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Abstract

In Tokamak 4 Configuration Variable (TCV), unstable modes excited by resonant interaction
between the shear Alfveén waves in continuum gaps and energetic particles have been observed
in scenarios with neutral beam injection (NBI). TCV is a middle-size device

(Ro/a = 0.88/0.25) equipped with a | MW, 25keV tangential neutral beam injector. In this
paper the phenomenology of modes excited with on-axis NBI is presented. The Alfvenic nature
of the modes has been confirmed investigating their sensitivity against plasma parameters such
as NBI energy, toroidal magnetic field, and cross-checking with the predictions from linear
kinetic stability code. The mode radial profile is estimated using electron cyclotron emission
measurement and agrees well with modelling results. In addition, the fast particle distribution
function has been modelled using TRANSP/NUBEAM code. Even with counter-current NBI
(leading to higher losses), the drive from the resonant particles is sufficient for the mode
excitation. An ad-hoc additional diffusion model allows to estimate the fast particle transport,
modifying the fast particle gradient at the mode location and matching the neutron rates.
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1. Introduction

Magnetohydrodynamic (MHD) modes excited by energetic
particles are a challenge for future fusion reactors, such as
ITER, since they can cause degradation of « particles’ con-
finement, plasma heating, and create hot-spots on the plasma
facing components. Thus, the study of such MHD modes and
their suppression is of fundamental importance for present and
future fusion devices.

Among the possible weakly damped Alfvén eigenmodes
we find the Toroidal Alfven Eigenmodes (TAEs) [1, 2],
lying in the gap of the shear Alfvén waves (SAWSs) con-
tinuum caused by the toroidal geometry of tokamak devices.
Additional gaps can be opened due to the plasma poloidal
shape ellipticity and non-circularity, exciting respectively the
Elliptic Alfvén Eigenmodes and Non-circular Alfvén Eigen-
modes. The gradients in real and velocity space of the fast
particles can drive modes in the gap through the fundamental
wave-particle resonant mechanism, causing perturbations of
the electromagnetic fields. Such perturbations can be detec-
ted by the magnetic sensors and can induce large fast-ion
transport.

The Tokamak 4 Configuration Variable (TCV) [3]) is a flex-
ible device equipped with two tangential neutral beam (NB)
injectors [4], both with a nominal injected power of >1 MW.
The study on the fast ion population injected by such beams
and on the interaction with MHD modes has been explored
in [5-7]. TCV is also equipped with electron cyclotron emis-
sion (ECE) diagnostic and short pulse reflectometry [8], which
allow to measure the fine fluctuations of electron temperat-
ure and density and thus reconstruct the MHD mode spa-
tial structure. TCV’s capability to explore non-conventional
plasma shapes (such as negative triangularity [9]) and its
high electron cyclotron resonance heating (ECH) power avail-
able (<3.5 MW) makes it an attractive device where energetic
particle modes can be studied and their suppression achieved.
The common way to suppress TAEs is through localized cur-
rent drive, which modifies the local SAW continuum struc-
ture and increases the continuum damping by closing the
gap [10, 11].

In this work, interpretation of the MHD activity induced
by energetic particles is done. The MHD activity is observed
experimentally in the fluctuations on the magnetic field
and in the ECE. The additional fast ion transport can be
inferred from the neutron rate. The experimental data are
used as input for linear MHD stability tools and fast ion
transport codes in order to infer the type of MHD activity
and the additional fast ion transport related to the magnetic
mode.

The paper is structured as follows. In section 2 the exper-
imental scenario is presented. In section 3 the identification
of the modes magnetic structure is presented. In section 4,
the linear stability is analysed using the LIGKA code. In
the end, the fast particle population is analysed with the
TRANSP/NUBEAM codes in section 5 before drawing the
conclusions.

2. Experimental scenario overview

TCV is a medium-size device (Rg/a = 0.88m/0.25m) cap-
able of flexible plasma shaping due to 16 independent poloidal
field coils and an over-sized vacuum chamber. Available
heating systems include ERCH and two tangential NBIs
with 1 MW-1.3 MW in deuterium and energies <28keV and
<42keV [4, 12, 13] arranged anti-collinearly at the TCV mid-
plane (see figure 1(a)). The width of the beam (computed as
the size with 1/e intensity of the interpolated beam footprint on
the calorimeter) is 21.6 cm X 9.4 cm at the port entrance (hori-
zontal x vertical).

