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Abstract
In this paper, we analyze the impact of electron cyclotron resonance heating and electron
cyclotron current drive on the Alfvénic instabilities driven by neutral beam injection observed
in the TJ-II stellarator. An MHD stability analysis of driven Alfvén eigenmodes compatible
with the experimental plasma parameters is carried out in order to compare with the data
provided by magnetic coils, radiation monitors, and heavy ion beam probes. To this end, the
vacuum magnetic configuration modified by the different levels of plasma current, the thermal
plasma parameters and the fast ion pressure profiles generated by the co-injected neutral beam,
are entered in the FAR3d gyro-fluid code in order to follow the linear evolution of the
destabilized plasma equilibrium. Linear growth rates and radial location of the dominant
predicted modes coincident in frequency with the observed fluctuations are presented. Despite
the uncertainties related to the estimation of the rotational transform profile, the code
predictions agree within reasonable accuracy with the experimental results.

Keywords: shear Alfvén waves, stellarators, linear simulations, ECRH, ECCD

(Some figures may appear in colour only in the online journal)

1. Introduction

Controlling the amplitude of Alfvén eigenmodes (AEs) in
fusion plasmas is an open issue with essential relevance for
ITER and beyond, because the fast ion losses associated with
these modes might be deleterious for plasma performance and
heating efficiency, as well as destructive for the plasma facing
components. Several actuators, whose impact has been clearly

∗ Author to whom any correspondence should be addressed.

demonstrated in tokamaks [1–7] and in stellarators [8–10], are
presently being considered for this purpose. Reference [11]
provides an overview of such methods and their underlying
mechanisms related to AE physics. Main actuators include
externally applied resonant magnetic perturbations [1, 2],
electron cyclotron resonance heating (ECRH) [3] and cur-
rent drive (ECCD) [4], dynamic control of voltage and cur-
rent of neutral beam injection (NBI) sources [5] and injection
geometry of neutral beams (on-axis vs off-axis sources) [6].
Most of the work carried out in stellarators has been focused
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on studying the effect of ECRH and ECCD. Stabilization of
energetic particle modes (EPMs) and AEs in stellarators using
electron cyclotron power has been previously documented in
the LHD [10 ,12–14], Heliotron-J [9, 10] and TJ-II [8, 10]
devices.

AEs driven by NBI are found in several magnetic configura-
tions of the TJ-II stellarator [15–17], providing the opportunity
to test control knobs that may modify, or eventually suppress,
the Alfvén activity of the device. In this context, considerable
effort has been devoted to investigate the impact of ECRH and
ECCD on AEs in TJ-II plasmas. Experiments exploring other
actuators, as NBI injection energy, magnetic configuration
[18, 19], ohmic current induction or pellet injection have also
been addressed but the clearest influence, keeping the mini-
mum impact on the plasma and magnetic configuration param-
eters, has been obtained using ECCD as actuator. Describing
the results of these experiments is one of the primary moti-
vations of the paper. The other main goal, much more ambi-
tious, is to reproduce the experimental results using Alfvén
continuum calculations performed with the STELLGAP code
and linear MHD simulations to estimate the growth rate and
radial structure of the dominant AEs by means of the gyro-fluid
FAR3d code.

The paper is structured as follows; we first present a sim-
ple estimation, based on the cylindrical shear Alfvén con-
tinuum calculated for the main TJ-II parameters, that allows
us to determine the type of gap modes that can be destabi-
lized below 500 kHz, the typical frequency range in which
NBI driven Alfvén instabilities are detected in TJ-II; then, the
device heating systems and the relevant diagnostics for this
work are briefly described; section 4 focuses on the descrip-
tion of the experimental results for all the heating scenarios
considered while sections 5 and 6 present the calculation of the
fast-ions and rotational transform profiles associated to these
scenarios; section 7 is devoted to the shear Alfvén spectrum
calculations with STELLGAP and the FAR3d linear stability
analysis for the aforementioned conditions; finally, we come
to the conclusions.

2. Shear Alfvén gap modes in the TJ-II stellarator

The TJ-II device is a four-period (N f = 4) heliac type stel-
larator with low negative vacuum magnetic shear. The major
and averaged plasma radii of the device are R0 = 1.5 m and
〈a〉 � 0.22 m respectively. The central magnetic field strength
is 0.95 T (at the ECRH injection location) and a wide range of
central rotational transform -ι(0) is achievable (0.9 � |-ι(0)| �
2.2). For these parameters, we may determine approximately
the typical frequencies of the shear Alfvén modes that can be
excited within the gaps that appear in the continuum spec-
trum because of the periodicities in the magnetic field struc-
ture. The radial dependence of gap modes frequency on the
rotational transform can be estimated using the cylindrical
approximation for the longitudinal wave vector of a given m, n
perturbation, usually written as [20]

Figure 1. Typical frequencies of shear Alfvén gap modes for the
range of rotational transform values found in the TJ-II standard
magnetic configuration. The width of each gray-shaded band is only
related to the range of different densities considered in the
calculation. No estimation of the gap width related to the amplitudes
of the εμνB and εμνg coefficients is considered here.

k‖(ρ) = (m-ι(ρ) − n)/R0, (1)

where R0 is the major radius of the device and m and n
are the perturbation poloidal and toroidal mode numbers
respectively. Following [21], we may calculate the character-
istic gap ‘frequency’ as

ωA(ρ) = |kμν(ρ)|vA(ρ), (2)

where the quantity kμν(ρ) is given by

kμν(ρ) = (μ-ι(ρ) − νNf )/2R0) , (3)

and vA(ρ) = B(ρ)/(μ0
∑

ini(ρ)mi)1/2 is the Alfvén velocity,
that depends on the magnetic field (B) and the density (ni) and
mass (mi) of the different plasma species. The parameters μ, ν
label the Fourier expansion coefficients in Boozer coordinates,
εμνB (ρ) and εμνg (ρ), of the magnetic field and the contravari-
ant component of the metric tensor respectively. Each periodic
component of the Fourier expansion creates a gap in the con-
tinuum, whose width depends on the magnitudes of εμνB (ρ) and
εμνg (ρ) [22]. In equation (3), instead of using ρ as indepen-
dent variable, we may use the rotational transform itself and
calculate ωA(-ι) for the range of -ι values characteristic of the
magnetic configuration used in the experiments described in
section 4, including the deviations from the equilibrium values
induced by plasma current.

