient than the obliquely injected one, reducing
the minimum electric field required at breakdown by a factor of 3. Theoretical activity further develops the model
to interpret high-frequency fishbones on FTU and other experiments as well as to characterize beta-induced Alfvén
eigenmodes induced by magnetic islands in ohmic discharges. The theoretical framework of the general fishbonelike dispersion relation is used for implementing an extended version of the HMGC hybrid MHD gyrokinetic code.
The upgraded version of HMGC will be able to handle fully compressible non-linear gyrokinetic equations and
3D MHD.
(Some figures in this article are in colour only in the electronic version)
value of 1.7–1.8. A linear microstability analysis reveals the
importance of the presence of lithium in the discharge for
triggering turbulent inward electron and deuterium fluxes. In
this section, the preliminary results of transport analysis of
the first pellet fuelled lithized discharges are also reported
[2]. In section 3, the results of LH penetration in highdensity discharges are reported. A combination of clean
plasma, low recycling and high edge temperature, obtained
by the LLL and pellet injection, allowed shaping the FTU
L-mode plasma density profiles to match those expected in
ITER scenario 4: under these conditions lower hybrid (LH)
waves penetrated the plasma core demonstrating for the first
time a safe path for LH operations in ITER. In section 4,
plasma studies with ECRH are reported. Plasma breakdown
assisted by ECRH is studied in the framework of a multimachine effort. Indeed, the pre-formation of a low-density
plasma enabling plasma current start-up with a reduced electric
field is of utmost relevance for ITER where a low in-vessel
toroidal electric field, E  0.3 V m−1 , will be available.
In FTU, perpendicularly injected ECRH demonstrated to be
more efficient than the obliquely injected one, increasing the
range of pressure by about a factor of 4 and reducing the
minimum electric field required at breakdown by a factor of 3.
The exploitation of ECRH capability in avoiding disruptions
at the density limit is also reported in section 4 while the
activity in collaboration with the ASDEX Upgrade team can
be found in [6]. The results of the control of sawtooth
(ST) frequency by modulated ECRH power deposited across
the q = 1 surface are also reported. ECRH operations in
FTU also addressed the issue of particle confinement in the
presence of additional heating by probing plasma properties
with modulated power. Finally in section 5, the theoretical and
experiment modelling activities are reported. The theoretical

