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Abstract

The plasma in future nuclear fusion reactors will be heated by neutral beam injectors (NBIs)
and high frequency electromagnetic waves as well as fusion born alpha particles. Energetic
particles (EPs), with energies up to two orders of magnitude larger than the thermal plasma, can
trigger EP driven modes and induce harmful EP losses, reducing the plasma heating efficiency

2 See Maggi et al 2024 (https://doi.org/10.1088/1741-4326/ad3e16) for JET Contributors.
‘: See Joffrin et al 2024 (https://doi.org/10.1088/1741-4326/ad2be4) for the EUROfusion Tokamak Exploitation Team.
Author to whom any correspondence should be addressed.

Original Content from this work may be used under the
5Y terms of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and

the title of the work, journal citation and DOI.

1741-4326/25/076044+21$33.00 Printed in the UK 1 ©2025 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA



Nucl. Fusion 65 (2025) 076044

J. Varela et al

and the economical viability of the reactor. The present study is dedicated to analyze the Alfven
Eigenmode (AE) activity in JET D-T discharges, the closest experiment to reactor-like
operation performed until now. There, EP driven modes are induced by the combined effect of
tangential NBIs and ion cyclotron resonance heating (ICRH) driven EP. Linear and nonlinear
simulations are performed with the gyro-fluid FAR3d code to analyze the AE activity observed
in the discharge 99896. The linear simulations reproduce the unstable n =3 to 5 toroidal AEs
(TAE) at the inner plasma region observed in the experiment, triggered by highly energetic
passing deuterium populations injected by the tangential NBIs, further accelerated by the effect
of the ICRH up to 1 MeV. In addition, fish-bones triggered by energetic trapped hydrogen
induced by the ICRH are also reproduced. On the other hand, the alpha particles density is too
small to destabilize AEs in the experiment. Nonetheless, increasing artificially the alpha density

by one order of magnitude, an n = 1 beta induced AE can be destabilized in the inner plasma
region. Nonlinear simulations indicate the generation of zonal structures during the
AE/fish-bone saturation phase. TAE and fish-bones causes a rather weak increase of the passing
D and trapped H EP (around 2%), respectively. Shear flows and zonal currents are generated
during the saturation of TAE and fish-bones. Nonlinear simulations performed for D-T and pure
deuterium thermal plasma indicate AE/fish-bone activity is weaker and shear flows are less
intense in the pure deuterium case, trends consistent with the experimental observations that
also indicates a deterioration of the thermal plasma confinement. Therefore, both numerical
studies and experimental evidence indicate the generation of shear flows by AE/fish-bones
could be connected with an improvement of the thermal plasma confinement.

Keywords: tokamak, JET, MHD, AE, fish-bones and shear flows

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

1. Introduction

Nuclear fusion reactors require an efficient plasma heating
to reduce the operational requirement and maximize their
economical viability. Unfortunately, energetic particles (EPs)
generated by external actuators applied to heat the plasma as
neutral beam injectors (NBIs) and ion cyclotron resonance
heating (ICRF) can induce EP driven instabilities, leading to
an enhancement of EP turbulent losses before thermalization
[1-5]. EP driven instabilities also affect the confinement of
alpha particles, called to be the main heating mechanism of
reactor relevant plasma [6, 7]. Experiments in TFTR, JT-60U,
DIIID, EAST, ASDEX and KSTAR tokamaks [8—13] as well
as LHD, W7-AS, W7-X, TJII and Heliotron J stellarators [ 14—
18] show a decrease of the device performance if EP driven
instabilities are triggered, enhancing EP diffusive loses and an
inefficient plasma heating.

EP driven instabilities are triggered if the EP drift, bounce
or transit frequencies resonate with the shear Alfven waves [2],
leading to the destabilization of Alfvén eigenmodes (AE) in
the gaps of the shear Alfvén continua [19, 20]. In addition, EP
modes (EPM) can be unstable inside the continuum if the EP
destabilizing effect is large enough to exceed the continuum
damping [21, 22].

Unstable AEs are observed routinely in the Joint European
Torus (JET) discharges [23-28]. In particular, toroidal AE
(TAE) resulting of coupled m with m + 1 waves (m is the pol-
oidal mode number) [29, 30], ellipticity AE (EAE) caused by
coupled m with m + 2 waves [31], global AEs (GAE) observed

when there is an extreme in the Alfvén continua [32] and
reversed-shear AEs (RSAE) due to local maxima/minima in
the safety factor g profile [33] are measured. In addition, EPMs
seeded by current gradient driven modes called fish-bones are
also observed [34].

Different numerical models were applied to analyze the AE
stability in JET plasma, in particular TAEs [35-38]. Nonlinear
simulations performed to study shear flows induced during the
AEs and Fish-bones saturation phase may cause a reduction of
the plasma turbulence level, leading to an improvement of the
thermal plasma confinement [39—46]. In fact, there is exper-
imental evidence of shear flows generation by AE/EPM in
LHD, EAST and JET experiments that may affect the thermal
plasma confinement [47, 48].

A new experimental campaign using deuterium-—tritium
(D-T) plasmas [49] was performed in JET tokamak [50] ded-
icated to the exploration of reactor relevant Physics [51]. In
particular, configurations with ITER-like properties are ana-
lyzed, showing high electron heating, low input torque, an
alpha particle population and rather large AE activity [52]. The
experiments reveal plasma with good energy confinement and
stability, showing reduced energy losses for the electron and
core ion transports, particularly if EP driven instabilities are
observed [52].

JET plasma is heated by two NBI boxes equipped with eight
positive beam injector [53, 54] operating at 125 kV providing
up to 34 MW. In addition, an ICRH system with four anten-
nas can inject up to 4-5MW in the frequency band raging 23—
56kHz [55, 56]. The combination of NBI and ICRH heating in
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-DT plasma using H minority lead to an improved D-T react-
ivity for moderate input power configurations [57—-60].

The present study is dedicated to analyze the linear and
nonlinear stability of AEs and fish-bones in the JET DT dis-
charge 99896, a 50%—-50% D-T plasma with 1% of hydrogen
used as a minority wave resonator for ICRF heating. The ana-
lysis aim is providing physics reasons of the improved thermal
energy confinement in the presence of fast ions instabilities
[52], connecting the shear flow enhancement calculated in
nonlinear simulations and improved thermal plasma confine-
ment observed in the experiments with a stronger AE activ-
ity. Linear simulations are performed to identify the type of
instabilities observed in the experiments, calculating the res-
onances leading to AEs and fish-bone destabilization. On that
aim, parametric studies are performed with respect to the dens-
ity and energy of several EP populations in the plasma, includ-
ing in the study passing D EP injected by the NBI, trapped
H EP generated by the ICRH and alpha particle born in the
fusion reactions. The correct identification of the resonances
implies reproducing the same frequency range, mode number
and radial location of the measured instability. Nonlinear sim-
ulations provide qualitative information of the AE/fish-bones
saturation phase, in particular the induced EP transport and
energy transfers towards the thermal plasma leading to the
generation of zonal structures.

The FAR3d code calculates the plasma stability by solv-
ing a set of reduced nonlinear resistive MHD equations couple
with moments of the gyrokinetic equation, particularly the
energetic ion density and parallel velocity [61-64], in a three
dimensional equilibria generated by the VMEC code [65].
Linear wave-particle resonance effects are introduced in the
model by Landau closure relations (Landau damping/growth).