Figure 1 shows the typical frequencies of gap modes asso-
ciated to the dominant low order contributions to the Fourier
expansion, i.e. TAE (μ = 1, ν = 0), HAE21(μ = 2, ν = 1) and
HAE31(μ = 3, ν = 1), in the frequency range of interest.
Other low order gaps, as HAE11(μ = 1, ν = 1), EAE (μ = 2,
ν = 0) or NAE (μ = 3, ν = 0), appear much higher in fre-
quency and are not seen in the figure. Acronyms TAE, HAE,
EAE and NAE stand for toroidicity, helicity, elipticity and non-

2



Nucl. Fusion 61 (2021) 066019 Á Cappa et al

Figure 2. TJ-II stellarator heating systems. The last mirror of each ECRH transmission line is steerable. Both are located inside the vessel at
stellarator symmetric positions. Neutral beams sources launch their beams parallel and anti-parallel to the magnetic field direction, which is
mainly counter-clockwise when looking from above. NBI1 is the co-injector.

circularity induced AEs. Deuterium ions for a given range of
central densities (ni = 0.8–1.2 × 1019 m−3) and constant field
B = 0.95 T have been taken to evaluate vA.

3. TJ-II stellarator and experimental set-up

TJ-II plasmas are created and heated by ECRH, NBI or a
combination of both. The NBI heating system consists of two
injectors, each providing up to 700 kW of co and counter
sub-Alfvénic H0 beams (vbeam/vA ∼ 0.3–0.5 for line averaged
densities around 0.5–1.0 × 1019 cm−3) with ion source cur-
rents up to 60 A and with a maximum acceleration voltage of
34 kV. As corresponds to tangential injection (see figure 2), a
high fraction of the fast ions have passing trajectories with a
pitch (ξ = v‖/v) distribution of the born ions strongly peaked
around ξ = 1 [23]. The experiments described in this paper
were carried out on mixed-fuel plasmas of deuterium (puff-

ing) and hydrogen (NBI) using only the co-direction NBI1
injector. Consequently, the NBCD contribution to the total
plasma current must be taken into account. Additionally, two
53.2 GHz gyrotrons, each of them generating up to 250
kW of EC power, heat the plasma using second harmonic
X-mode. The power of each gyrotron is guided towards the
vacuum vessel by its corresponding quasi-optical transmis-
sion line. Two internal steerable mirrors, one for each ECH
beam (ECH1 and ECH2) allow us to scan the plasma toroidally
and poloidally. The lines are located in stellarator symmetric
positions ensuring in principle EC driven current compensa-
tion when launching parameters in both lines are equivalent.
The heating systems and their power injection geometry are
illustrated in figure 2.

Two heavy ion beam probes (HIBP), located at equiv-
alent toroidal positions in different sectors of the device,
simultaneously provide local measurements of plasma elec-
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Figure 3. Radiation measurement set-up. The viewing lines of the
16 detectors are shown.

Figure 4. Time evolution of total heating power
PECH = PECH1 + PECH2 = 480 kW and PNBI = 500 kW (a), electron
line density nL and central electron/ion temperatures (b) and plasma
current (c) in a shot with separate ECRH and NBI phases. Plasma
current is stabilized around t = 1200 ms. The ordinates scale in (b)
is chosen to clearly show the NBI phase time traces, even though it
implies that electron temperature during ECRH phase goes off scale.

tric potential, density profile and poloidal magnetic field [24].
The size of their beam sample volume determines the spa-
tial resolution of each diagnostic (1 cm). The radial posi-
tion of the sampling volume ρsv can be swept over the
plasma column −1 < ρsv < 1 several times during one sin-
gle shot (∼15 ms per sweep) allowing for profile mea-
surement as long as steady state conditions are achieved.
Negative and positive values of ρsv indicate high and low
field side measurements respectively. Additionally, a 16-
channel absolutely extended ultraviolet (AXUV) silicon pho-
todiodes array (figure 3) providing line-integrated measure-
ments of plasma radiation in the 2 eV–5 keV range helps

determine the radial extension of the detected modes, as long
as they have a clear impact on radiation. Unfortunately, the
array of 25 Mirnov coils, used to measure the poloidal mode
number of the perturbations, was not available when the exper-
iment took place.

4. Experimental observations

4.1. NBI plasmas

Figure 4 shows the time histories of total ECRH and co-
NBI heating power, line-averaged electron density, central
electron and ion temperatures (measured with ECE and NPA
diagnostics respectively) and plasma current, for discharge
#44257, in which several MHD instabilities appear dur-
ing the NBI phase (t � 1150 ms). Injected power is 480
kW during the ECRH phase and 500 kW during the NBI
phase. In this operation scheme, ECRH is switched-off at
t = 1150 ms since it is mainly used to build the NBI tar-
get plasma. Central ECE temperature appears overestimated
during the ECRH phase (t = 1060–1150 ms) because of the
low density of the discharge. In these conditions, kinetic
effects derived from highly focused ECRH beams (devia-
tions from Maxwellian electron distribution function) and
low optical plasma thickness prevent reliable ECE mea-
surements. ECE temperature is routinely calibrated using
the Thomson scattering profiles but this calibration is only
valid for central channels and medium density conditions as
the ones achieved in the NBI phase (ne � 0.5 × 1019 m−3).
The fast density ramp-up at t = 1150 ms is triggered by the
switch-off of the ECRH power. ECRH pump-out effect disap-
pear and the sudden cooling of the plasma eases the penetra-
tion of the surrounding neutrals. In addition, this fast increase
in plasma density improves the NBI coupling and its heat-
ing efficiency. The NBI direct contribution to the particle
source approximately doubles after ECRH switch-off, but still
remains smaller than the other contributions such as recycling
of shine-through (58%) or CX neutrals [25].

Plasma current driven by the co-NBI beam increases up to
Ip ≈ 1.5 kA and appears stable during the last 40 ms of the
discharge. Current stabilization time is consistent with the L/R
time, defined as τLR � σ‖〈a〉2(μ0/2)ln(8R0/〈a〉e7/4), which
calculated for the typical NBI plasma electron temperature
yields τ LR ≈ 150 ms. A surface average temperature using the
Te(ρ) profile shown in figure 10 is considered in the calcula-
tion of the parallel conductivity σ‖ [26]. A ratio nD/nH ≈ 1.8,
produced by the combination of deuterium gas puffed inside
the device and the hydrogen NBI, is measured in this type of
shot [27].

Figure 5 shows the spectrograms of the magnetic field fluc-
tuations B̃(t) (mainly the fluctuations in the poloidal compo-
nent of B) detected during the NBI phase by two Mirnov coils
(MIR5C and MID5P13) located approximately 4 and 10 cm
away from the LCFS at different toroidal and poloidal loca-
tions. Several low ( f � 100 kHz) and high ( f > 100 kHz)
frequency instabilities are observed. The frequency of the
most intense high frequency modes (1150 ms < t < 1175 ms)
clearly shows the typical inverse square root dependence on

4
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Figure 5. Top and middle panels show the magnetic fluctuations spectrograms obtained during the NBI phase (t > 1150 ms), measured by
two magnetic coils at different toroidal locations. Bottom panel shows the spectrogram of plasma radiation. Plasma current (yellow dashed
line) and line density (red solid line) are also plotted.

plasma density characteristic of shear Alfvén waves. Although
all the instabilities are detected by both magnetic coils, the
amplitude of the induced perturbations depends on the coil
location.