1. Introduction
FTU is a circular full metallic tokamak capable of working
routinely at ITER magnetic field and plasma density. Moreover
its heating systems, 140 GHz-ECRH (electron cyclotron
resonance heating) and 8 GHz-LHCD (lower hybrid current
drive), provide direct electron heating as in ITER and, because
of the machine compactness, high load at wall, allowing
significant contribution to ITER-relevant issues. In addition
to the full metallic wall, FTU is equipped with a liquid
lithium limiter (LLL), whose capability of acting as an
effective plasma facing component (PFC) has already been
reported [1]. Since the last IAEA-FEC in Geneva, the LLL
has been used as a routine tool in FTU, allowing optimal
plasma operations thanks to a good control of scrape-off layer
(SOL) characteristics. This improvement reflects a widened
space of operations with accessible plasma densities well
above the Greenwald limit. These high-density discharges
exhibit peaked density profiles, good confinement properties
[2] and very low plasma contamination with negligible
contribution from metallic impurities. Moreover, operations
with the LLL allow shaping the density profile to reproduce
edge conditions foreseen in the ITER scenario 4 regime,
thus allowing a first demonstration of LHCD under ITER
conditions [3, 18]. The ECRH system has been widely used
for contributing to ITER-relevant issues addressing plasma
breakdown optimization, MHD and disruption control and
probing plasma transport in the presence of additional heating
[4, 5]. The first topic addressed in section 2 of this paper
deals with LLL operations. New FTU ohmic discharges at
IP = 0.7–0.75 MA, BT = 7 T and ne0  5 × 1020 m−3
are reported, which confirm the spontaneous transition to
an enhanced confinement regime, 1.3–1.4 times ITER-97L, when the density peaking factor is above a threshold
2
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The parameters of FTU shot #30582 (a typical LLL
discharge) are reported in table 1 for two selected time slices,
at r/a = 0.6 (gradient region). During the high-density
phase the deuterium and experimental electron fluxes are
found to change sign from inwards (t = 0.3 s) to outwards
(t = 0.8 s). Local parameters of table 1 are taken from
a semi-interpretative JETTO analysis of shot #30582 which
made use of experimental electron temperature and density
profiles (Thomson scattering), while ion temperature profiles
and Zeff are reconstructed to match the measured neutron yield,
radiation, loop voltage and current profile checked against the
MHD spectra. This technique was tested for different FTU
shots and proved to give a good estimate of the ion temperature
profile, q-profile and Zeff . The other relevant parameters in the
gradient region are t = 0.3 s, q = 2.76, s = 1.62, α = 0.1,
Zeff = 1.9, Te /Ti = 1.2; t = 0.8 s, q = 2.36, s = 1.5,
α = 0.25, Zeff = 1.06, Te /Ti = 0.92. The growth rate of the
linearly unstable modes at the two time slices, obtained by a
full electromagnetic analysis is reported in figure 2.
The particle fluxes driven by the unstable modes in the
same region r/a = 0.6 and for the same time slices are shown
in figure 3. The different direction of ITG-driven Li flux
compared with that of electron and deuterium at t = 0.3 s
should be noted, while at t = 0.8 s all fluxes are in the
same direction. To highlight the influence of lithium on
driving the electron and deuterium fluxes inwards at the time
t = 0.3 s, these fluxes are also computed for the same plasma
parameters but without lithium in the discharge and are plotted
for comparison in figure 3(a). In the high-density phase,
t = 0.8 s, Zeff is nearly one and the fluxes will not change
assuming no lithium in the discharge. The ETG-driven flux
is always inwards for all species. As a consequence of the
normalization scheme the fluxes shown in the figures are just
the initial values of the linear phase of the mode growth rate