This paper is organized as follows. First, the instabilities
measured in the experiment are described section 2. Next, the
numerical model, equilibria and main thermal plasma and EP
profiles are indicated section 3. The results of the linear sim-
ulations are shown in section 4. Nonlinear simulations out-
come is discussed in section 5. The EP transport calculated
in the nonlinear simulations for each EP species is discussed
in section 6. The effect of the EP energy and thermal plasma
species on the AE stability and shear flow intensity is intro-
duced in section 7. Finally, the conclusions of this paper are
presented in section 8.

2. Instabilities measured in the discharge 99896

This section is dedicated to introduce the instabilities meas-
ured in the discharge 99896. Figure 1, panel (a), shows four
different phases along the discharge with respect to the plasma
heating pattern. First, the plasma is heated only by a deuterium
beam. From =7 s, ICRF is also injected in the plasma. Next,
at t =9s, the deuterium beam is switched by a tritium beam.
Finally, at = 10.5 s, the tritium beam stops and the plasma is
only heated using ICRF. Panel (b) indicates the presence of
instabilities in the plasma at different frequency ranges based

on the Mirnov coils data. No instabilities are observed in the
discharge phase with only deuterium beam although several
instabilities appear as soon as the ICRH is injected. In par-
ticular, the instabilities in the frequency range below 50 kHz
are identified as neoclassical tearing modes (NTMs), around
15 kHz, fish-bones at 25 kHz and RSAE at 20kHz. NTM is a
pressure driven MHD instability linked to the bootstrap current
[66, 67]. Higher frequency modes are also observed from 150
to 190kHz identified as TAEs. In addition, there is a faint
activity between 220 and 240 kHz that could be included in the
frequency range of the EAEs. It should be noted that instabilit-
ies frequency sweeping, particularly high frequency modes, is
caused by variations of the thermal plasma density and g pro-
file along the discharge. The triangular wave in the background
is caused by the active TAE antenna diagnostic, not part of the
current investigation [68] although introduced in the appendix
regarding the analysis of the modes damping rates in the sim-
ulation and the experiment. Once the tritium beam replaces
the deuterium beam, instabilities show an up-shift of the fre-
quency around 10 kHz, new TAEs are triggered between 120 to
150kHz, NTM are strongly destabilized although fish-bones
get weaker. At the end of the discharge, once the plasma is only
heated by ICRH, NTM and fish-bones are weaker showing
a fast frequency down-shift while the high frequency modes
experience a fast up-shift. Panel (c) indicates high frequency
instabilities are n =1 to 5 TAEs (n is the toroidal mode num-
ber), including n = 1 and 2 TAEs propagating in both direction
(positive and negative toroidal mode number). The strongest
instability is the n =4 TAE. Panel (d) shows a rather strong
n=3 NTM and the n=6 NTM overtone around 30kHz as
well as fish-bones triggered by n=1 toroidal mode family.
In addition, n =0 zonal structures are measured at frequency
ranges below 2 kHz.

In the following, the analysis will be focus in the dis-
charge phase with deuterium beam and ICRH. Consequently,
the coupling between passing D injected in the plasma by the
NBI and ICRH is included in the simulations, described as a
bump tail of the passing D EP population.

3. Equations and numerical scheme

The analysis is performed with the gyro-fluid code FAR3d [69]
including the destabilizing effect of the EPs [70] and parallel
momentum thermal plasma response [71]. The EP distribution
function is assumed Maxwellian [41, 72].

The linear stability is calculated using the code Eigen-
value solver to identifying sub-dominant modes, that is to
say, the simulations identify all the possible channels the free
energy have to trigger instabilities. Nonlinear simulation are
performed using the initial value solver.

FAR3d code participated in bench-marking studies show-
ing similar results compared to gyro-kinetic and hybrid codes
[73]. FAR3d code was applied to model the MHD activ-
ity in LHD [74-78], DII-D [79-83], TJ-II [18, 84-86]
and Heliotron J [17, 87, 88] plasma, showing a reasonable
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Figure 1. Discharge 99896. Time evolution of (a) NBI and ICRH power injection, (b) spectrogram of the magnetic diagnostics. Instability
toroidal mode number for (c¢) high and (d) low frequency instabilities. The frequency range of high (low) frequency modes is indicated by

orange (purple) horizontal dashed lines.

agreement. In addition, nonlinear studies were dedicated to
analyze sawtooth-like and internal collapse events in LHD
plasma [89-92] as well as the AE saturation in DIII-D plasma
[45, 46]. FAR3d code was applied to analyze the AE stabil-
ity in plasma with multiple EP populations for LHD, DIII-D,
ITER and CFETR [93-95], to predict the MHD stability of
devices as JT-60SA, CFQS and QPS [72, 96, 97] and the ana-
lysis of the AE/EPM saturation in LHD plasma [98, 99].

3.1 Equilibrium properties

The discharge 99896 has a D-T concentration of 50%D-
50%T with 1% of Hydrogen used as a minority wave reson-
ator for ICRF heating, a toroidal current I, = 1.9 MA, mag-
netic field Br =2.8T, and gos = 4.5. The plasma is heated
using ICRF power up to 4.5 MW and NBI power of 3.5 MW.
The plasma is in a newly discovered I-mode like DT regime
[52], there are no ELMs and a normalized thermal plasma (3
of 1.2%.

The TRANSP suite of modeling codes is used to calcu-
late the plasma equilibrium as well as the thermal plasma and
EP profiles [100]. TRANSP model is coupled with external
heating modules NUBEAM (NBI) [101] and TORIC (ICRF)
[102], and prepared with the OMFIT integrated modeling
platform [103]. The fitting of thermal electron temperature
and density as well as thermal ion temperature is performed
using high resolution Thomson scattering (HRTS) [104] and
charge exchange recombination spectroscopy (CXRS) [105].
An EFIT equilibrium of the discharge 99896 at t =8.57s is

calculated and translated to a VMEC equilibrium including
the effect of the energetic ions pressure in the force balance
[65, 106]. The g profile is validated using as markers g = 4/3
and 1/1 rational surfaces, linked to the toroidal model num-
ber of NTMs and fish-bones (obtained from the toroidal array
of Mirnov coils), identifying the radial location by measuring
the perturbed electron temperature from Electron Cyclotron
Emission (ECE) diagnostic and the modes frequency derived
from the Mirnov coils to the Doppler-shifted plasma rotation
(with toroidal plasma rotation obtained from charge exchange
diagnostic). The radial location of RSAEs and TAEs is meas-
ured using Soft x-ray cameras, interferometry and reflecto-
metry diagnostics.

Figure 2 shows the main thermal and EP profiles of the
model. Panel (a) indicates a region of negative magnetic shear
nearby the magnetic axis, around r/a < 0.15, and the g=1
rational surface is located at the plasma core. Panels (b) and (c)
show the thermal ion/electron density and temperature indic-
ating the formation of a pedestal although no edge localized
mode (ELM) activity is observed in the experiment [107]. The
radial location of the density profile gradient for passing D
EPs injected by the NBI and trapped H EPs generated by the
ICRH, panels (d) and (e) respectively, are observed in the
inner-middle plasma region. Thus, AEs/EPMs triggered by
these EP populations must be located at r/a < 0.65. On the
other hand, the gradient of the alpha particle density is located
nearby the magnetic axis, around r/a = 0.0 — 0.25.