Figure 5 also shows the spectrogram of the radiation detec-
tor looking towards the plasma core (labeled ‘10’ in figure 3).
The strong high-frequency perturbations ( f > 200 kHz)
detected in magnetic field during the density ramp-up phase
have no measurable impact on plasma radiation while the
rest of instabilities detected for t > 1170 ms influence both
magnetic and radiation behavior. The two HIBP (HIBP1 and
HIBP2) were repeatedly scanning the plasma column during

the discharge. For the shot represented in figure 4, two com-
plete scans with both probes were performed at the beginning
of the NBI phase, and two in the stationary phase between
t = 1195 ms and t = 1235 ms, enabling the determination
of the plasma potential perturbations associated to the most
intense modes that are observed in these phases. Figure 6
shows an example of this type of measurement, obtained in
one of the scans using HIBP2, for the mode that appears at
f ≈ 100 kHz. Assuming steady state conditions, the moving
heavy ion beam provides the average amplitude of the per-
turbation as a function of time. Knowing the dependence of
the probing beam position on time, the radial structure of the

5
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Figure 6. (a) Magnetic fluctuations measured by Mirnov coil during the HIBP2 scanning time interval. In (b), the HIBP2 secondary beam
intensity Itot(t), proportional to plasma density, and the position of the heavy ion beam-plasma interaction volume, ρsv(t) are plotted. The
spectrogram of the electric potential fluctuations appears in (c) and the amplitude of these fluctuations as a function of time is shown in (d).
Combining (b) and (d) we may find the radial structure of the perturbation (see figure 7).

potential perturbation may be inferred. Figure 7 shows the per-
turbed potential profiles of the almost steady mode detected
at 100 kHz and the chirping mode that appears around 170
kHz. Both perturbed potential profiles measured by HIBP1 and
HIBP2 are compared in figure 8 showing a good agreement
and confirming the expected toroidal extension of the 100 kHz
Alfvén mode. Note that the peaked structure that is seen in the
perturbed potential profile, particularly around t = 1207 ms
(ρ = 0.5 in figure 8) must be interpreted in terms of amplitude
bursts in time and not as spatial structures. The combination
of the bursting character of the mode, which can be observed
in the spectrogram of magnetic fluctuations, and the detection
technique (sweeping beam) produces these peaks. Actually,
the error analysis allows us to determine the perturbations in
mode amplitude with ±1 V accuracy.

For comparison with the radial extension of the 100 kHz
mode detected by both HIBP, the amplitude of line integrated
plasma radiation perturbations measured by the array of photo-
diodes at this same frequency is shown in figure 9. The values

of the ρm coordinate associated to each channel actually cor-
respond to the lower value of ρ encountered along the line
of sight of each detector (see figure 3). The radial extension
of the perturbations in plasma radiation (−0.5 < ρm < +0.5)
is consistent with the potential profiles measured by HIBP’s.
Electron temperature and density profiles measured by Thom-
son scattering at t = 1200 ms are shown in figure 10. Although
no measurement of the T i profile is available, a reasonable esti-
mate in NBI plasmas can be obtained by taking T i(ρ) propor-
tional to the electron temperature profile and using the central
ion temperature provided by NPA [28]. The ion density profile
consistent with the Zeff profile is also shown.

4.2. NBI + ECRH/ECCD plasmas

Starting from the NBI scenario described above, we may first
study the effect produced on the plasma parameters, and also
on the AEs activity, when on-axis ECRH power is added
during the NBI phase.

6
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Figure 7. Radial structure of the electric potential perturbations
measured by HIBP2 for the steady (red) and chirping modes (black)
observed at f ≈ 100 kHz and f ≈ 170 kHz.

Figure 8. Radial structure of the 100 kHz electric potential
perturbations measured by HIBP1 and HIBP2.

To this end, only one of the ECH beams is switched on again
at t = 1170 ms. Initial ECRH power remains the same as in
the reference scenario (around 480 kW) while only 240 kW,
corresponding to ECH1 (or ECH2), is applied during the sec-
ond phase. Changing the injection angles of one of the ECH
beams from N‖ = 0.0 to N‖ = +0.2 allows us to induce on-
axis current (counter-ECCD) with minor changes in the beam
power deposition profile. Here, N‖ = cos θ, were θ is the angle
between the direction of the ECRH beam and the magnetic
field at the point where the beam intersects the magnetic axis.
For N‖ = +0.2, the beam deviates 11.5◦ from purely perpen-
dicular injection (N‖ = 0.0). By comparing shots with and
without ECCD we may investigate the influence that two dif-
ferent levels of plasma current have on the observed AEs.
Figure 11 illustrates the evolution of plasma parameters in
both types of shots when ECH1 beam is used during the NBI
phase. In this case, the power corresponding to each ECH beam
is represented separately and their time traces overlap in the
initial ECRH phase since they were operated at same power.
As can be seen, independently of the value of N‖, ECRH
power produces a strong pump-out effect on the plasma den-
sity while central temperature increases from Te(0) ≈ 400 eV
(NBI plasma only) to around 1.2 keV. Plasma densities and

Figure 9. Amplitude of line integrated plasma radiation oscillations
detected at f ≈ 100 kHz. Minimum ρm corresponds to channel 1
according to the numbering shown in figure 3. Central (#8) and
edge channels are indicated.

Figure 10. Electron/ion density and temperature profiles of the NBI
heated plasma. Profiles were measured at t = 1200 ms.

temperatures of electrons and ions obtained for the non-ECCD
case are shown in figure 12. In this case—low density ECRH-
like plasma—and following again [28], the ion temperature
profile is taken proportional to the electron density profile.

7
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Figure 11. Heating power (a), line density nL, central electron temperature (b) and plasma current (c) in two shots with four separate phases:
ECH1 + ECH2, NBI, NBI + ECH1 and NBI again. The figure compares a shot with ECCD (dashed lines) to a shot without ECCD (solid
lines).

Although it is not shown here, very similar thermal plasma pro-
files are measured for the ECCD case since the heating source
is barely modified. As expected, the main difference between
shots with and without ECCD is the plasma current, which
is stabilized at t = 1200 ms. While line density and central
temperature remain basically the same, total plasma current
decreases from Ip ≈ 1.0 kA to Ip ≈ 0.3 kA when ECCD is
applied. This change in plasma current has a strong impact on
the spectrum of detected perturbations, as is illustrated in the
spectrograms shown in figures 13 and 14.