and carry no information about the saturated flux levels in the
non-linear phase. However, their sign does not change and
determine the direction of the flux as the mode evolves.
The particle flux (linear) driven by the ETG modes is
found to be inwards (negative) for all of the species and at
both times. The particle flux driven by the ITG modes is
inwards for ions and electrons at t = 0.3 s while it is outwards
(positive) for lithium. The electron and deuterium fluxes driven
by ITG modes change sign at t = 0.8 s becoming outwards.
By comparing the sign of the linear flux with the particle flux
derived from the experimental data (JETTO analysis) it appears
that the flux is dominated by short-wavelength ion temperature
gradient modes at mid-radius in the gradient region of the
discharge. Inside one-third of the minor radius, at r/a = 0.3,
the ITG modes are found to be stable. The flux at t = 0.8 s
and r/a = 0.3 is driven entirely by ETG modes and is directed
inwards for all of the particle species.
The above linear microstability analysis points out the
importance of lithium in triggering a turbulent inward flux
at mid-radius of the discharge for electrons and deuterium
by changing the growth rates and phase of the ion-driven
turbulence. The inward flux is sustained in the central region of
the discharge through electron gradient dominated transport.
The lithium flux in turn is found to be directed outwards at
plasma mid-radius that is consistent with the low Zeff value
(close to 1.0) as measured during the high-density phase.

new
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Figure 1. Energy confinement time versus line-averaged density in
ohmic FTU ‘lithized’ discharges.

framework of the general fishbone-like dispersion relation
(GFLDR) is applied to construct a solid and systematic
interpretative basis for electron fishbone [7] and Alfvénic mode
observations in FTU. The GFLDR framework is also used
for implementing an extended version of the hybrid MHD
gyrokinetic code HMGC [8]. Applications of this eXtended
HMGC (XHMGC) code [9, 10] range from FTU electron
fishbone to collective excitations of meso-scale Alfvénic
fluctuations in FAST [11–13], for which detailed transport
analyses have been carried out [14].

2. High-density discharges with LLL
At the last FEC in Geneva, FTU reported on the improvement
of plasma operations when using the LLL. In particular, a
better energy confinement time, up to 1.4 · τITER97−L , was
found for the saturated ohmic confinement (SOC) regime
with respect to pre-lithium FTU discharges [1]. Lithized
discharges always exhibit peaked density profiles, with density
as high as 1.6 times Greenwald’s value, but the transition to
enhanced confinement appears only when the density peaking
factor overcomes a threshold value of ∼1.8. The results
shown in Geneva were limited to 0.5 MA plasma current, as
higher current discharges never reached the peaking threshold.
New discharges recently obtained at IP = 0.7 MA, BT =
7 T, qcyl ∼ 5, reach densities up to 1.6 times Greenwald’s
(n̄e  3.5 × 1020 m−3 ) with a peaking factor larger than 2 [2].
These discharges confirm the spontaneous transition to an
enhanced value of the confinement time in the SOC regime
when the density peaking factor overcomes the threshold value
of ∼1.8. In figure 1 a typical value of the confinement time of
these discharges is added on the previous database.
Transport analysis with the JETTO code shows that
in these discharges the electron thermal conductivity (χe )
decreases as the density increases, while the ion thermal
conductivity (χi ) remains close to a typical neoclassical value.
A detailed microstability analysis of LLL discharges was
carried out with the GKW [15] and GS2 [16] codes to
investigate the mechanisms leading to density peaking and
improved confinement.
3
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Table 1. #30582 plasma parameters at r/a = 0.6.
t = 0.3 s
D+
e−
Li+