The destabilizing effect of the different EP populations is
evaluated performing a set of parametric studies with respect
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Figure 2. Main profiles in the discharge 99896. (a) ¢ profile, (b)

thermal electron and ion density, (c) thermal electron and ion

temperature, (d) passing D density and energy, (e) trapped H density

and energy, (f) alpha particle density and energy. Here, r/a = VI
with W the toroidal flux.

to the EP energy (7t) and /3 (B¢p). On that aim, the EP dens-
ity and energy profiles are up or down scaled. The passing
D resonance is evaluated for the energies 96, 250, 500, 750
and 1000 keV and EP S of 0.21 and 0.52. The passing D res-
onance for 96keV corresponds to the averaged energy of a
Maxwellian EP distribution fitting the slowing down distri-
bution in a plasma purely heated by the NBI. Passing D res-
onances from 250 to 1000keV correspond to the case of a
plasma heated by the combination of NBI and ICRH injec-
tion, that is to say, the destabilizing effect caused by bump tails
of passing D further accelerated by the ICRH [108]. Trapped
H resonance is analyzed for the energies 26, 100, 250, 500
and 1000keV and EP 3 of 0.01, 0.1 and 0.3. In addition, the
H trapping level is evaluated with respect to the EP bounce
frequency (wp) and bounce distance (r,). Here, r, and wy, rep-
resent the bounce length and frequency of the guiding cen-
ter of a trapped EP trajectory in the p—#@ plane (for further
information of the EP trapped model please see [64]). Small
rp values analyze resonances causes by deeply trapped EPs.
The bounding frequency is fixed using the approximated value
calculated from the equation (13) in [109], 215 kHz, although
different bounding distances are tested, 0.1, 0.01 and 0.001 m
(smaller ry, indicates a deeply H trapping). Regarding the alpha
particles, resonances generated by populations with energies
of 500, 1000, 1500, 2000 and 3000 keV for EP /5 of 0.0045,
0.045 and 0.225 are analyzed. It should be noted that the
Maxwellian distribution function assumed for the passing D
and trapped H are an approximation of the real EP slowing
down distribution in the experiment, consequently deviations
between simulation results and experiment observations may
exist because the EP resonance are drive are not accurately

Table 1. Toroidal (n) and poloidal () modes in the simulations.

0 [0,24]
1 (1,4]

2 2,8]

3 3,12]
4 [4,16]
5 [5,20]
6 [6,24]

reproduced. Nevertheless, performing parametric scans with
respect to the EP 3 and energy provide a better approach by
identifying the optimal configuration that better reproduce the
experimental observations.

3.2. Simulation parameters

Table 1 shows the toroidal (n) and poloidal (m) modes included
in the simulations, including all the resonance between the
magnetic axis and r/a < 0.9. The number of point of the radial
grid is 400 for the nonlinear simulations and 200 for the linear
simulations.

The moments of the gyro-kinetic equation breaks the MHD
symmetry thus both parties must be included for all the
dynamic variables. The magnetic Lundquist numberis S = 107
and the diffusivity is D; = 107> (normalized to V3,749 with
Ta0 =4.9-1077 s the Alfven time at the magnetic axis and
vao =5.8-10° ms~! the Alfven speed at the magnetic axis).
The effect of the thermal ion and EP finite Larmor radius
(FLR) as well as electron—ion Landau damping are analyzed
in the linear and nonlinear simulations. For further informa-
tion see the appendix. The compressibility factor in the simu-
lations is I' = 1. Further information about the damping effect
implementation in the code are found in the [96]. Neoclassical
effects are not included in the model thus the analysis of NTM
is out of the scope of the study. The plasma resistivity is cal-
culated using the profile of the thermal electron temperature
scaled to the magnetic Lundquist number.

The nonlinear simulation of the passing D EP are performed
using an EP energy of 1000keV and EP 5 =0.3. Trapped H
nonlinear simulation is done using an EP energy of 1000 eV,
EP 3= 0.4, bounding distance of 0.0008 m and bounding fre-
quency of 215 kHz. For the alpha particles, the EP energy is
1160keV and EP 3 =0.05.

4. Linear stability

The aim of this section is to identify the EP species responsible
for the AE/EPM activity observed in the experiment. Thus,
AE/EPM linear stability analysis is performed considering
the destabilizing effect of passing D, trapped H and alpha
particles. Different EP resonances are explored with respect
to the EP energy and [ (as well as trapped EP bounding
distances for the case of the trapped H). The identification
of the best parametric set approximating the real resonance
should provide a reasonable agreement between simulation
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400+

Figure 3. Alfven gaps of the toroidal families n =1 to 6 in the
discharge 99896 at r = 8.57 s. Green (orange) arrow indicate the
radial location of the TAE (EAE) gap consistent with the frequency
range of the AE activity in the experiment (horizontal dashed lines).

and observations with respect to the AE/EPM frequency,
radial location and instability mode number. In addition, the
parametric analysis provides information of the critical EP
required to destabilize the modes (EP density) and information
about the EP resonance along the slowing down process (EP
energy).

Figure 3 indicates the Alfven gaps of the toroidal families
n=1 to 6 calculated by the code Stellgap including the effect
of the acoustic wave coupling [110]. The AE activity meas-
ured in the frequency range between 150 to 200kHz (hori-
zontal dashed lines) could be TAEs destabilized in the inner-
middle plasma region or EAEs unstable in the middle-outer
plasma. Nevertheless, JET diagnostics revealed AEs are loc-
ated around r/a = 0.25-0.45, thus the unstable modes should
be TAEs. This result provides a guideline for the interpretation
of the following stability analysis.

4.1. Passing deuterium EP injected by the NBI

Figure 4, panel (a), shows unstable n =4 AEs in the frequency
range of the experiment if the EP energy is <500keV for
EP 3=0.21 although <250keV for EP 8 =0.52. That means
passing D EP injected by the NBI (96 keV) cannot trigger
AEs, consistent with the absence of AE activity during the
discharge phase only heated by NBI. Consequently, only a
bump tail of EP with energies > 250 generated during the dis-
charge phase combining NBI and ICRH heating can trigger
AEs. In addition, simulations for EP energies of 250keV or
higher and EP f3 of 0.52, the modes calculated with the largest
growth rates show a frequency consistent with the observa-
tions, in the range of 150-200 kHz. Panel (b) indicates that all
n=1 to n=6 AEs have the fastest growing modes in the fre-
quency range of the experiment if the EP energy is 1000 keV
and EP 5 =0.52. Thus, the resonance induced by a bump tail

0.24 (2 n=4 . Ti= 1000 keV |
T keV)||  Be 1 1 : ] i
020|® 96|lm 0.21] | } e
< %g% H 052 : : } '}
* a .
o A 70 i i = Lot
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Figure 4. (a) Growth rate and frequency of n =4 AEs destabilized
by passing D populations in simulations with different EP energy
and 8 (no FLR). (b) Growth rate and frequency of n =1 to 6 AEs if
EP energy is 1000 keV and EP 8 =0.52 (no FLR). Vertical dashed
lines indicate the frequency range of the AEs observed in the
experiment. Eigenfunction, frequency and growth rate of the
dominant AEs if the EP energy is 1000 keV and EP 8 =0.52 in
simulations including thermal ion and EP FLR damping effects (c)
3/3—4/3 TAE, (d) 5/4 — 6/4 TAE and (¢) 7/5 — 8/5 TAE.