A steady mode at 250 kHz appears while the low frequency
activity is suppressed. The same experiment has been per-
formed switching on ECH2 beam instead of ECH1. This beam
is entering at a stellarator symmetric position in relation to
ECH1 (see figure 2) and its effect is very similar to the latter,
as is shown in figure 14. In this case, the contribution of the
counter-ECCD current is less pronounced and the same 250
kHz mode exhibits now a very slight chirping behavior. Low
frequency activity is also suppressed. In contrast to the NBI
case, no perturbations in plasma radiation are detected when
ECRH (with or without ECCD) is applied. Note that in this
case (see section 5) the NBI heating efficiency is extremely
low.

5. NBI heating and fast ion pressure

A necessary input for mode stability analysis is the steady
state fast ion pressure profile in both NBI and NBI +
ECRH scenarios. Fast ion profiles resulting from the ion-
ization of NBI neutrals and their subsequent slowing-down
in the plasma have been calculated using the Monte Carlo
code FAFNER [29] with the thermal plasma profiles shown
in figures 10 and 12 and the density of neutrals from recy-
cling as obtained from EIRENE [25] for the given discharge
conditions (plasma parameters, wall conditioning, puffing and
monitored Hα light). The precise beam injection geometry is
considered in the simulation including scraper losses. Fast ion
densities (nfast) and fast ion pressure profiles (βfast) calculated
with FAFNER are plotted in figure 15. Due to the relatively
low plasma densities involved, for none of the cases is the NBI
heating efficiency very high. For the NBI scenario—higher
density and lower electron temperature—58% of the port-
through power (500 kW) is lost because of shine through.
After considering charge exchange losses (17%) and particle
orbit losses (7%) during slowing-down, the remaining coupled
power goes to electrons (12%) and ions (6%). For the NBI +
ECRH case with lower density and higher electron tempera-
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Figure 12. Electron/ion density and temperature profiles of the
NBI + ECRH plasma. The profiles were measured at t = 1200 ms.

ture, the NBI heating performance is even lower; percentage of
shine through (54%) is very similar but charge exchange losses
increase up to 30% leaving only 5% and 4% of the power for
electrons and ions respectively after considering particle orbit
losses (7%). All percentages are referred to the port-through
total power.

6. Plasma currents and impact on rotational
transform profile

The three different scenarios described in sections 4.1 and
4.2—NBI (1.5 kA), NBI + ECRH (1 kA) and NBI + ECRH
with ECCD (0.3 kA)—show clearly different amplitudes of
total plasma current. For the NBI and NBI + ECRH cases,
the total current is a combination of NBCD and bootstrap
contributions, which vary because of the changes in plasma
profiles induced by ECRH. Furthermore, on-axis ECCD pro-
duces localized modifications of the current profile, affect-
ing neither NBCD nor bootstrap since all plasma parameters
remain very similar except for the EC driven current itself.
The knowledge of the rotational transform profile -ι(ρ) in each
of the three cases is essential to understand changes on mag-
netic fluctuations and to compare the observed behavior to the
theoretical predictions. Unfortunately, no -ι measurements are

available for these experiments and therefore, to take into
account the impact of -ι variations on the spectrum of shear
Alfvén waves, the profile of each current source needs to be
estimated. Thus, thermal plasma profiles have been first used
to calculate the bootstrap current using DKES [30]. Then,
the NBCD profile has been taken proportional to the fast ion
density profile shown in figure 15 and finally, the TRAVIS
ray tracing code [31] has been applied to estimate the ECCD
current profile. Note that only the bootstrap current result
has been included without any modification while the cal-
culated NBCD and ECCD profiles have been scaled so that
the total integrated current that is obtained from adding the
current density profiles of the different contributions is equal
to the total measured plasma current. Figure 16 shows the
result of such calculations for the three cases under study.
We can now use the VMEC code [32] to calculate the corre-
sponding equilibria and obtain the rotational transform pro-
file for each case (see figure 17). Thermal plasma pressure
(βth(0) ∼ 0.3%) is disregarded in the equilibrium reconstruc-
tion and only the total current density is considered. Lower
order rational values present in the rotational transform profiles
determine the corresponding helicities, and therefore the range
of m’s and n’s (n/-ιmax < m < n/-ιmin), that need to be included
in the mode stability analysis presented in the next section.
Validating NBCD or ECCD calculations in the TJ-II stellara-
tor is beyond the scope of the paper. However, it is worth
mentioning that taking the NBI induced current proportional
to the fast ion density profile instead of the rigorous calcu-
lated NBCD profile is a sufficiently good approximation for
our present purposes. This is because the radial dependence
of the NBCD current density is mainly determined by the
radial dependence of the fast ion density profile and that we
are taking a normalized profile. Other terms relevant to the
NBCD calculation, as the average parallel energy of fast ions
and the configuration dependent geometrical factor related to
the trapped electrons fraction and that accounts for the elec-
tron return current [33] show a less pronounced dependence
on ρ. Preliminary NBCD calculations in TJ-II [34], using the
ASCOT code [35] to obtain the slowing-down distribution
input, was carried out for the same set of discharges. The result
presented in [34] shows that current density profiles closely
follow the radial distribution of fast ions although the cur-
rent is overestimated since charge exchange losses were not
taken into account in the ASCOT simulations. Similarly, the
experimental validation of the bootstrap current calculations
for TJ-II plasmas is still incomplete. The volume-integrated
values routinely measured with Rogowsky coils for ECRH
heated plasmas (without EC current drive) agree qualitatively
with those estimated in [30]. For conditions similar to the
NBI + ECRH plasma studied here, good quantitative agree-
ment between the neoclassically-predicted ion contribution
to the bootstrap current and the rotation profile of the fully
ionized carbon [36] is found.

7. Mode stability analysis

The content of this section is devoted to the numerical anal-
ysis of the experimental results described in section 4. The

9
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Figure 13. Impact of ECRH power (ECH1 beam) added during the NBI phase: without ECCD (top panel) and with on-axis ECCD launching
the beam with N‖ = 0.2 (bottom panel). The main feature is the excitation of a steady mode with f = 250 kHz when ECCD is applied.

structure of the Alfvén wave continuum has been calcu-
lated using STELLGAP [37] and the AEs stability has been
studied by means of the FAR3d code [38–41]. The gyro-
fluid code FAR3d solves the reduced linear resistive MHD
equations together with the moment equations [42, 43] of the
energetic ion density (nfast) and parallel velocity (v‖fast). The
model reproduces the linear wave-particle resonance effects
required for Landau damping/growth and the parallel momen-
tum response of the thermal plasma required for coupling to
the geodesic acoustic waves [44], as well as the effect of the
helical couplings. FAR3d has been used in previous studies to
model the experimental AEs and EPMs activity in LHD [45]
and DIII-D [46] and to perform a parametric analysis of AEs
destabilization in TJ-II [47].