TCV is equipped with a large set of diagnostics. Electron
density and temperature are measured by a Thomson scatter-
ing diagnostic, while the ion temperature and toroidal velocity
by charge exchange recombination spectroscopy. Interfero-
metry is used to measure the line-averaged electron density.
The amplitude of the magnetic field perturbation is meas-
ured from the standard pick-up coils and LTCC-3D diagnostic
[14, 15]. The latter has a maximum resolvable frequency of
2 MHz, enabling the reconstruction of the detected modes up
to 1 MHz, and thereby the detection of changes in the con-
tinuum gaps induced by, e.g. the triangularity modifications.

The TCV plasma shot chosen for this analysis (#73116)
features counter-current injection from the so-called NBI
(which means I, and By with positive sign, counter-clockwise
from above, see figure 1(a)). The plasma current was kept
at 120kA and the magnetic field is changed between 1.3 T
and 1.42 T throughout the pulse. NB1 power is scanned up to
1.3 MW. The plasma is in positive triangularity, as figure 1(b)
shows.

The electron density on-axis is around 5 x 10"°m™3, the
on-axis ion and electron temperature is around 0.4keV, as
figure 2 shows.

This scenario is significantly different with respect to the
one published in [16]. In that case, the aim was to minimise
the energetic particles collisionality and have a good balance
in the fast particle content. To do so, the injection was both
co-current and off-axis (with zp ~ 12cm) to aim on a plasma
region where the collisionality (i.e. the density) was low. Fur-
thermore, the plasma was heated with ECRH in order to reduce
the collisionality by increasing T,. The modes observed in that
case had a different structure with respect to the ones observed
here (see section 4 for further details). In the case studied in
this work, no electron cyclotron heating is needed, the plasma
is centred at z = Scm and NBI is injected counter-current. By
doing so, we are reducing the fast particle content (avoiding a
too high fast particle fraction, which could produce unwanted
MHD modes). In addition the configuration with zop < 5cm
and no ECHR allows a larger flexibility in the application of
control techniques for TAEs, such as localized current drive
[10, 11].

3. Experimental mode identification

TCV shot #73116 features some relevant MHD activity, which
can be directly correlated to both NB1 fast particle energy and
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Figure 1. (a) Top view of TCV device. Black (blue) solid line is the approximate NB1 (NB2) injection line. The Diagnostic NB is shown in
cyan and labelled as DNB. (b) Sketch of the shape of the plasma analysed in this study. Dotted line at z = Om is the injection geometry NB1

and NB2, corresponding to the midplane.
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Figure 2. Profiles of the relevant quantities for shot 73 116 at

t = 0.72s. Electron density (n.) and electron temperature (7;) are
reconstructed from Thomson scattering data. q profile is
reconstructed through kinetic equilibrium reconstruction. Ion
temperature (7;) and toroidal rotation (V) are reconstructed from
charge exchange recombination spectroscopy.

By. In figure 3(a), the MHD activity is visible in a spectrogram
representing the whole plasma discharge. The data come from
the variation of poloidal magnetic field measured with LTCC-
3D diagnostic. As illustrated by the white line in the bottom
of figure 3(a), the NB1 power is smoothly varied in the first
phase (¢ < 0.85s) of the shot to evaluate the relation between
the fast particle energy and the presence of any MHD signal.
It is needed to change the power because that’s the only way
to modify NB1 fast particle energy [12]. It can be seen that the
MHD activity at 100 kHz appears only for a given fast particle
energy (which is larger than 24.5keV at 0.9 MW). On the
other hand, the modes at higher frequency (180 kHz) appear
only when the maximum beam power and energy is reached,

i.e. respectively at 1.3 MW and 26 keV (vertical orange line in
the figure).

The mode dependence on the toroidal magnetic field is
shown in the latter part of the shot ( 2 1s), where the beam
power is kept constant but By is increased from 1.3 T to
1.42T. The frequency of the modes increases linearly with the
increasing magnetic field.

An interesting feature can be seen zooming on a smaller
time window, as reported in figure 3(b). The MHD modes
(either at 100 kHz and 180 kHz) appear to be intermittent with
a characteristic time of ~1ms. Adding the experimentally
measured neutron rate waveform to the plot (in arbitrary units,
cyan light), we can see that the neutron rate from beam-target
DD fusion reactions oscillates with a similar characteristic
time period.