of passing D with energies around 1000keV (also if the EP
energy is 750keV, data not shown) may explain the experi-
mental observations. It should be noted that the simulations
shown in panels (a) and (b) do not include FLR effects, lead-
ing to the destabilization of EAEs in the middle plasma region,
around r/a = 0.6. This result is inconsistent with the obser-
vations that locate the AEs inwards, around r/a = 0.25-0.45.
On the other hand, simulations including FLR damping effects
cause a strong stabilization on the EAEs and the fastest grow-
ing modes are TAEs located in the inner plasma. Panels (¢)—(e)
show 3/3—4/3,5/4—6/4 and 7/5 — 8/5 TAEs localized at
r/a = 0.35-0.4 with frequencies between 152 and 164 kHz.
The mode with the highest growth rate is the n =4 TAE, con-
sistent with the observations. The n=1, 2 and 6 TAEs are
stable in the simulations although n=1 and 2 perturbations
in the TAE frequency range are observed in the experiment.
Such n =1 and 2 modes can be caused by the nonlinear inter-
action of n =3, 4 and 5 TAEs and the n =3 NTM [52], thus
the linear simulations showing n =1 and 2 TAEs are stable do
not contradict the experimental observations. Nevertheless, it
is also possible the EP distribution function and radial profiles
uncertainty may lead to an inaccurate description of the EP
drive and identification of n =1 and 2 TAEs activity. The fre-
quency of the TAEs calculated is around 10 kHz smaller com-
pared to the experiment, discrepancy that can be explained by
the lack of the equilibrium toroidal rotation in the simulations
(Doppler effect).

Summarizing, the parametric analysis indicates AEs meas-
ured in the frequency range of 150-200 could be triggered by a
bump tail of passing D with energies > 750 keV, generated by
the synergy of NBI and ICRH heating sources, in particular
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Figure 5. (a) Growth rate and (b) frequency of n =4 AE/EPM
destabilized by trapped H populations with different EP energies
and bounce distances if 5 =0.3 and the dominant perturbation is an
EP driven mode (no FLR). Growth rate and frequency of n =1 to 6
AE/EPM destabilized by trapped H populations if 5 = 0.3 (no FLR)
for an EP energy of (¢) 100 and (d) 1000 keV. Orange square and
arrow indicate the mode plotted in figure 6.

passing D EP injected by the NBI further accelerated by the
ICRH.

4.2. Trapped H EP generated by the ICRH

Figure 5, panels (a) and (b), show that deeply trapped H
EP (1, =0.001) with energies >26keV and EP 5=0.3
can destabilize n =4 AEs with frequencies above 120kHz.
Weakly trapped H EP (1, =0.01 and 0.1) destabilize AEs
showing a lower growth rate and frequencies above 120 kHz
if the EP energy is 100-250 kHz. It should be noted that pan-
els (a) and (b) only include the simulation result for domin-
ant EP driven mode. This is the case for all the EP energies
analyzed for deeply trapped H EP, showing approximately a
linear trend between mode frequency and EP energy. This is
not the case for weakly trapped H EP simulations because the
dominant instability changes from an EP driven mode to an
internal kink above a given threshold of the EP energy. For
this reason the linear trend between mode frequency and EP
energy is not observed. Panels (¢) and (d) indicate AEs/EPMs
with the largest growth rate are located at frequencies around
60 kHz if the EP energy is 100 keV although they are around
30 kHz if the EP energy is 1000 keV. Consequently, reson-
ances linked to trapped H mainly destabilize low frequency
modes and should not be the main driver of AEs at frequen-
cies above 150kHz. Figure 6 shows the eigenfunction of the
n =1 perturbation with the largest growth rate and frequency
below 50 kHz that corresponds to a fish-bone with a frequency
of 31 kHz triggered in the inner plasma region (indicated by an
orange square in figure 5(d)).

In summary, the parametric analysis indicates the trapped
H mainly destabilize low frequency modes, in particular fish-
bones. Thus, trapped H cannot be the main driver of the

Fish-bone 1/1 f = 31 kHz
YTao = 0.096

-1/-1

/D, (109)

~

0 e
00 01 | 02 03
rla

Figure 6. Eigenfunction of the fish-bone triggered by trapped H if
B =0.3 and EP energy is 100keV (orange square in figure 5, panel
().

instabilities observed in frequency ranges above 150kHz. On
the other hand, trapped H resonance may cause the fish-bones
observed in the frequency range of 25-35 kHz.

4.3. Fusion born alpha patrticle

Figure 7, panels (a) and (b), indicate AEs are not triggered
by alpha particles if EP =0.0045 for any of the EP energy
tested. The simulations with EP 5 =0.0045 represent the
experimental conditions that show a rather low content of
alpha particles. EP 3 must be increased by one order of mag-
nitude, simulations with 0.045 for all the EP energy tested, to
destabilize n =1 AEs in the frequency range between 60 and
80kHz. Nevertheless, n =4 AEs are stable and EP 5 must be
further increased to be destabilized (simulations with 0.225).
Panel (c) shows the destabilization of a 1/1 BAE nearby the
magnetic axis with a frequency of 77 kHz in the simulation for
EP 3 =0.045 and EP energy of 3000 keV.

The analysis results suggest alpha particles population is
too small to trigger AEs in the experiment. EP 3 of the simu-
lation must be increased at least on order of magnitude larger
compared to the real alpha particle density to destabilize 1/1
BAE located nearby the magnetic axis.

5. Nonlinear stability

Nonlinear simulations are performed to analyze the satura-
tion phase of AEs and fish-bones triggered by passing D EP,
trapped H EP and alpha particles. Study of the AEs and fish-
bone saturation phase provides information on the induced EP
transport, energy exchange between other modes and thermal
plasma, deformation of the flux surfaces as well as the gen-
eration of zonal structures. The analysis for each EP species
is performed independently. It should be noted that nonlinear
studies using a gyro-fluid model must be considered as a first
step of the AE/EPM saturation analysis and comparisons with
the experimental observations must be done qualitatively. In
addition, important limitations to measure the saturated amp-
litude of AE/EPM exist given the high level of noise in dia-
gnostics dedicated to measure the thermal plasma perturba-
tions induced by the AE/EPM using ECE data. In particular,
for the discharge analyzed, no information of the saturated
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Figure 7. Growth rate and frequency of (a) n=1 and (b) 4 AEs
destabilized by alpha particles for different EP energies and 3 (no
FLR). The orange square and arrow indicate the mode plotted in the
panel (c).

amplitude of fish-bones and TAEs is available to compare with
the simulation results.

5.1. Saturation of TAEs

Figure 8, panel (a), indicates TAEs triggered in the inner-
middle plasma region (r/a = 0.2-0.6) during the linear phase
of the simulation (until # = 85074 with 74 the Alfven time
at the magnetic axis). Once the simulation enters in the initial
saturation phase (from ¢t = 850 to 110074¢) there is an enhance-
ment of the plasma perturbation, particularly nearby the mag-
netic axis (r/a =0.2), further enhanced from = 1100740
(late saturate phase). Panel (b) shows the plasma perturb-
ation nearby the magnetic axis is linked to low frequency
modes, below 40 kHz, the frequency range of beta induced AE
(BAE) or geodesic acoustic modes (GAMs) [111-113]. Panel
(c) indicates a larger frequency spreading for the perturba-
tions at r/a = 0.4, consequence of the strong nonlinear inter-
action between different unstable modes. Modes in the TAE
frequency range are destabilized during the simulation linear
and saturation phases (150-200kHz). In addition, modes in
the frequency range of the EAEs (250 kHz) are triggered dur-
ing the simulation linear and late saturation phases.