t = 0.8 s

n̄e (10 )

T (keV)

−a∇T /T

−a∇n/n

n̄e (10 )

T (keV)

−a∇T /T

−a∇n/n

3.21
6.03
0.94

0.47
0.57
0.47

2.14
3.07
2.14

0.89
0.89
0.89

15.50
15.95
0.15

0.26
0.24
0.26

4.606
4.943
4.606

3.118
3.118
3.118

19

19

×10-3

FTU #30582, r=0.6 a

0.6

3

(a)

(a)

FTU #30582, t=0.3 s, r=0.6 a
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γ(Rref/cs)

0.4
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0

1
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×10-3

t=0.3 s, with Li
t=0.8 s, with Li
t=0.3 s, no Li
t=0.8 s, no Li
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(b)

(b)

FTU #30582, t=0.8 s, r=0.6 a
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Figure 2. Growth rates of ITG (a) and both ITG plus ETG modes
(b) for two time slices t = 0.3 s and t = 0.8 s at r = 0.6a for FTU
shot #30582. Results with the same parameters but without lithium
(dashed line). Here ρi = ρD .

0

5

kθri

10

15

Figure 3. Spectrum of three species particle flux (red: D, blue: e− ,
green: Li) driven by E × B convection of ITG and ETG modes: (a)
t = 0.3 s, (b) t = 0.8 s. Results with the same parameters but
without Li are indicated by dashed lines in (a).

High-density discharges were also obtained by the first
successful injections of D2 pellets in the presence of significant
wall lithization. Density profiles, for transport analysis,
were obtained from the inversion of the FTU CO2 scanning
interferometer [17], which is a very powerful tool for
studying fast evolution of density profiles and very strong
gradients. Density profiles were taken every 62.5 µs with
a spatial resolution of 1 cm and a line integrated density
resolution n̄e /n̄e ≈ 2%. After a prompt increase in central
density, typical of pellet fuelled discharges, a further peaking
is observed following the first pellet, which suggests the

existence of an inward pinch as seen also in gas fuelled
discharges (figures 4 and 5). A fully interpretative transport
analysis of the density profile decay (first pellet) was performed
in the region where there are no particle sources after the
completion of pellet ablation (r/a < 0.5). According to
particle conservation within each flux surface (S) and under the
assumption that the particle flux can be expressed in terms of a
diffusive (D) and a pinch term (V ), D and V can be determined
4
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Figure 4. Peak and line-averaged density (top) and density peaking
factor (bottom). Vertical lines indicate time slices of profiles shown
in figure 5. Blue–red lines distance, which should be only 1 ms, is
increased to make them visible. The two blue lines indicate pellet
times.
1st pellet

4

6

8

3
(b)

#32552, 0.703-0.765 s

2nd pellet

D

V

0.1

2

D(m2/s)

4

2

1

0

0

0
0.8

1.2
R (m)

0.8

0

1.2
R (m)

(b)

0.1

0.15

Figure 6. Experimental particle flux at r = 9 cm in the post-pellet
phase derived from density profiles evolution (a). Diffusion
coefficient and pinch velocity versus minor radius (b).

at each radial position from a fit of the experimental data
following the pellet transient. Indeed, at each flux surface S,
one can plot experimental flux speeds /n (equation (a)) versus
the density normalized gradients (∇n/n) at different times and
get, from a linear fit, D and V according to equation (b).
Here n is the local density as deduced from the inversion
of interferometer data and N is its integration on the volume
enclosed in the surface S.
1 δN
S δt

0.05

Minor radius (m)

Figure 5. #32552, density profiles in the vicinity of two consecutive
pellets.