In order to identify the mode frequency, the power spec-
tral density (PDS) of the poloidal magnetic field variation at
the wall at the selected time instant ¢t =0.72s is shown in
figure 4(a). The two dominant modes considered for this work
(100kHz and 180kHz) present toroidal mode number n = 1.
A weaker unstable mode detected at 285 kHz has n=0 tor-
oidal mode number. Preliminary studies suggest that this latter
mode could be excited by a bump-on tail in the fast-ion distri-
bution caused by the ejection of fast ions induced by the n =1
modes. The n =0 mode will not be taken into consideration
for this work.

Averaging the neutron rates may provide a clear correl-
ation between the modes amplitude and the neutrons emit-
ted from the plasma. In figure 4(b) the results of this ana-
lysis are shown. Every data point is the average (over multiple
cycles) of the neutron rate at a normalized time distance from
a mode amplitude peak. The black (red) dots are related to the
100kHz (180 kHz) mode. For the black case, the maximum of
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Figure 3. (a) Spectrogram of the poloidal magnetic field signal over the entire plasma shot time window. In addition, the beam power trace
(white), the toroidal magnetic field (yellow), and the points where the beam energy reaches a given value (orange and green) are shown.

(b) A zoom of the spectrogram on a smaller time window, with the cyan oscillating curve indicating the neutron rate signal in time, and the
vertical cyan lines indicating the maximum and minimum of the neutron rates for a cycle.
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Figure 4. (a) Power spectral density and toroidal mode number of the detected modes, at t = 0.72 s (b) averaging of the neutron rates with
respect to the maximum amplitude of 100 kHz mode (black) and 180 kHz mode (red). The x-axis represents the time normalized with
respect to the time instant at which the mode amplitude is maximal. The leftmost point (7 = 0) is the time of the cycle maximum, while the
rightmost (7 = 1) is the maximum of the next cycle. The y-axis is normalized such that at 7 = 0 the neutron rate is 1 for each cycle.

the neutron rates is not corresponding to the maximum of the
peak amplitude. Indeed, for the red case, the maximum corres-
ponds to the maximum amplitude. The drop in neutron rate is
slightly larger (in percentage) for the mode at 180 kHz, reach-
ing roughly 10% with respect to 7% for the 100 kHz mode.
Therefore from this analysis, it can be said that the total neut-
ron rate is likely more correlated and more affected by the
180 kHz mode.

Given the observations above, the time-scale (7 ~ 1 ms) of
the mode dynamics suggests that the main actor at play is
the fast ion population, and not the bulk plasma. The mode
at higher frequency could lie inner in the plasma core (as
expected for TAEs), in a region where the fast ion distribu-
tion exchanges energy with it. Therefore, fast ions are expelled
from such inner region due to the large-amplitude magnetic
perturbations induced by the instability, and the neutron rate
decreases accordingly. This radial fast-particle transport pop-
ulates the more outwards regions, where the wave-particle

resonant interaction between the lower frequency mode and
the fast ions is more favourable. At the moment when the res-
onant fast ion population is sufficiently depleted, the mode dis-
appears and the neutron rate increases with the piling up of
energetic particles, triggering the same cycle again. This inter-
pretation is supported by numerical modelling in the following
sections.

4. Linear MHD stability

The linear stability at t = 0.72s is investigated by means of
the linear gyrokinetic eigenvalue solver LIGKA [17] and the
linear ideal MHD code MISHKA [18].

In the current work, only the frequency range of the TAE
is considered. The spatial location of a TAE depends on its
toroidal (n) and poloidal () mode numbers, and the following
relation must be satisfied
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Figure 5. Shot #73116, upper panel: mode structure for the gap relative to m = (2,3). Colour codes in the legend. Lower panel: SAW
continuum(in blue) with the modelled frequency (black line). (a) LIGKA code (b) MISHKA code.
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In the following, n=1 and m=2,3 (g =5/2,7/2) values
are taken into account. In figure 5 the mode structure (top
pane) and the SAW continuum (bottom pane) are shown for
LIGKA (figure 5(a)) and MISHKA (figure 5(b)). The two
codes are in good agreement, so only the LIGKA case will
be discussed in the following. This confirms the robustness
of the input data and the physics included in the two codes.
The coloured curves in figure 5(a) represent the mode peaking
at ¢ =35/2, with its harmonics (p,, = 0.6, in radial coordin-
ate, where py, = /%pol. nom. 18 the normalized poloidal mag-
netic flux coordinate). The corresponding frequency is w; 3 =
0.2698 x fy ~ 177kHz, being f the on-axis Alfvén velocity,
which is in quite good agreement with the frequency observed
experimentally (see figures 3(a) or 4). This mode features a
global structure, extending all over the whole plasma radius.