Figure 9, panels (a)—(c), indicate two local maxima of the
thermal plasma kinetic (KE) and magnetic (ME) energy as
well as the EP perturbation energy (EPE) during the initial

and late saturation phases. EPE is defined as E, = nepvlz| e
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Figure 8. Passing D EP nonlinear simulation. (¢) Normalized value
of the poloidal magnetic field perturbation at different plasma radius
(r/a = 0.2, black, 0.4, red, 0.6, blue, 0.8, cyan, 1.0, pink).
Spectrogram of the normalized poloidal magnetic field perturbation
at (b) r/a=10.2 and (¢) r/a = 0.4. The red arrow and dashed line in
panel (b) indicate the frequency range of the most unstable modes.
The black arrow and dashed line in panel (c) indicate the frequency
range of the unstable modes consistent with the high frequency
modes observed in the experiment. The pink arrow indicates modes
in the frequency range of the EAEs.

with ne, the EP density perturbation and v, o, the EP paral-
lel velocity perturbation, KE as Ex = n(v? +v3) with n the
equilibrium thermal plasma density and v,vy the radial and
poloidal components of the thermal plasma velocity perturb-
ation, ME as Ej, = B? + B(Z, with B;By the radial and poloidal
components of the magnetic field perturbation. It should be
mentioned that EPE is a third-order perturbation although KE
and ME are second order perturbations, thus EP and thermal
plasma energy cannot be directly compared and the analysis
only provides qualitative information of the thermal plasma
distortion induced by the unstable AEs. The first energy max-
imum is linked to the transition from the linear to the sat-
uration phase (f = 8507,), indicating n =23 toroidal family
causes the strongest plasma relaxation and the most energetic
modes, in particular the poloidal modes m =5 to 8. The local
maximum of EPE is correlated with local maxima of KE and
ME, indicating part of the AE energy is channel towards the
thermal plasma, invested in the generation of shear flows and
the perturbation of the plasma flux surfaces as well as the
induction of zonal currents and the distortion of the mag-
netic surfaces. The n =3 modes stabilize along the initial sat-
uration phase observed as the fast decay of the EPE energy
between t = 850 to 105074 followed by a decrease of the KE
and ME. The second maximum is observed during the late
saturation phase, at t = 11507y, for the EPE although at r =
13007, for KE and ME. Firstly, n = 1 modes are destabilized
around ¢ = 11007y, particularly the poloidal modes m =1
to 3, sharing energy with the thermal plasma that shows
the largest distortion = 10074 later with respect to max-
imum perturbation induced by the n = 1 modes. Consequently,
AE stability features in initial and late saturation phase are
different.
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Figure 9. Passing D nonlinear simulation. Volume integrated
normalized (a) kinetic, (b) magnetic and (c) Alfven eigenmodes
energy. The dashed vertical line indicates the transition time from
initial to late saturation phases.

Figure 10, panel (a), indicates the destabilization of a4 /3 —
5/3 TAE in the inner-middle plasma region and a 6/3 — 8/3
EAE in the middle-outer plasma region during the linear phase
(t = 820749). TAE and EAE saturate, panel (b), transferring
part of their energy towards the thermal plasma causing the
destabilization of the 0/0 mode (1 = 8707,40). Along the satur-
ation phase TAE and EAE stabilize, panel (c), although the
mode 0/0 is further destabilized showing the largest amp-
litude, pointing out the perturbation induced on the thermal
plasma by the AEs remains active after the AE stabilization
(t = 970749). Once the simulation enters in the late saturation
phase, a global 1/1 — 1/3 EAE is triggered showing a large
radial width covering the main part of the plasma. AEs eigen-
function analysis confirms the transition in the AE activity
comparing initial and late saturation phases.

Figure 11, panel (a), indicates a rather weak effect of AEs
on the thermal pressure profile during linear and initial satura-
tion phases, perturbation mainly localized in the inner-middle
plasma region where the unstable TAEs are sited. On the other
hand, as soon as the global 1/1 —1/3 EAE is triggered at
the beginning of the late saturation phase, a large decrease of
the thermal plasma pressure is observed in the inner plasma
region. This result may indicate the global 1/1 —1/3 EAE
induces a stronger perturbation on the thermal plasma com-
pared to the localized TAEs. Panel (b) shows a drop of the
EP density profile in the inner-middle plasma region linked to
AEs triggered during linear and initial saturation phases, as
well as an slightly increase of the profile at the outer plasma
region linked to the radial redistribution of passing D EP. The
rather small variation of the EP density profile may indicate EP
transport and radial redistribution induced by TAEs is small.
There is a larger decrease of the EP density profile nearby the
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Figure 10. Passing D nonlinear simulation. Electrostatic potential
eigenfunction at (a) t = 820749, (b) t = 87070, (c) t = 970749 and
(d) t = 1120740.
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Figure 11. Passing D nonlinear simulation. Evolution of the (a)
thermal plasma pressure, (b) EP density and (c) ¢ profile.

magnetic axis during the late saturation phase, pointing out the
destabilization of the global 1/1 — 1/3 EAE causes a stronger
EP transport. Panel (¢) shows an excursions of the g profile
associated with zonal currents induced by the AEs during the
saturation phase, a small decrease nearby the magnetic axis
although an increase in the middle-outer plasma region.
Figure 12, panels (a)—(c), indicate the destabilization of the
4/3 —5/3 TAE mixed with the 6/3 — 8/3 EAE in the inner-
middle plasma region at r = 820749, AEs saturation and 0/0
destabilization in the inner plasma region at ¢ = 970740 as
well as the further destabilization of 0/0 mode in the inner
plasma as soon as the global 1/1—1/3 EAE is triggered
at t = 11707y¢. Panels (d)—(f) show the generation of zonal
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Figure 12. Passing D nonlinear simulation. Evolution of the
poloidal contour of the normalized perturbation of the EP density
(a)—(c), electrostatic potential (d)—(f) and module of the poloidal
thermal plasma flow (g)—(i).

structures by 4/3 — 5/3 TAE and 6/3 — 8/3 EAE during the
initial saturation phase in the inner-middle plasma region, dis-
placed to the inner plasma as the saturation phase evolves, fur-
ther enhanced once the global 1/1 — 1/3 EAE appears. Panels
(g)-(i) indicate the generation of shear flows first in the inner-
middle plasma region where 4/3 —5/3 TAE and 6/3 — 8/3
EAE are triggered, further enhanced along the saturation phase
particularly after global 1/1 — 1/3 EAE destabilization.

In summary, the simulation shows two different phases
with respect to the AE activity. First, a 4/3 — 5/3 TAE mixed
with the 6/3 —8/3 EAE are triggered in the inner-middle
plasma region, leading to a rather weak effect on the EP
transport an radial redistribution. These modes are located
in the frequency range between 150 and 250kHZ, consist-
ent with the experiment. Nevertheless, EAE activity is very
weak in the experiment, pointing out the simulations exagger-
ate the destabilizing effect of the EP on the EAEs. This dis-
crepancy can be explained by the thermal ion and EP FLR
effects used in the simulations, not large enough to efficiently
damp EAEs. In addition, the rather large uncertainty of the
thermal plasma and EP profiles affect the radial location and
frequency range of the continuum gaps and the plasma region
where the AEs are more unstable, thus the configuration ana-
lyzed could be more favorable to the destabilization of the
EAEs compared to the real experiment. AEs saturate channel-
ing part of the energy towards the thermal plasma leading to
the generation of zonal structure (the mode 0/0 is destabil-
ized), in particular shear flows. The shear flows may affect
the plasma turbulence and confinement while the zonal cur-
rent can modify locally the magnetic field topology. The ini-
tial saturation phase provides a reasonable description of the
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Figure 13. Trapped H nonlinear simulation. (¢) Normalized value
of the poloidal magnetic field perturbation at different plasma radius
(r/a = 0.2, black, 0.4, red, 0.6, blue, 0.8, cyan, 1.0, pink).
Spectrogram of the normalized value of the poloidal magnetic field
perturbation at (b) r/a = 0.2 and (c) r/a = 0.4. The red arrow in
panels (b) and (c¢) indicate the frequency range of the most unstable
modes. The red dashed line in panel (c) indicate the frequency range
of the unstable modes consistent with the low frequency instabilities
observed in the experiment. White dashed lines in the panel (d)
indicate the frequency range of the high frequency instabilities
observed in the experiments.