(a)  =

10

d log(n)/dr (1/m)

pre
tpel + 1 ms
tpel + 50 ms

ne(10 20 m -3)

2

V(m/s)

6

0

discharges of the pre-lithium phase is in progress and further
experiments are planned to produce new non-lithized reference
discharges. Finally, pellets have also been used in combination
with LH waves for exploring new possibilities of driving
plasma current at high densities as described in the following
section.


∇n
=D
+ V.
n
n

3. LHCD at ITER-relevant density
The LHCD will potentially provide the most efficient tool for
actively producing non-inductive current in tokamak plasmas,
thus opening a path towards the realization of a steady-state
reactor. The occurrence of the LHCD effect, in tokamak
plasmas, has been confirmed indeed in many experiments,
which, however, operated with densities, in the outer part of
plasma column, markedly lower than those required for ITER.
New FTU experimental results have now assessed the
plasma conditions enabling the penetration of the coupled

Repeating the procedure at different radial positions, D and V
profiles are found (figure 6).
This technique gives, at r/a = 0.3, a particle
diffusion coefficient of D ∼ 0.07 m2 s−1 and an inward
According to
pinch velocity of V ∼ 0.27 m s−1 .
JETTO interpretative simulations, these figures are between
neoclassical (D ∼ 0.03 m2 s−1 ; V ∼ 0.14 m s−1 ) and Bohm–
gyro-Bohm (D ∼ 0.3 m2 s−1 ; V ∼ 0.5 m s−1 ) values. An
analysis of the density decay time in comparison with similar
5
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Figure 8. Computed versus experimental LH pump frequency width
at −10 dB down the peak.

2.5

m-3

to ne0 ≈ 5 × 1020 m−3 , and ne 0.8 ≈ 0.85 × 1020 m−3
at r/a ≈ 0.8). As expected by modelling based on PI
theory, a reduced spectral broadening is recorded under these
conditions, where Te 0.95  80 eV, despite the very highdensity plasmas. The very off-axis electron temperature is
obtained by Thomson scattering data and Langmuir probe
measurements in the SOL. A width of about 7 MHz was
indeed measured at 35 dB below the pump power peak, against
15 MHz measured in lower density plasmas with unmodified
edge conditions, where Te 0.95  50 eV.
For the sake of completeness the same data are also
compared with a linear model accounting for LH wave
diffusion by density fluctuations in the SOL [23, 24].
Experimental spectral broadening, 10 dB down the peak,
is extremely well reproduced by this model, as shown
in figure 8, although the sidebands of the experimental
spectrum (>20 dB down the peak) appear broader, suggesting
additional acting mechanisms. Only a detailed measurement
of plasma periphery parameters and their gradients will allow
discriminating between the relative weights of the different
phenomena in preventing LH wave penetration. However,
FTU experiments have shown that, by controlling edge
conditions, LHCD experiments can safely be designed for
ITER scenario 4, where the high expected edge temperature
will exclude any degradation of LH wave penetration in the full
range of plasma densities relevant for a thermonuclear reactor
plant.

Figure 7. LH-accelerated fast electrons hard x-ray versus plasma
density. Unmodified edge (dashed lines) and high Te edge with
lithized wall regimes (full line).

LH waves’ power into the plasma and the consequent LHCD
at plasma densities even higher than that required on ITER
[3, 18]. Although quasi-linear theory predicts that a properly
coupled LH wave would fully propagate into the core of
high-density plasmas, recent experiments have shown no
penetration or much stronger reduction of driven current than
expected with increasing density. This effect already occurs
for outer (r/a ≈ 0.8) density even lower than that expected in
ITER [19–21]. In these experiments, the coupled LH power
happens indeed to be fully deposited at the very plasma edge
when a certain threshold in the plasma density is exceeded.
Similar effects are produced by parametric instability (PI)
observed in the early LH experiments aimed at plasma core
ion heating although other alternative or even concomitant
mechanisms can be envisaged. New experiments at very
high densities were performed in FTU aimed at modifying
the plasma edge conditions, to minimize the PI-produced
spectral broadening by increasing the temperature in the outer
region of the plasma column [22]. The hard x-ray radiation
produced by LH-accelerated supra-thermal electrons was used
to monitor the LH penetration and consequent effectiveness in
driving current. Figure 7 shows how the hard x-ray emission,
recorded along a central line of sight, varies with density. The
experimental points connected by dashed lines refer to plasmas
with three different sets of plasma currents and magnetic
fields with a non-optimized edge: the x-ray emission remains
at the noise level for plasma density n̄e  1.0 × 1020 m−3
(corresponding to ne0 ≈ 1.5 × 1020 m−3 , and ne 0.8 ≈ 0.4 ×
1020 m−3 at r/a ≈ 0.8). Under these conditions the coupled
LH power appears to be fully deposited at the very edge of the
plasma. It must be noted that in these discharges the launched
LH spectrum, npeak = 1.9, is accessible to the plasma centre.
The edge conditions were then modified to produce
higher temperatures in the outer part of the plasma column,
exploiting lithized wall, proper gas and pellet fuelling [3]. The
experimental points connected by the full line in figure 7 refer
to these conditions. As evident the LH penetration is recovered
at a higher density: ne  2.0 × 1020 m−3 (corresponding