The SAW continuum for n = 1 is shown in the lower panel
in figure 5(a). The blue line represents the continuum struc-
ture computed considering only ideal MHD. The small ratio
between the kinetic and the magnetic plasma pressure (5) does
not modifies significantly the continuum, and it is not shown
in the figure.

The modes located in the contiguous gap g =7/2 (py =
0.8), due to the coupling of the poloidal mode numbers m =
3,4 has a computed frequency of w3 4 = 0.176 x fy ~ 115kHz,
in good agreement with LTCC-3D magnetic measurement.
From the LIGKA modelling, the low frequency mode crosses
the continuum at around p,, = 0.7 and it is damped due to
phase-mixing effects [19]. The radial localization of the low
frequency TAE is thereby limited to the outer part of the
plasma. As already noted, the least damped n = 1 TAEs detec-
ted using LIGKA code reproduce closely the experimental
measurements. The slight difference (around 10%) in fre-
quency can be explained by the errors in the toroidal velocity

measurements and g-profile reconstruction. In this case, the
toroidal rotation is 12.5 kHz 4+ 3 kHz.

In order to reconstruct the radial structure of the low fre-
quency mode (the outer one), the ECE diagnostic [20] was
employed in the TCV shot #73458, performed at very sim-
ilar experimental conditions with respect to the previously
discussed TCV shot #73116. Lower beam power (1 MW vs.
1.3 MW) was used in TCV shot #73458 to reduce beam fuel-
ling and be far from the cutoff density. Six channels spa-
cing the selected frequency range from 67.5958 GHz up to
68.2692 GHz are used for this diagnostic in TCV. Quite sur-
prisingly, no correlation between contiguous acquisition chan-
nels is needed for the detection of such modes. This clearly
indicates that the TAE-induced fluctuations in the electron
temperature are well above the usual cut-off, and therefore
that the detected TAEs are strongly unstable. Two different
unstable modes are detected on the ECE radiometers, as the
spectrogram in figure 6(a) and the PSD at a selected time
point in figure 6(b) show. LIGKA modelling of shot #73458
confirms that the mode at 97kHz is the n=1, m = 3,4 TAE,
and the other at 195 kHz being its second harmonic. In fact,
the n=1, m = 2,3 TAE frequency is computed to be local-
ized around 120 kHz in this shot. This difference in simulated
and detected frequency can be related to the omission of the
toroidal rotation in the LIGKA modelling, which is not yet
included in the code. The n=1, m = 2,3 TAE is not detec-
ted in shot #73458 because of the lower beam energy (needed
to reduce the beam power) with respect to shot #73116. As
already stated before and shown in figure 3(a), this prevents
the m = 2,3 TAE to be excited in shot #73458.

In order to further validate the results from the model-
ling, and additional analysis based on the comparison between
the radial dependence of the ECE measured fluctuations of
the temperature and the mode radial structure simulated with
LIGKA is pursued. The results of this analysis are shown in
figure 7(a). The radial locations of emission (with the hori-
zontal errorbars) are calculated by TORAY code [21]. The
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Figure 6. (a) ECE spectrogram for a selected channel. (b) The average power spectral density on a selected time window (¢ = [0.5,0.85] s),

where the 97 kHz mode (and its harmonic at 195 kHz) is observed.
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Figure 7. (a) The radial structure of the TAE modes (n = 1,m = 3) (in blue) and (n = 1,m = 4) (in red) are shown and compared to the
reconstruction of the measurements of the six different ECE channels (black points with errorbars). The errorbars represent the error on the
ECE location. (b) Sensitivity study on the go value, which shows how a variation on the g profile can modify the mode structure.

amplitude corresponds to the integral of the peak in the PSD,
normalized to the total integral of the PSD. This allows to
reconstruct the qualitative mode shape. Without normaliza-
tion, a measurement of 67, could be related to the variation
0B induced by the mode, and this is left for future activities. It
can be seen the noteworthy agreement between the ECE meas-
ured points and the radial structure of the mode simulated by
LIGKA.