experimental observations although the late saturation phase
reproduces a configuration showing a transition from the soft
MHD limit (local plasma relaxation) to the hard MHD limit
(global plasma relaxation) not observed in the experiment.
A global 1/1 —1/3 EAE is triggered due to the perturba-
tion induced by the AEs on the thermal plasma during the
initial saturation phase, that is to say, the saturation of the
4/3 —5/3 TAE and 6/3 — 8/3 EAE cause a modification on
the thermal and EP profiles leading to a further destabilization
of the n =1 EAE. The destabilization of the global 1/1 —1/3
EAE strongly affects the thermal pressure profile in the inner
plasma, indicating a strong energy channeling from the EAE
to the thermal plasma strongly modifying the flux surface in
the inner plasma region. In addition, the global EAE enhances
the EP transport and shear flows. That means, hard MHD limit
transition should be avoided to prevent an increment of the EP
transport and strong perturbations in the thermal plasma.

5.2. Saturation of fish-bones

Figure 13, panel (a), indicates a fish-bone destabilized in the
inner plasma (r/a = 0.2) during the linear phase of the simu-
lation (until # = 105074¢). The inner plasma region is further
destabilized during the saturation phase showing an enhance-
ment of the perturbation at r/a = 0.2-0.4. Panel (b) shows
the destabilization of low frequency modes below 40 kHz
identified as fish-bones (in combination with zonal structures)
nearby the magnetic axis. Panel (c) indicates the frequency
range of the perturbations extend up to 100 kHz at r/a = 0.4,
particularly at the beginning of the saturation phase linked to
the destabilization of fish-bone overtones.
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Figure 14. Trapped H nonlinear simulation. Volume integrated
normalized (a) kinetic, (b) magnetic and (c) Alfven eigenmodes
energy.

Figure 14, panels (a)—(c), show several maxima of the EPE
correlated with KE and ME maxima. Once the simulation
enters in the saturation phase there is a large increase of 1/1
mode energy, followed by the modes 2/2 and 3/3, overtones
of the fish-bone. Overtones are unstable because a fraction of
the fish-bone energy is transferred to other toroidal mode fam-
ilies. In addition, fish-bone and overtones channel their energy
to the thermal plasma leading to the generation of zonal struc-
tures, the deformation of the plasma flux surfaces and local
modification of the magnetic field topology. Successive local
maximum of the EPE may suggest the destabilization of short
period fish-bone oscillations. Fish-bone and overtones saturate
after = 4007, once the energy transfer to the thermal plasma
ends.

Figure 15, panel (a), shows the eigenfunction of the fish-
bone triggered nearby the magnetic axis during the linear
phase of the simulation (# = 10207,(). Panel (b) indicates the
fish-bone as well as 2/2 and 3/3 overtones eigenfunction dur-
ing the saturation phase. The fish-bone covers all the inner
plasma although overtones are located closer to the middle
plasma region, around r/a =0.25 —0.35. The energy chan-
neling from fish-bones and overtones towards the thermal
plasma causes the destabilization of the 0/0 mode, showing
the largest amplitude.

Figure 16, panel (a), indicates fish-bones and overtones
cause 40% decrease of the thermal plasma pressure in the inner
plasma region, pointing out a large distortion of the flux sur-
faces. It should be noted that the large drop of the pressure
profile is correlated with the destabilization of fish-bone over-
tones, thus the resonance overlapping between perturbations
may lead to a transition to the hard MHD limit in the inner
plasma and the partial collapse of the thermal plasma pressure.
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Figure 15. Trapped H nonlinear simulation. Electrostatic potential
eigenfunction at (a) t = 1020740 and (b) t = 127074o.
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Figure 16. Trapped H nonlinear simulation. Evolution of the (a)
thermal plasma pressure, (b) EP density and (c) ¢ profile.

Panel () indicates there is a flattening of the EP density profile
nearby the magnetic axis induced by fish-bone and overtones,
thus EP transport is increased and there is a redistribution of
the EPs in the inner plasma region. Panel (c¢) shows the rather
weak effect of the zonal currents on the g profile, indicating
only a small excursion in the inner plasma region.

Figure 17, panels (a) and (b), indicate the 1/1 fish-bone
perturbation nearby the magnetic axis at the beginning of
the saturation phase (f = 112074¢). The perturbation is further
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enhanced along the simulation showing a more complex struc-
ture at the middle plasma region due to the destabilization of
the overtones (f = 13707,0). Panels (c¢) and (d) indicate the
presence of zonal structures linked to fish-bone and overtones
generating shear flows in the inner plasma region, as can be
seen in panels (e) and (f).

To conclude, fish-bone and overtones saturation lead to an
energy transfer towards the thermal plasma inducing large dis-
tortions of the flux surfaces and the generation of shear flows
in the inner plasma. Overlapping between fish-bone and over-
tones may cause a transition to the hard MHD regime in the
inner plasma leading to a partial thermal plasma pressure col-
lapse. In addition, fish-bones lead to an increment of the EP
transport and redistribution in the inner plasma region. On the
other hand, induced zonal currents and ¢ profile excursions are
rather small.

5.3. Saturation of alpha particle driven AE

This study is dedicated to analyze an hypothetical scenario
based on a JET discharge extrapolated to study a reactor rel-
evant configuration with an alpha particle population large
enough to trigger AEs, exploring the alpha particle transport
induced during the AEs saturation phase. Figure 18, panel (a),
shows the destabilization of a BAE nearby the magnetic axis
(r/a=0.2) during the linear phase of the simulation (until
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Figure 18. Alpha particle nonlinear simulation. (a) Normalized
value of the poloidal magnetic field perturbation at different plasma
radius (r/a = 0.2, black, 0.4, red, 0.6, blue, 0.8, cyan, 1.0, pink).
Spectrogram of the normalized value of the poloidal magnetic field
perturbation at (b) r/a = 0.2 and (¢) r/a = 0.4.

t = 20507,¢) performed with an EP 5 =0.045, 10 times lar-
ger than the experimental value. An oscillating perturbation
pattern is observed during the saturation phase, firstly located
nearby the magnetic axis although also observed in the inner
plasma region (r/a = 0.4) from ¢ = 26007,4¢. Panels (b) and
(c) indicate the most unstable modes are triggered in the fre-
quency range below 50 kHz, covering all the inner plasma. In
addition, there is a weak activity in the frequency range of TAE
and EAE as well as faint modes up to 600 kHz.