4. ECRH studies
Experiments based on the exploitation of ECRH power were
carried out on FTU addressing ITER-relevant issues, such as
control techniques (ST and disruptions), plasma formation
(breakdown and start-up) and plasma probing for transport
studies.
ST control is a critical issue for plasma confinement [25],
as large crashes can destabilize NTMs degrading plasma
performance, on the other hand ST activity is useful in burning
plasma to prevent ash accumulation in the plasma core.
ST destabilization, already performed on FTU by nonmodulated ECCD [26], has been further investigated recently,
6
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using 500 ms of repetitive short pulses from two gyrotrons
(0.770 MW), inducing the crash either by ECH and co-ECCD.
This highly localized power is capable of locally modifying
the plasma current density changing the resistivity and the
magnetic shear, thus acting on the ST period. A ramped
toroidal field BT = 5.3–5.9 T allowed pushing the EC
absorption radius rabs inside the ST inversion radius rinv (q = 1)
up to rabs ∼ rinv /2, to find the BT value corresponding to ST
crash induced by the EC trigger. Figure 9(a) shows the effect
of the ECH inside the inversion radius on the ST crash for
BT = 5.44 T. The ST destabilization, when ECH is localized
inside the inversion radius, is indicated by the reduction of the
ST period, with respect to the ohmic one, from ∼6 to 2–4 ms,
as shown by the time delays between the EC power on/off
and the first corresponding crash, figure 9(a). Very different
behaviour is found at BT = 5.51 T where the ECH deposition
is just on the inversion radius, as shown in figure 9(b). Here
the ST is stabilized when the EC power is on: time delay
of the crash ∼8 ms, i.e. larger than the ohmic period, while
ST is destabilized when the EC power is switched off: crash
delay ∼3 ms. Figure 9(c) shows the combined effects on time
delay of ECH + coECCD during the field ramping: the ST
period is still shortened at the on/off switching of the EC
power, crash delay ∼3–4 ms, when EC deposition is inside the
inversion radius up to t = 0.72 s, while is lengthened when
the EC absorption moves outside the q = 1 surface, crash
delay ∼8–10 ms. In this case ST destabilization is obtained
when the EC power is turned off, crash delay 6 ms. The next
experimental campaign will aim at controlling the ST period
at a specific chosen value.
Disruption avoidance by ECRH was demonstrated in
previous FTU experiments with off-axis ECRH in disruptions
induced by Mo injection [1, 27, 28] and with on-axis ECRH in
density limit disruptions [29]. Similar results were obtained
in ASDEX Upgrade in density limit disruptions with offaxis ECRH [29]. The technique is based on the stabilization
of MHD modes through localized deposition of ECRH on
a resonant surface. In recent density limit experiments
in FTU, disruption avoidance has also been achieved by
injecting off-axis ECRH power (PECRH ). The loop voltage
is used as a disruption precursor signal for ECRH real-time
triggering. PECRH (140 GHz, BT = 5.3 T) is deposited at an
off-axis location (rdep ∼ 14 cm) compatible with the q = 2
surface (rq=2 = 13 ± 1 cm): figure 10 shows the results for
two discharges with different levels of PECRH . Note that,
due to the lithium-conditioned walls, the Greenwald limit
(∼1.4 × 1019 m−3 ) is largely exceeded in these discharges.
The role of ECRH is not to replace the power lost by the plasma,
but to provide stabilization of the MHD mode that leads to
the disruption. The disruption occurs, as in the reference
case (red curve), when the power is halved (black curve) or
deposited very far from a rational surface (not shown). Taking
into account that the fraction of absorbed power, computed by
the quasi-optical ray-tracing code ECWGB 3D [30], is ∼40%
(corresponding to 0.34 MW in discharge 32081 and 0.19 MW
in discharge 32086), we can estimate PECRH = 0.27±0.1 MW
as the average value of ECRH power to be absorbed in the
q = 2 surface for disruption avoidance in these FTU discharges
at Ip = 350 kA.
Probing of FTU L-mode ohmic discharges by modulated
ECH shows that the central density drop and the resulting
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Figure 9. Time delay of ST crash with respect to ECRH power
switch on–off. ON, tON –tCRASH (red filled dots), and OFF,
tOFF − tCRASH (black open dots), for PECRH = 0.77 MW, modulated:
10 ms on and 40 ms off. The shadowed area indicates the ohmic
period for the investigated discharges. Only in (a) ECRH power is
deposited inside the q = 1 surface (ST destabilization). In (b)
ECRH power is deposited just at the q = 1 surface (ST stabilization
at EC ON and destabilization at EC OFF). In (c) a combination of
ECRH and ECCD is used while the magnetic field is ramped up so
that deposition moves from inside to outside the q = 1 surface, all
of the trends found in (a) and (b) are recovered.
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at defining the optimum start-up scenarios for ITER [4, 5].
Injecting up to 800 kW of EC power in O mode, the FTU
plasma start-up pressure is increased by a factor 4 with respect
to ohmic values, while a minimum electric field of 0.4 V m−1
at the breakdown is obtained for perpendicular EC injection
(0◦ ). A reduced efficiency is found for oblique injection
(20◦ ), which exhibits a lower plasma current ramp-up rate and
higher power to overcome the radiation barrier: a factor 2
higher power is needed to obtain the same results. This is
probably connected with a positive effect of wall reflection
in the case of 0◦ injection that locally enhances the power.
Indeed, in FTU the circular cross section of the inner limiter
surface, in front of the launcher, produces a focalization in the
region of resonance, where constructive interference between
the backward and forward waves takes place. Therefore,
crossing the resonance layer, electrons can be accelerated
(when they are in the positive interference region) by a strong
wave electric field (up to four times assuming equal intensity
for the two waves) gaining enough energy to sustain ionization.
On the other hand, a 20◦ angle shows a better performance
in generating a pre-ionized plasma, with higher and wider
electron density profiles. This is probably related to a different
absorption mechanism of the XM polarization generated, for
obliquely propagating wave, after the first reflection from the
wall. The EC-assisted breakdown is also devoted to reduce
ohmic flux consumption. With off-axis EC resonances a faster
current ramp-up is obtained with a reduction of 16% with
respect to the central resonance position when a modest flux
saving (6%) is due to the resistivity variation, a consequence of
higher Te with ECRH. Changing toroidal field the resonance
is moved, inner or outer, at ∼0.5r/a; a faster current ramp-up
is obtained in both cases, with a further reduction of 16% in
flux consumption with respect to the central resonance case. A
strong reduction (factor 3) of plasma internal inductance during
the current ramp-up phase is calculated from experimental
pressure and equilibrium code reconstruction. This is in
agreement with the observed faster current rise, even if more
experiments are required to confirm the relationship between
ECRH preionization and internal inductance reduction.
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Figure 10. Time traces, from top, of IP , n̄e and PECRH in the
reference density limit disruption (#32067) and in two discharges
with off-axis ECRH (#32081, PECRH ∼ 0.8 MW; #32086,
PECRH ∼ 0.4 MW).