In figure 7(b) a sensitivity scan in the on-axis value of q
(go = 2.05) is shown for the mode m = 3. By slightly increas-
ing the on-axis q value (go = 2.4) it can be seen that the modes
move slightly inwards and the crossing with the continuum
moves largely inwards. Decreasing g to 1.85, the mode moves
outward, along with the crossing with the continuum. In this
case, the mode is also much more peaked, as ECE measure-
ments show. In addition, the continuum hills (on the lower
side) originally at p,, = 0.55 and p,, = 0.8 have a larger dis-
tance in w when reducing q, which further confirms how the

continuum is crossed more outwards. Such variation of the q
profile reside well within the error in the g-axis reconstruction.

5. Interaction with fast particles

NB fast particles are the key ingredient to trigger the observed
magnetic activity. However, several conditions need to be ful-
filled for the interaction between fast particles and TAEs to be
achieved [22]:

® Vheam > Va /3, With Vpeam the fast particle velocity and vy =

B
v HoNi
e minimization of the resonance condition ) = wgxp — 7 -
we +p-wg, being wpxp the detected experimental fre-
quency, n the measured toroidal mode number of the
induced instability, wg the toroidal frequency of the

the Alfvén velocity;
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Figure 8. Initial (p,, \) phase-space of the NUBEAM markers at different time instants.
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Figure 9. Values of the resonance condition 2 for p = (1,2,3). Yellow means the resonance condition is minimized (a) €2 for E = 26 keV,
for the frequency of the (n,m) = (1,2) TAE. (b) §2 for E = 24.5keV, for the frequency of the (n,m) = (1,3) TAE. Black dots represent the

initial phase-space location of the fast ion markers.

characteristic fast ion motion, p an integer, wy the poloidal
frequency of the fast ions;

e gradients of the fast ion distribution (in energy or space)
exceed a threshold for wave-particle energy transfer to
occur.

The value of Vheam/va is around 0.33, calculated for deu-
terium atoms injected, their energy of ~26keV, the toroidal
field of By = 1.3T and the density of 3 x 10'm™3. There-
fore the first requirement of the list above is fulfilled, being
the speed of the injected deuterons large enough to dir-
ectly destabilize the TAEs through wave-particle resonant
mechanism.

TRANSP/NUBEAM simulations are carried out in order
to verify the remaining requirements. Those simulations are
carried out retaining the realistic NB1 injection geometry. The
fast particle initial population is shown in figure 8. The two
separate time instants have two different energies (respectively
24.5keV and 26 keV).

Starting from the magnetic equilibrium, the experimental

frequency and the energy, {2 = wgxp — 1wy +p - wp can be

v” (E,)\)

computed as a function of (py, A) (being wy = -x7=, wy =

%), and it is shown in figure 9. The yellow bands repres-
ent where €) is minimized at different p. It can be seen that,
for both energies (exciting the two modes), the resonances
are maximized at around p,, = 0.6 and p,, = 0.8 for A < —0.5
with p = 2,3. A sample of the initial fast ion phase-space for
shot #73116 has been computed by NUBEAM and it is shown
as black dots. The fast particles initial phase space overlaps
with the yellow bands, confirming the resonance condition can
be fulfilled by the injected particles.

The effects of the anomalous fast ion transport on their
distribution function has been analysed with the ad-hoc addi-
tional transport model implemented in TRANSP/NUBEAM.
The additional transport is modelled as a constant diffusion
factor (A) of 2m?s~! for energies above 24 keV, mimicking
the expected radial transport induced by the destabilized TAEs.
For such fast particle distribution functions, the derivative in
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Figure 10. Derivatives of the fast ion distribution function at E= 26keV without (black) and with (red) an additional diffusion coefficient.
(a) Derivative with respect to energy (b) derivative with respect to the radial coordinate.
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Figure 11. (a) Comparison of the experimental neutron rate (blue) and the neutron rate modelled by NUBEAM with different additional

diffusion values. A = 0m’s ™' (black), A = 1m?s™! (green), which produces a 10% reduction in the modelled neutron rate, A = 2m

2S—1

(red), which produces a 20% reduction in the neutron rate (b) distribution function in energy phase-space at py, = 0.62 for two different

diffusion A = O0m?s ™" (black), A =2m’s~! (red).