Table 1 indicates the values of toroidal (n) and poloidal (m)
mode numbers included in STELLGAP simulations, as well
as the values of the dynamic and equilibrium modes that have
been considered in FAR3d. In this code, dynamic modes track
the time evolution of the instability and equilibrium modes
represent the plasma equilibrium and do not evolve in time.
The closure of the kinetic moment equations breaks the MHD
symmetry adding a phase with respect to the mode parity
and thus mode parities must be included for all the dynamic

variables. The representation of the several eigenfunctions in
the FAR3d code is done in terms of sine and cosine compo-
nents. More specifically, the real part of a general perturbation
Φ(ρ, t) given by

Φ(ρ, t) =
∑

m,n

φm,n(ρ)eiβ ,

with real frequency ω and phase β ≡ χ− ωt, where χ ≡
mϑ+ nϕ and φm,n(ρ) is the complex amplitude of the n/m
mode, can be written as

R(Φ(ρ, t)) =
∑

m,n

R([φR
m,n(ρ) + iφI

m,n(ρ)]eiβ)

=
∑

m,n

(φ̂c
m,n(ρ, t) cos χ+ φ̂s

m,n(ρ, t) sin χ),

where we have defined the functions

φ̂c
m,n(ρ, t) ≡ φR

m,n(ρ) cos ωt + φI
m,n(ρ) sin ωt

φ̂s
m,n(ρ, t) ≡ φR

m,n(ρ) sin ωt − φI
m,n(ρ) cos ωt.

Having in mind the definition of χ (with ‘+’ sign) and also
that -ι is negative, n and m numbers of the calculated modes are

10



Nucl. Fusion 61 (2021) 066019 Á Cappa et al

Figure 14. Same as in 13 but using now ECH2 beam instead of ECH1. Plasma current, temperature (not shown in the figures), density and
magnetic fluctuations behave very similarly to the case depicted in figure 13.

Figure 15. Fast ion density profiles (left) and βfast profiles (right) calculated with FAFNER for the two relevant cases: NBI (red) and
NBI + ECRH/ECCD (blue).

both positive for the frequencies of interest. The n > 0 modes
are those aligned with the magnetic field line helicity while
the n < 0 modes are relevant at much higher frequencies than
the ones detected in experiments. While solving for the differ-
ent perturbations, the code provides the two solutions φ̂c

m,n and

φ̂s
m,n. In figures 21, 26 and 27, where the radial profile of the

dominant perturbations are presented, the label n/mc is used
to represent φ̂c

m,n, i.e. the component with cosχ while the label

n/ms is used to represent φ̂s
m,n, which is the component with

sinχ. It should be noted that to describe the energetic particle
population, the FAR3d code uses for the parallel speed of the
fast ions a Maxwellian distribution with its temperature given

11
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Figure 16. Radial profiles of the different contributions to the total
plasma current profile (solid black lines) for the three studied cases:
NBI (a), NBI + ECRH (b) and NBI + ECRH/ECCD (c). In all
cases, the solid lines, blue for bootstrap, red for NBCD and green
for ECCD, correspond to the calculated current profiles (dI/dψ(ψ)),
while the dashed lines (I(ψ) ≡

∫ ψ
0 [dI/dψ′]dψ′) represent their

cumulative integral. Thus, the values of Ip(ψ) at ψ = 1 correspond
to the total stationary plasma current measured in each case.

by the average energy of the fast ion slowing down distribution.
Such approximation is consistent with what is obtained when
equating the mean energies of the Maxwellian and a slowing-
down distribution proportional to H(vb − v‖)/(v3

‖ + v2
c ) [26],

Figure 17. Rotational transform profiles calculated with VMEC and
lower order rationals (right axis) for the studied cases. Vacuum iota
profile is also shown.

Table 1. Toroidal (n) and poloidal (m) mode numbers included in
STELLGAP and FAR3d simulations. All poloidal mode numbers in
the indicated range are included.

STELLGAP FAR3d (dyn.) FAR3d (eq.)

n m n m n m

4 [1–8] 5 [2–4] 4 [0–5]
5 [1–10] 6 [3–5] 8 [0–5]
6 [2–12] 7 [3–6] 12 [2–7]
7 [2–14] 9 [4–7] 16 [5–10]
8 [3–16] 10 [5–8] — —
9 [3–18] 11 [5–9] — —
10 [4–20] 13 [6–10] — —
11 [4–21] 14 [7–11] — —
12 [5–23] 15 [7–11] — —
13 [5–25] 17 [9–13] — —
14 [6–27] — — — —
15 [6–29] — — — —
16 [7–31] — — — —
17 [7–33] — — — —

where H(x) is the Heaviside function, vb is the birth energy
of the beam ions and vc = (3π1/2me/4mi)1/3vTe is the critical
speed above which electron drag dominates over ion drag. The
model reproduces the destabilizing effect of the passing ener-
getic particles, as the ones created by the tangentially injected
beams. In contrast to the real beam-like distribution function,
co- and counter injected particles are being considered in the
calculations.

The shear Alfvén continuum spectrum calculated for the
three cases under study is shown in figure 18. Its structure dif-
fers between cases on account of the differences in iota profiles
and thermal plasma parameters. Consistently with the estima-
tion shown in figure 1, two helical gaps (HAE21 and HAE31)
are identified. For instance, for the NBI + ECRH/ECCD case
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Figure 18. Alfvén wave continua calculated by the STELLGAP
code for the cases (a) NBI, (b) NBI + ECRH and (c) NBI +
ECRH/ECCD. The line color and index identify the toroidal mode
number n. The frequency range of the BAE gap ( f < 50 kHz) is also
indicated.

(figure 18(c)), the presence of the HAE21 gap allows the heli-
cal coupling between modes with toroidal number n = 9 (pink
line) and n = 13 (brown line) in the middle plasma region
(ρ ≈ 0.4), around 230 kHz. For the NBI case, a much wider

TAE gap appears at higher frequencies ( f = 300–350 kHz),
as it is clearly seen in figure 18(a). The three mode fam-
ilies n = 0, n = 1 and n = 2, typical of an N f = 4 device,
are plotted together for sake of space. FAR3d simulations
use the fast ion density profiles obtained from the FAFNER
code (see figure 15). As mentioned above, the code cannot
take into account the real distribution function created by the
co-NBI beam. Therefore, FAR3d uses a Maxwellian distri-
bution without radial energy dependency and average beam
slowing-down temperature calculated with FAFNER: T fast =
10.0 keV for the NBI case and T fast = 12.5 keV for the NBI +
ECRH/ECCD case. The magnetic Lundquist number S,
defined as the ratio of the resistive time τR = a2μ0/η0 to
the Alfvén time τA = R0

√
μ0mini(0)/B̄, where B̄ is the aver-

age magnetic field on-axis, varies between S = 2 × 106 (for
the highest collisionality NBI case) and S = 8 × 106 (for the
NBI + ECRH/ECCD cases). An average value S = 5 × 106 is
taken in the simulations.