n0 /<n>

2.4

2

1.8

1.4
0.1

νeff

1

Figure 11. Density peaking versus νeff in OH FTU discharges
(BT = 6 T, IP = 0.55 MA) (open grey symbols), EC heated
discharges (red and blue dots). Arrows point from the OH to RF
heated phase.

flattening of the density profile are not a by-product of plasma
heating. Indeed, Fourier analysis of density and temperature
time traces clearly shows that the density drop and the
temperature rise in low collisionality plasmas are synchronous.
This implies that the RF heating method is the common
cause of both the electron heating and density drop. The
lack of delay between the time evolution of the density and
temperature excludes that Te or the ratio Te /Ti could be the
cause of the flattening of the ne profile. The generation of an
energetic tail in the electron distribution function sustained by
RF injection probably determines the spatial diffusion of the
energetic electrons [31].
This would suggest that collisions, rather than density
or Te /Ti , are the key parameter of the density profile
response to the ECH heating.
Indeed we observe in
figure 11 that, in FTU discharges with effective collisionality
νeff ∝ (zeff nR/Te 2 ) < 1, the density profile peaking,
n0 /n, which in general increases by decreasing νeff [32, 33],
decreases with the ECRH power injection. When νeff is close to
1, in contrast, the density peaking recovers its ohmic behaviour
and the ECH power, by increasing Te , reduces νeff and builds
more peaked density profiles.
Experiments on ECRH-assisted breakdown were carried
out on FTU, contributing to the multi-machine effort aiming

5. Theory and modelling of experimental
observations
The theoretical framework of the GFLDR was applied to
interpret evidence of high-frequency fishbone at JET [34, 35]
and to construct a solid and systematic interpretative basis for
electron fishbone [7] and Alfvénic mode observations in FTU.
A model based on overdriving a dynamic system near selforganized criticality is proposed for qualitatively explaining
(electron) fishbone bursting behaviour [36], which is observed
with sufficiently strong perpendicular and parallel suprathermal electron populations, generated by LHCD power
and modelled by a quasi-linear ray-tracing code [37, 38].
Experimental proofs, meanwhile, are provided by various
tools: magnetic coils, soft x-ray, hard x-ray, ECE and by
interpretative simulations with the JETTO transport code,
constrained by magnetic reconstruction measurements. FTU
experimental observations have provided the first evidence
of strongly non-linear behaviour in connection with electron
fishbone excitations by LH only [34] and show clear evidence
8
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Beta-induced Alfvén eigenmodes (BAE) have been
observed in DIII-D with strong neutral beam heating [45],
during tearing mode in FTU and TEXTOR ohmic plasma
[46, 47] and more recently with ICRH during a ST cycle in
ASDEX Upgrade [48] and Tore Supra [49], as well as in
both ohmic and ECRH plasmas in HL-2A [50], in connection
with supra thermal electrons. BAE phenomena are generally
very important to the understanding of dynamic behaviour
of collisionless plasmas of fusion interest, for they occur
in the low-frequency kinetic thermal ion (KTI) gap [51] in
the shear Alfvén wave (SAW) continuous spectrum, where
various processes characterize the complex behaviour of
burning plasmas on long time scales [51–53]. The GFLDR
framework [39, 42, 54, 55], usually employed for discussing
circulating thermal plasma particle kinetic compression effects
on low-frequency SAW [56], was adopted to discuss trapped
thermal particle effects on the structures of the low-frequency
shear Alfvén continuous spectrum [57], emphasizing their
crucial roles in interpreting experimental observations [58, 59].
Recently, we also carefully reconsidered some long (>200 ms)
BAE observed in FTU [60]. As observed previously [46, 61]
these are oscillations at frequencies between 30 and 50 kHz,
accompanying tearing modes with frequencies below 10 kHz
and with intensities two order of magnitude less than the tearing
modes. BAE frequency scales mainly with the sound speed,
and does not scale exactly with the Alfvén frequency [46].
They are characterized by two main frequency lines, which
merge into a single line when the island oscillation frequency
becomes very low. Mode analysis indicated poloidal and
toroidal mode numbers |m| = 2, |n| = 1. The BAE frequency
lines have |n| = 1, the higher ones propagating in the same
direction with respect to the island, while the lower lines
propagate in the opposite direction. The difference between
the two BAE frequency lines is exactly twice the fundamental
frequency of the tearing mode. The frequency difference
can be explained as a Doppler shift due to island rotation,
so that BAE forms a standing wave composed of two waves
propagating with opposite velocities in the island rest frame.
A similar phenomenology was also observed in TEXTOR [47]
and in HL-2A [50]. The spectrum obtained by the bicoherence
analysis of magnetic coil signals shows that the BAE and
tearing oscillations always start with the same phase, thus, it
confirms the strong coupling between the two modes when the
magnetic island is not locked. The observed BAE frequency in
FTU is in agreement with theoretical predictions [61–63], with
the observed frequency just below the predicted BAE SAW
continuum accumulation point and strong correlation between
BAE and tearing mode. We observe that, during the first
part of island growth, the BAE frequency increases roughly
linearly, in good agreement with theoretical prediction (solid
line in figure 13); on the other hand a discrepancy is found
for δBr (rs )/Bϑ (rs ) > 10−3 , where BAE frequency remains
rather constant. Therefore, we can confirm that perturbative
theory predictions [62, 63] give consistent results only for low
magnetic island amplitudes.
The GFLDR framework has also been used for
implementing an extended version of the hybrid MHD
gyrokinetic code HMGC [8, 64], which simultaneously
handles two generic initial particle distribution functions in
the space of particle constants of motion. Applications of
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Figure 12. Spectrogram of the electron temperature oscillations
(top) and radial position (bottom) of the induced Te oscillations due
to e-fishbones in FTU #20865.