Figure 19, panel (c), indicates the destabilization of a 1/1
BAE at t = 20507, as well as overtones 2/2, 3/3 and 4/4
at t = 25007, destabilized due to the nonlinear energy chan-
neling from n = 1 to higher n modes. Panels (a)—(c) indicate a
correlation between the first local maxima of EPE, KE and ME
during the saturation phase, around ¢ = 22007, denoting the
perturbation induced by the BAE on the thermal plasma due to
energy channeling. From ¢ = 2200 to ¢ = 2350740 EPE energy
decreases indicating the 1/1 BAE is weakened although ME
and KE energy remain almost unchanged. From ¢ = 235074,
1/1 BAE is further destabilized showing an EPE maximum 2
times larger compared with the first maximum at = 250074.
It should be noted that the local maxima of KE and ME are
observed t = 507, before the local maximum of the EPE,
indicating the energy transfer from the 1/1 BAE and overtones
towards the thermal plasma is reinforced along the saturation
phase.

Figure 20, panel (a), show the eigenfunction of the 1/1
BAE triggered nearby the magnetic axis in the simulation lin-
ear phase (t = 205074¢). Panel (b) indicates the eigenfunction
at the first EPE maxima (f = 220074¢) along the saturation
phase, showing an increase of 1/1 BAE amplitude and the
destabilization of the 0/0 mode in the inner plasma region.
Panel (c) shows the destabilization of 2/2, 3/3 and 4/4 BAEs
also located at the inner plasma region as well as a further
increase of 1/1 BAE and 0/0 mode amplitude.
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Figure 19. Alpha particles nonlinear simulation. Volume integrated
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energy.
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Figure 20. Alpha particles nonlinear simulation. Electrostatic
potential eigenfunction at (a) t = 2050740, (b) t = 2200740 and (c)
t =25007x0.

Figure 21, panel (a), indicates a rather small effect of 1/1
BAE on the thermal pressure at the beginning of the satura-
tion phase, from r =2100 to r = 2300740, leading to a pressure
profile decrease at the magnetic axis smaller than 5%. On the
other hand, there is a drop of the thermal pressure down by
40% at t = 25007, correlated with the destabilization of 1/1
BAE overtones, pointing out there is a hard MHD transition in
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Figure 21. Alpha particles nonlinear simulation. Evolution of the
(a) thermal plasma pressure and (b) EP density.

the inner plasma caused by resonance overlapping. Panel (b)
shows an enhancement of the alpha particle transport linked
to the 1/1 BAE leading to 15% decrease of the alpha particle
density at the magnetic axis (red line, # = 21007,4¢). Once the
overtones are also unstable (blue line, t = 22007,4), EP trans-
port is further increased inducing a 30% alpha particle dens-
ity drop. No information about zonal currents effects on the g
profile is discussed because no excursions of the safety factor
profile are observed along the simulation.

Figure 22, panels (a)—(c), indicate a 1/1 perturbation linked
to the 1/1 BAE nearby the magnetic axis triggered during
the simulation linear phase (¢ = 20507,), further enhanced
along the saturation phase (f = 2200749). The destabilization
of 1/1 BAE overtones leads to propagation of the perturba-
tion towards the middle plasma region as the saturation phase
advance. Likewise, shear flows get stronger along the simula-
tion as can be observed in panels (g)—(7).

Concluding, the saturation of 1/1 BAE and overtones
triggered by the alpha particles in an hypothetical scenario
with an EP 3 one order of magnitude higher than the exper-
imental values, causes a strong distortion of the flux surfaces
in the inner plasma linked to the resonance overlapping and
the transition to the hard MHD limit. Shear flows are firstly
induced by the energy transfer from 1/1 BAE towards the
thermal plasma, also channeled to higher » modes leading to
overtones destabilization and a further enhancement of the
shear flows. In addition, large alpha particle losses can be
induced by BAEs.

6. EP transport induced by TAEs, fish-bones and
BAEs

This section is dedicated to analyze the EP transport induced
by AEs and fish-bones for each EP species analyzed. Figure 23
indicates a rather weak passing D and trapped H EP trans-
port caused by TAE and fish-bones, respectively. Trapped H
EP and passing D EP losses are below 1% at the end of the
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simulation, thus the small transport induced by fish-bones and
TAEs in the simulations show similar trends with respect to
the experiment, measurements indicating that the pitch angle
characteristics of the high energy particle losses do not corres-
pond to the typical ICRH accelerated ions but rather to alpha
particles. The opposite scenario is observed in the hypothetical
scenario for alpha particles, because 1/1 BAE and overtones
cause losses around 6% at the end of the simulation. First,
1/1 BAE destabilization induces around 3% of alpha particle
losses, further enhanced up to 6% once the overtones are also
unstable and Hard MHD limit is reached. Consequently, the
destabilization of BAEs may have a significant impact on the
alpha particle confinement leading to the impairment of future
reactor performance. On the contrary, fish-bones and TAEs do
not cause important losses of trapped H and passing D EP,
respectively, thus controlled destabilization of these modes
may provide an useful method to improve the thermal plasma
confinement by reducing the plasma turbulence due to the
generation of shear flows. This result may explain the good
thermal plasma confinement in the discharge analyzed, as dis-
cussed in [52]. Nevertheless, as it is discussed in the follow-
up article dedicated to nonlinear simulation including multiple
EP species for the same D-T JET discharge, fish-bones may
have an effect on the confinement of alpha particles which
would limit the efficiency of EP driven modes for alpha power
enhancement.

7. AE activity and shear flows: consequences on
thermal plasma confinement

The aim of this section is to analyze the connection between
AE activity and shear flows intensity, identifying trends in
the nonlinear simulation that may correlate enhanced shear

3 1004~ —Ql—'—*l:l;l;l:l:l;l;l:lzl:l;l*'*'*'*'
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Figure 23. Volume integral of the EP density along the simulation
normalized to the volume integral of the equilibrium EP density for
the passing D EP (black line), trapped H EP (red line) and alpha
particles (blue line) for the nonlinear simulations analyzed in the
previous section. Time is re-normalized with respect to the graphs in
previous section, setting # =0 as the time once the saturation phase
begins in each simulation.

flows with improved thermal plasma confinement, the case of
the experimental observations. Gyrokinetic and hybrid simu-
lations of bulk plasma turbulence in the presence of EP show
a reduction of the radial heat flux linked to the generation of
shear flows nearby saturating EP driven modes (together with
kinetic nonlinearity of the resonant EPs) [114-117], point-
ing out that substantial velocity shear may have a stabilizing
effect on the ITG modes that are responsible for heat trans-
port in the plasma core. A set of four nonlinear simulations
are performed for passing D and trapped H EPs modifying
EP energy and thermal plasma species with respect to the
reference cases discussed in the previous section. In partic-
ular, two simulations are performed reducing the EP energy
from 1000 to 500keV, leading to a weakening of the EP
resonance and a decrease of TAE/fish-bones intensity (see
figures 4 and 5), and another two simulations replacing the
D-T thermal plasma by pure deuterium and keeping the same
EP energy (only the Alfven velocity is modified due to the
lower mass ratio of the pure deuterium plasma). Experiments
performed in pure deuterium plasma show weaker AE activ-
ity and a deterioration of the thermal plasma confinement
compared to D-T discharges [52], thus the new simula-
tions may show weaker AE/fish-bone activity and shear flows
in case shear flows and thermal plasma confinement are
correlated.