It is also important to emphasize that although the VMEC
equilibria used both in STELLGAP and FAR3d have been cal-
culated including the plasma current to account for changes
in -ι, we have nevertheless disregarded the plasma pressure
components when reconstructing the plasma equilibria. Since
FAR3d simulations include necessarily the effect of the fast
ions pressure profiles, the excited modes appear radially dis-
placed and slightly shifted in frequency in respect to the gaps
inside the continuum calculated by STELLGAP. This effect
is noticeable in figures 21, 26 and 27, where FAR3d result is
compared to the STELLGAP calculation.

In the following, the AE stability is analyzed for each case
individually and the candidate modes that are found to be con-
sistent in frequency with the observations will be labeled by
their n/m ratio following the convention described above.

7.1. NBI

Figures 19 and 20 show different enlarged parts—between 150
and 250 kHz in figure 19 and between 80 and 120 kHz in
figure 20—of the magnetic perturbations spectrograms shown
in figure 5.

We focus the analysis on the time range for which the steady
state density, temperature, -ι and fast ion profiles discussed in
sections 4–6 are assumed to be valid. As before, the spectro-
gram colors represent the single-side normalized mode power
expressed in dB. This time, we have also added (right axis) the
amplitude of the magnetic field perturbation perpendicular to
the coil, δBs = δBs · ŝ. This quantity is given by

δBs(t) =
4C

2πNs f m(t)
|ST FT (t, f )| f= f m(t), (4)

where ST FT (t, f ) stands here for the short-time Fourier
transform (or spectrogram) and fm(t) is the frequency at which
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Figure 19. Magnetic fluctuations spectrograms in the 150–250 kHz range and mode amplitude δBs(t) for the NBI case measured by two
different magnetic coils. Note that mode R2 is barely seen by one of the coils (MID5P13).

Figure 20. Magnetic fluctuations spectrogram in the 80–120 kHz range and mode amplitude δBs(t) for the NBI case measured by two
different magnetic coils.

the maximum amplitude in the spectrogram is observed. Ns

is the number of samples in each short-time slice (1 ms) of
the original signal and C ≡ (1/αNtAc) ≈ 0.4 m−2 is a fac-
tor associated to the signal amplification factor (α) and the

coil geometry (Nt is the number of turns and Ac is the coil
area). Three main instabilities clearly appear in the steady state
part of the NBI phase, two of them around 180–200 kHz,
labeled as R1 and R2 in figure 19 and a third one (R3) in
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Figure 21. Alfvén waves continuum calculated with STELLGAP for the NBI case (a)–(c). The radial profile of the corresponding 17/10,
7/4 and 14/8 sine and cosine eigenfunctions found by FAR3d and consistent with the measured frequencies is also shown (d)–( f ). For
comparison, the frequency and the radial extension of the modes is indicated in the Alfvén continuum plots obtained with STELLGAP. As
was explained in the text, n/mc and n/ms label the amplitudes of the cos(mϑ+ nϕ) and sin(mϑ+ nϕ) components. The calculation was
performed with plasma profiles measured (and calculated in the case of -ι) at t = 1200 ms.

Figure 22. Theoretical mode amplitude (dashed red line) of the
n = 7, m = 4 mode and average potential perturbation at same
frequency measured by both HIBP probes (gray shaded area and
dashed black line).

figure 20. Detected amplitudes vary depending on the chosen
coil. Now, figure 21 illustrates the result of the correspond-
ing numerical simulations. The dominant instabilities con-
sistent with the observations in terms of frequency are shown.

Figure 23. 2D plot of the n = 7, m = 4 potential perturbation calcu-
lated with FAR3d. The contour lines corresponding to ρ = 0.4 and
ρ = 0.65 are also plotted.
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Figure 24. Magnetic fluctuations spectrogram without (a) and with ECCD (b) during the ECRH phase. In this case ECH1 beam was used to
heat and then add EC current.

Figure 25. Same as figure 24 but using now ECH2 beam to heat and then add EC current by performing oblique launching.

According to the results presented in figures 21(c) and
( f ), the 14/8 perturbation exhibits a frequency ( f = 179 kHz)
close to the measured frequency of instability R1. This 14/8
mode is identified as an EPM because, in the simulation,
a single poloidal mode number m = 8 is dominant and the
mode radial extension is such that it intersects the contin-

uum (see figure 21(c)). It is radially located above the HAE21

gap at the position where n = 10 and n = 14 modes cou-
ple. The calculated dimensionless linear growth rate of this
EPM mode is γτA = 0.33. As for the chirping type instabil-
ity R2 clearly visible in one of the magnetic coils (MIR5C),
FAR3d predicts the destabilization of a 17/10 perturbation
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Figure 26. Alfvén waves continuum calculated with STELLGAP for the NBI + ECRH case (a)–(c). The radial profile of the corresponding
11/7, 10/6 and 14/8–14/9 eigenfunctions is also shown (d)–( f ). As before, the frequency and the radial extension of the modes is indicated
in the Alfvén continuum plots obtained with STELLGAP. The calculation was performed with plasma profiles taken at t = 1200 ms.

(see figure 21(a)) whose calculated frequency ( f = 164 kHz)
is consistent with the average measured frequency of the R2
mode ( f ≈ 170–180 kHz). The 17/10 perturbation is a helical
Alfvén eigenmode (HAE) because it is triggered by the cou-
pling of the n = 13 and n = 17 modes inside the helical HAE21

gap. For this case, γτA = 0.37.
Another HAE mode within the frequency range of insta-

bility R3 ( f ≈ 100 kHz) is found by FAR3d. This mode, also
triggered within the HAE21 gap (n = 3 with n = 7 coupling),
and shown in figures 21(b) and (e) corresponds to a 7/4 HAE
perturbation ( f = 107 kHz) with γτA = 0.31. The calculated
radial profile of the potential perturbation associated to this
mode is roughly consistent with the HIBP measurements of
the perturbed potential profile presented in figure 8 and with
the radial extension of the perturbation as measured with radi-
ation diagnostic (see figure 9). Figure 22 compares the mode
profile calculated by FAR3d with the average potential pertur-
bation measured by both HIBPs. The amplitude of the theoret-
ical profile has been set equal to the experimental one to ease

the comparison. In addition, the theoretical 2D structure of the
Φ potential perturbation linked to the 7/4 mode is shown in
figure 23.