energy and py, at E= 26keV are computed and illustrated in
figure 10. This energy is chosen because the fast particles at
this energy are driving the inner TAE mode, and it would be
the region of interest for this gradients. In figure 10(a), it can be
observed that the implemented anomalous diffusion makes the
derivative in energy change sign up to roughly p,, = 0.9. The
most relevant modification is the change in the derivative in the
radial direction (figure 10(b)). Indeed, the gradient is reduced
(in amplitude) around the location where the m = (2,3) TAE
is excited, i.e. py ~ 0.6, as expected due to the fast-ion radial
transport outwards and the subsequent flattening of the distri-
bution function. We remark that this transport is only depend-
ent on the energy, and not on the radius. Still the expected
flattening of the distribution function is observed.

Further indications on the consistency of the additional
fast-ion transport induced by the TAEs can be obtained com-
paring the neutron rates from the various simulations of
TRANSP/NUBEAM with the experimentally measured one
(figure 11(a)). Indeed, analysing the simulations with (green

and red curves) and without (black curve) anomalous trans-
port, the drop in the neutron rate induced by the TAEs is cap-
tured in all the various cases, having the experimental upper
values reproduced with only neoclassical transport (black) and
the experimental lower values reproduced with the additional
transport (red). The additional fast ion transport reduces the
energetic particle population in the core. Being the neutrons
produced by beam-target reactions, the reduction of the high-
energy tail of the particles makes the neutron rate drop signi-
ficantly. A value between 1m?s~! and 2m?s~! qualitatively
reproduces the neutron rate trend. A value of 1 m?s~! reduces
the neutron rate by 10% and a value of 2m?s~! by 20%, val-
ues close to the result shown in figure 4(b) (larger than 10%).
Further models accounting for transport dependence in phase-
space can give more accurate results, but activity is left for
future work. Eventually, the energy distribution of the fast ions
at py = 0.62 is shown in figure 11(b). In the case of additional
diffusion (red case in figure), a bump-on tail can be observed,
and this could explain the presence of the n =0 mode. In this
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case the presence of the bump-on tail is imposed because of
TRANSP additional diffusion model.

6. Conclusion

In this work, the identification of TAEs at different radial loca-
tions in TCV counter-current NBI scenarios has been presen-
ted. The unstable modes feature Alfvenic specific character-
istics: they are present only with energetic particles and their
frequency increases with the toroidal field, i.e. the Alfven
frequency. Two modes, with an intermittent behaviour, are
observed at the maximum injected energy (26 keV).

The linear MHD stability have been computed with the
LIGKA code. Two unstable modes at frequencies consist-
ent with the experimental observations have been detected by
LIGKA (and MISHKA) and identified as two different TAEs
with toroidal mode number n = 1 and poloidal mode numbers
m = (2,3). The T, fluctuations measured with ECE diagnostic
allow to reconstruct the mode structure, which is shown to be
in good agreement with the LIGKA computation. A sensitivity
scan in g0 shows that modification of such value within 10%
still produces sensible results. This uncertainty on the q profile
could be solved by using measurements for the poloidal mag-
netic field, like the Imaging Motional Stark Effect diagnostic.
ECE allows, for future work, to estimate the mode amplitude
and to further validate the modelling results.

In addition, the mutual interaction between NBI fast ions
and TAE:s is studied by means of TRANSP/NUBEAM. It is
shown that the fast ion population filled by the NB is res-
onant with the observed modes. A sensitivity on the addi-
tional ad-hoc diffusion coefficient has been carried out with
TRANSP/NUBEAM. The neutron rate drop is recovered on
average using a diffusion coefficient of A = 2m?s~!, for ener-
gies E > 24keV. Such diffusion coefficient modifies the gradi-
ents of the distribution function, reducing them where the
(1,2) TAE is present. From preliminary analyses, moreover, it
is suggested that the (1,2) mode expels fast ions towards lar-
ger radii, repopulating thus outer regions of the plasma edge.
This firstly results in a reduction of the neutron rates, and in
a decrease of the drive for the (1,2) TAE. Also, the increased
fast ion density in the outer regions induces the excitation of
the (1,3) TAE.

Future extensions to this study will include the computation
of the fast ions additional transport with the so-called kick-
model [23, 24] using the estimated mode structure (scaled with
the ECE measurement), and measuring the fast ion transport
using FIDA [6] and FILD [3] diagnostics.
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