of fast electron redistributions [7]. These results suggest that
the level of LH power input controls the transition from nearly
steady-state non-linear oscillations (fixed point) to bursting
electron fishbone oscillations (limit cycle) and that, in the
bursting regime, the fishbone is an energetic particle mode
(EPM) [39] well above marginal stability and associated with
significant fast electron redistributions, analogous to the fast
ion losses that are expected when ion fishbones are excited.
Recently, a new ECE analysis technique [40] has been applied
to study the mode localization for electron fishbone modes
in both almost-stationary and bursting regimes. Figure 12
shows that the e-fishbone-induced Te oscillations slowly drift
outwards in the almost-stationary regime, while they rapidly
drift inwards in the bursting regime. The ‘fixed point’
mode seems to be saturating when the supra-thermal particle
scattering out of the resonant region is continuously balanced
by the source. Bursting appears with stronger drive, which
pushes the system away from marginal stability and causes
strong particle redistributions, slowly restored by sources. In
other words, the strong regime is far from all descriptions based
on proximity to marginal stability, which clearly do not apply
at sufficiently strong drive, as shown in the original works
on fishbones [41, 42] and confirmed more recently [43, 44].
More recently, FTU experiments studied fishbone-like modes
with a slightly reversed q-profile approaching the condition
qmin ≈ 1 and a marginally over-critical population of fast
electrons produced by LH, aimed at exploring the critical
threshold for mode destabilization [7]. New experiments
are in progress in FTU to fully assess the electron fishbone
phenomenology by a higher LH power and different LH power
waveforms, necessary for destabilizing modes at qmin  2.
Experiments are designed for producing higher supra-thermal
electron tail temperatures via ECRH–LH synergy, yielding
high pressure gradients for effective excitation of electron
fishbone in the high-frequency range. The need of coupling
LH power in the early phase of plasma current ramp-up, to
match the desired qmin , makes the experiment quite difficult.
So far, it has been possible to couple the available LH power
in the range 0.3–0.6 MW during the plasma current rampup, by adopting a change in the FTU switching circuit and
using the new favourable operation conditions provided by the
lithizated vessel facility. The next experiments will be aimed
at increasing the LH power (above 0.8 MW), in order to have
an effective LH–ECRH synergy.
9
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MHD [67, 68]. The new code HYMAGYC (HYbrid MAgnetohydrodynamics GYrokinetic Code) is built by interfacing a
modified version of the CHEASE code [69] (equilibrium), an
initial-value version of the original eigenvalue MHD stability
code MARS [70] (field solver) and an originally developed
gyrokinetic particle-in-cell module, yielding the energetic ion
pressure tensor needed to close the MHD equations. Figure 14
shows the typical energetic particle orbits in an ITER-like equilibrium configuration, produced by the new code HYMAGYC.
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this eXtended HMGC (XHMGC) code [9, 10] range from
FTU electron fishbone to collective excitations of mesoscale Alfvénic fluctuations in FAST [11], for which detailed
transport analyses have been carried out [14].
These
investigations assume FAST equilibrium profiles as initial
conditions, after the self-consistent dynamic formation of
the FAST scenarios is obtained iteratively by interfacing
several numerical tools: transport codes (JETTO and the
CRONOS suite of codes, including NEMO and SPOT) and
the ion cyclotron resonance heating (ICRH) full wave code
TORIC, coupled with the quasi-linear solver SSFPQL, which
accounts for both ICRH and negative neutral beam injection
(NNBI) [14]. Before its use as a numerical investigation
tool for supra-thermal particle physics, the XHMGC code has
been verified against analytic theories [65] as well as global
gyrokinetic codes, such as GTC, in common validity parameter
regimes [66].
Strong efforts have focused on completing the implementation of the upgraded version of HMGC [8, 64] to handle
fully compressible non-linear gyrokinetic equations and 3D
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