7.2. NBI + ECRH and NBI + ECRH/ECCD

As was discussed in section 4, the main difference in plasma
parameters between the cases in which ECRH is applied is
the plasma current. Even though the stability analysis has
been performed with experimental (ne(ρ), Te(ρ), ni(ρ)) and cal-
culated (nfast(ρ), -ι(ρ)) steady state profiles taken at t = 1200
ms, the inspection of the time evolution of modes frequencies
during the whole discharge provides very useful information.
Figures 24 and 25 show the AEs activity, already presented
in section 4.2, restricted now to the high frequency range, for
the cases without and with ECCD driven by the ECH1 or the
ECH2 beam.

Three main instabilities, labeled as A1, A2 and A3, are
present in all cases, with more or less amplitude and different
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Figure 27. (a) Alfven gap location and (b) eigenfunction of the 9/6 HAE for the NBI + ECRH/ECCD case. Again, the result is obtained for
t = 1200 ms.

Figure 28. Magnetic fluctuations spectrogram in the 200–300 kHz range, corresponding to the A2 instability shown in figure 24(b). Mode
amplitude δBs is also plotted.

Figure 29. Magnetic fluctuations spectrogram in the 280–320 kHz range, corresponding to the faint A1 instability shown in figure 25(b).
Mode amplitude δBs is also plotted.
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Figure 30. Time evolution of line density (a), central electron temperature (b) and plasma current (c) in three shots with same initial
settings. The ECH1/ECH2 heating scheme during the NBI phase is indicated in (b). Reference times (t1, t2 and t3) roughly indicate the times
for which Ip ≈ 0.

behavior depending on the ECH beam used to drive the cur-
rent. All three show very similar behavior during the phases
without ECRH (1150 ms < t < 1170 ms) and t > 1230 ms.
Without ECCD, only the A3 instability, very faint during the
NBI phase, clearly survives during the ECRH phase, show-
ing a more or less regular bursting behavior. A1 and A2 are
barely detected after t > 1185 ms, although some hint of A2
activity is detected at the end of the ECRH phase. When
ECCD is applied, A3 is suppressed, independently of the used
ECH beam and A2 survives mostly through the whole dura-
tion of the discharge showing a steady state behavior, par-
ticularly sharp in frequency if ECH1 beam is used. A very
faint A1 bursting activity is also observed in the cases with
ECCD.

The numerical simulation for the case without ECCD
makes appear two different instabilities with same linear
growth rate (γτA = 0.21) and frequencies consistent with the
frequency of the A3 mode; an 11/7 HAE with f = 189 kHz,
destabilized in the HAE21 gap shown in figure 26(a) and a

10/6 GAE with f = 195 kHz, triggered at the radial location
where the local minimum of the n = 10 BAE gap is found
(figure 26(b)). In addition, also for the case without ECCD,
the simulations predict the destabilization of 14/8–14/9 per-
turbation ( f = 285 kHz and γτA = 0.19) which is shown
in figures 26(e) and ( f ). The 14/8–14/9 is a TAE mode
because two modes with same n and successive poloidal mode
numbers (m and m + 1) are coupled. The perturbation is trig-
gered inside the TAE gap shown in figure 26(e). Instability A1,
which would be the most suitable candidate for this prediction
shows a very faint amplitude and reaches f ≈ 290–300 kHz
before it disappears at t = 1185 ms.

Finally, the results of FAR3d and STELLGAP simulations
for the ECCD case are shown in figure 27. A 9/6 HAE per-
turbation (coupled with 13/8) with f = 232 kHz and γτA =
0.20 is destabilized in the HAE21 gap and seems to be con-
sistent with the frequency range of the instability A2 shown
in figure 24(b). Moreover, a higher frequency 7/4–7/5 TAE
( f = 349 kHz and γτA = 0.20) also arises in the simulations.
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Figure 31. Dependence of mode frequency and amplitude on plasma temperature and current (yellow dashed line). Reference times t1, t2
and t3 are indicated for comparison using the same color code defined in figure 30. At t = 1230, ECRH power is switched-off and typical
mode characteristic of NBI1-phase is recovered.

However, the very faint chirping instabilityA1, which is shown
in figure 29, being the one observed with the higher frequency,
is still 50 kHz below predictions. Note that in this case the
amplitude of fluctuations is one order of magnitude lower com-
pared with A2. Figures 28 and 29 shows enlarged views of
instabilities A1 and A2 and their amplitude. Amplitude of A1
is one order of magnitude lower.

The FAR3d simulations also identify some GAEs with f <
160 kHz and TAEs with f > 350 kHz which do not correspond
to any instability observed in the experiments even though their
growth rate is similar to the rates of those modes that match
the experimental observations. Here it is important to remind
that while FAR3d is considering a Maxwellian distribution,
i.e. co and counter ions of equal energy, the experiments have
been carried out only with co-injected ions coming from one
single neutral beam injector. Actually, experiments performed
with NBI2, whose analysis is beyond the scope of this paper,
show that several AEs are also excited. FAR3d is very likely
capturing this behavior although a rigorous calculation should
consider the opposite (negative) current induced by NBI2.

Another possible reason for this discrepancy is caused by the
underestimation of the continuum damping effect on the GAEs
with f < 160 kHz and the lack of the finite Larmor radius
damping effect on the TAEs with f > 350 kHz. Both damp-
ing effects would contribute to stabilize these modes in the
experiment.

7.3. Dependence of mode frequency on ECRH power

Taking the NBI + ECRH/ECCD scenario as a starting point
(see figure 11), the impact of on-axis ECH power on the steady
9/6 helical mode shown in figure 28 is investigated using
a 20 ms, 250 kW pulse of ECH2 starting at t = 1200 ms.
Figure 30 shows three discharges obtained using the same
settings. While they are very reproducible in terms of line
density and central temperature, they show different uncon-
trolled time evolution of the plasma current. Within the mea-
surement accuracy, adding ECH2 on-axis power no longer
modifies the line density, as is shown in figure 30(a) but it
still seems to have a very slight impact on the density profile
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Figure 32. Density (a) and temperature (b) profiles measured at
t = 1190 ms in shot 44 289 (blue solid lines), before switching-on
ECH2 beam, and at t = 1210 ms in shot 44 282 (red solid lines)
after switching-on ECH2.

Figure 33. 9/6 HAE growth rate (dashed red line) and frequency
(dashed blue line) for different central ion densities.

(see figure 32(a)). Looking at the 9/6 mode frequency evo-
lution shown in figure 31 we may immediately establish a
correlation between mode frequency and changes in plasma
temperature/density and also between mode amplitude and
total plasma current. In all cases, mode frequency increases
about 20 kHz when ECH power is applied while its amplitude
decreases as plasma current becomes zero. Three different ref-
erence times (t1, t2 and t3) indicating approximately the time
for which the total measured plasma current is zero, are shown
in figure 30 and for comparison with the mode behavior, also
in figure 31.

Even though the changes in local plasma density shown
in figure 32 seem negligible, the amplitude of the errors bars
mask variations that can account for the observed excursion
in frequency. In principle, increments of Δ f in mode fre-
quency due to a reduction in local plasma density around
the radial mode location can be roughly estimated using the
simple square root dependence of the mode frequency
on the ion density ( f ∼ 1/

√
ni and ni � ne). Taking this

approximation, we may evaluate the change in local ion den-
sity related to a Δ f variation as Δni � ni( f2/(Δ f2 + f2) − 1)
and thus, increments of Δ f � 20 kHz in the 250 kHz range
need Δni/ni � −0.15, that is, a 15% reduction in local den-
sity. According to this approximation, a maximum reduction

Figure 34. 9/6 HAE growth rate (dashed red line) and frequency
(dashed blue line) for different central electron temperatures.

of only 7% (from ne � 0.75 to ne � 0.7 at ρ ≈ 0.25) can be
inferred from the measured profiles shown in figure 32(a) and
therefore either the previous approximation is too simple or
the effect of temperature, whose changes are illustrated in
figure 32(b), needs also to be taken into account to explain fre-
quency variations. Actually, both density and thermal tempera-
ture effects may be analyzed with FAR3d and STELLGAP for
a wide range of density and temperature variations. Figure 33
shows the dependence of normalized linear growth rate and
frequency of the 9/6 HAE mode on the central plasma den-
sity at constant temperature (Te(0) ≈ 1.2 keV). The FAR3d
simulation not only includes the effect of the ion density on
the gap position but also the effect on the wave-particle res-
onance, that is now different since the Alfvén velocity has
changed. The combined effects makes the calculated shift in
frequency stronger than the one obtained considering only the
simple f ∼ 1/

√
ni approximation. FAR3d calculation shows

also a non smooth variation of the linear growth rate as den-
sity increases which cannot be validated with the experimental
observations presented here. A possible explanation for this
effect would be the 9/6 mode attenuation together with the
amplification of the 13/8 helically coupled mode as the den-
sity increases, thus contributing to the increased growth rate
while keeping consistency with the predicted smooth behav-
ior in frequency. Although the simulations for variable den-
sities at constant temperature predicts frequency variations
more in accordance with the experimental results we must
also take into account the impact of plasma temperature on
mode frequency. A temperature increase implies a decrease
of the plasma resistivity, which has a stabilizing effect, but
also implies an increase of βfast, which enhances the mode
drive. A rise in temperature also increases the pressure of the
thermal plasma, which results in a stabilizing (or destabiliz-
ing) effect if the continuum damping is enhanced (or weak-
ened). Figure 34 shows the impact that variations in ther-
mal temperature have on the growth rate and frequency of
the 9/6 HAE mode as predicted by FAR3d. The central tem-
perature is varied from Te(0) = 0.75 to 1.75 keV in steps of
0.25 keV while thermal plasma density profile is kept constant
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Figure 35. Effect of ECH2 power on the location of the HAE21 Alfvén gap (a) and the 9/6 HAE eigenfunctions. Mode frequency is now
16 kHz higher.

at ne(0) ≈ 0.75 × 1019 m−3. For an increment of central tem-
perature similar to the one observed experimentally, that is,
from Te(0) � 1.25 keV to Te(0) � 1.75 keV (see figure 32(b)),
FAR3d predicts around 7 kHz increase in frequency. The com-
bined impact on the mode frequency of lowering the density
and increasing the temperature is calculated using the density
and temperature profiles measured in the ECH2 phase (red
lines in figure 32). The result is shown in figure 35. Comparing
this result with the one shown in figure 27 we can see that the
9/6 HAE is still the dominant mode and that it has increased
its frequency by an amount Δ f = 16 kHz, which agrees rea-
sonably with the frequency increment observed in figure 31.
The effect of increasing the temperature on the fast-ion density
profiles calculated with FAFNER and on the rotational trans-
form profile due to current density redistribution have been
disregarded.

8. Conclusions

We draw the following conclusions:

• NBI-driven AEs experiments in the TJ-II stellarator show
that a small amount of plasma current considerably mod-
ifies the spectrum of the observed magnetic field and
plasma potential perturbations. This is consistent with the
changes induced in the theoretical shear Alfvén spectrum
when the impact of the plasma current on the rotational
transform is evaluated. Using different VMEC equilibria
with estimated current density profiles calculated in dif-
ferent scenarios allows us to evaluate these changes by
means of the STELLGAP code.

• The effect of on-axis counter-ECCD can be easily iso-
lated from the NBCD and bootstrap current contributions
since modifying the injection angle of the ECH beams to
induce current barely changes the power deposition pro-
file and therefore produces negligible impact on NBI effi-
ciency and plasma pressure. In this sense, ECCD is the
most efficient actuator for control of AEs in TJ-II. Effect
of co-ECCD remains to be investigated.

• Destabilization of several types of AEs (GAEs, HAEs
and possibly TAEs) and EPMs whose frequency is con-

sistent with the frequency of the observed perturbations
is successfully predicted by the FAR3d code. More-
over, the experimental dependence of mode frequency on
the changes in plasma temperature and density induced
by ECRH power are also in accordance with FAR3d
estimations.

Even though the impact of plasma current on AEs is clearly
demonstrated when applying ECCD, all the current sources
must be taken into account. Actually, having unbalanced NBI
injection forces us to consider an estimation of the NBCD
effect on the rotational transform profile as an indispensable
condition to obtain reliable predictions. This is not needed
in experiments with balanced NBI injection. Bootstrap cur-
rent can neither be disregarded since its contribution is of the
same order as the NBCD or ECCD. Although its impact on
the rotational transform is lower due to its localization off-
axis, knowing its integrated value is mandatory to impose the
normalization of the theoretical current to the total measured
plasma current.

Despite the inaccuracies related to the current density
estimation (and therefore to the equilibrium configuration),
FAR3d predictions show reasonable agreement with experi-
mental results in all the scenarios studied. The TJ-II stellarator
results presented here contribute to the experimental validation
of the FAR3d code in 3D non-axisymmetric systems. Compar-
ison of theoretical predictions with observations has already
been carried out in other stellarators and presented in refer-
ences [14, 45]. The characteristics of the MHD model imple-
mented in the code, specially oriented towards computational
efficiency, makes it an appropriate candidate for stellarator
design optimization.
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