Figure 24 indicates the amplitude of the poloidal magnetic
field perturbation is smaller compared to the reference cases
for both passing D and trapped H nonlinear simulations redu-
cing the EP energy or using a pure deuterium thermal plasma
(please see figures 8 and 13). New passing D simulations
show a decrease of 30% compared to the reference case, TAE
amplitude is 50% smaller and the most unstable modes are
9/6 —10/6 (pure thermal deuterium plasma) and 8/5—9/5
(500kev) TAEs (data not shown). In addition, EPE energy
decrease around 50% (data not shown). On the other hand, the
perturbation in the new trapped H simulations only decreases
by 10% with respect to the reference case, fish-bone amplitude
reduces around 15% and EPE energy is 10% smaller (data
not shown). Consequently, these results indicate TAE/fish-
bone activity is smaller in the new nonlinear simulations as
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Figure 24. Normalized value of the poloidal magnetic field
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DT thermal plasma, (b) passing D with 1000keV for D thermal
plasma, (c) trapped H with 500 keV for DT thermal plasma, (d)
trapped H with 1000 keV for D thermal plasma.

expected from the linear study results, although the trend is
more remarkable for TAEs.

Figure 25, panels (a) and (b), indicate TAE/fish-bones lead
to weaker zonal structures in the new nonlinear simulations,
particularly for the passing D, showing a decrease of the elec-
trostatic perturbation in the inner-middle plasma region around
70%. The reduction of the zonal structures is less evident in
the trapped H cases with a decrease around 10% at the inner
plasma in the new simulation. Panels (¢) and (d) may indic-
ate shear flows are stronger in the passing D reference case
because the radial electric field induced during the TAE satur-
ation is more than two times stronger compared to the new sim-
ulations. On the other hand, trapped H reference case shows an
electric field is only slightly larger compared to the new simu-
lations. It should be noted the electrostatic potential and radial
electric field generated during TAEs saturation are four times
larger compared to the fish-bones, pointing out the shear flows
induced by the TAEs are stronger compared to the fish-bones.
This trend is confirmed in panels (e) and (f), indicating a larger
shear of the poloidal component of the thermal plasma velocity
by the TAEs compared to the fish-bones. In addition, radial
electric field and poloidal flow shear generated by the TAEs
reach the maximum in the middle plasma region although it is
observed in the inner plasma region for the fish-bones. Gyro-
kinetic simulations predict the stabilization of ion temperature
gradient (ITG) modes, that main source of the ion scale tur-
bulence in fusion devices, if shear flows are strong enough by
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Figure 25. Radial electrostatic potential in simulations with
different EP energy and thermal plasma species in nonlinear
simulation for (a) passing D and (b) trapped H EP. Radial electric
field in simulations with different EP energy and thermal plasma
species in nonlinear simulation for (c) passing D and (d) trapped H
EP. Radial derivative of the thermal plasma poloidal velocity
perturbation for (e) passing D and (f) trapped H EP. The frequency
is normalized to the thermal plasma velocity and the minor radius.
DT plasma for an EP energy of 1000 keV, black line, DT plasma for
an EP energy of 500 keV, red line, D plasma for an EP energy of
1000 keV, blue line.

increasing the critical temperature gradient threshold for the
ITG destabilization [118, 119]. The stabilizing effect of shear
flows on ITG can be analyzed in the first approximation by
calculating the shear generated in the simulations normalized
to the sound speed and the minor radius. If the values obtained
are close to the unit, ITG can be strongly suppressed by the
shear flows [120]. We observe in the simulation the amplitude
of the shear values oscillate for the DT case with 1000 keV
between 0.15 and —0.15¢goyna/a for the TAEs, and 0.13 to
—0.12¢40unga/ a for the fish-bone. Consequently, the shear flows
in the simulation can have a important effect on the ITG stabil-
ity. Nevertheless, further analysis are required to verify these
results, performing nonlinear simulations including the satur-
ation of both EP driven modes and ITGs, a topic out of the
scope of the present analysis.

In summary, weaker TAE/fish-bone activity is linked to less
intense shear flows and zonal currents. In addition, shear flows
induced by TAEs are stronger compared to fish-bones, partic-
ularly in the middle plasma region. The generation of shear
flows by TAEs in the middle plasma and by fish-bones in the
inner plasma region may explain the improved thermal plasma
confinement observed in the experiments, leading to a reduc-
tion of the plasma turbulence and anomalous transport com-
paring D-T and pure D discharges.
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8. Conclusions and discussion

The simulations discussed in the article aim to be a first step in
the validation of gyro-fluid models applied to the study of D-T
plasmas. This task is mandatory for developing reliable tools
dedicated to study the heating efficiency of reactor relevant
plasma, particularly the prediction of the stability of EP driven
modes and induced EP fluxes in devices as ITER and DEMO.

D-T JET discharge 99896 shows AE activity in the fre-
quency range of 150 to 190kHz as well as low frequency
modes identified as fish-bones, NTM and RSAE below
50kHz. AE activity is only observed in the discharge phase
that combines NBI and ICRH heating, further enhanced if the
beams inject T instead of D.

A set of parametric studies are performed dedicated to ana-
lyze AE and fish-bone stability in the D-T JET discharge
99896. Three different EP species are analyzed, passing D
injected by the NBI, trapped H generated by the ICRH and
fusion born alpha particles. The resonance caused by each EP
species is studied with respect to the EP density and energy,
identifying a bump tail of highly energetic passing D as driver
of TAEs and trapped H as driver of fish-bones. The passing D
bump tail is generated in the radio-frequency heating scenario
that combines NBI and ICRH injection, leading to a population
of passing D with energies above 500 keV. On the other hand,
the population of alpha particles in the experiment is too small
to destabilize AEs. The simulation shows BAEs triggered by
alpha particles nearby the magnetic axis if the EP 3 is more
than one order of magnitude higher compared to the experi-
ment observations.

Linear simulations including FLR damping effects identify
unstable 3/3 —4/3, 5/4—6/4 and 7/5—8/5 TAEs local-
ized at r/a=0.35-0.4 with frequencies between 152 and
164 kHz. The n =4 TAE shows the largest growth rate. Fish-
bones in the frequency range of 25-35kHz are also identi-
fied in the inner plasma region. In addition, marginal unstable
RSAE are triggered nearby the magnetic axis in the frequency
range of 20-40kHz, mainly damped by the FLR effects.
Consequently, linear simulations have reasonable similarities
with the observations.

Nonlinear simulations dedicated to study the saturation
phase of the TAEs induced by passing D EP show the destabil-
ization of a4/3 — 5/3 TAE in the inner-middle plasma region
during the linear phase. The n =3 TAE stabilizes along the
saturation phase by sharing energy with other modes and
thermal plasma, leading to multiple instability signals in low
and high frequency ranges as well as the generation of zonal
structures. Trapped H EP nonlinear simulation shows the
destabilization of fish-bones in the linear phase and overtones
with frequencies up to 100kHz along the saturation phase,
caused by the energy transfer towards n=2 and 3 toroidal
mode families. In addition, the thermal plasma is perturbed
due to the fish-bone energy channeling leading to the gen-
eration of zonal structures. The saturation of the 1/1 BAE
triggered by alpha particles (hypothetical scenario with EP
B one order of magnitude larger than the experiment) shows
the destabilization of overtones and the generation of zonal
structures.

Transitions from the soft to the hard MHD limit are
observed in the nonlinear simulations. For the case of passing
D EP simulation, after TAEs stabilize, a global n=1 EAE
covering main part of the minor radius is triggered leading to
a partial collapse of the pressure in the inner plasma region.
Strong deformations of the flux surfaces is caused by the
large energy transfer from the n =1 EAE towards the thermal
plasma leading to an enhancement of the zonal structures. It
should be recalled that the EAE activity in the experiment is
much weaker compared to the simulation, disagreement that
could be originated in the intensity of the thermal ion and EP
FLR effects as well as the model profiles uncertainty. Hard
MHD limit in Trapped H EP and alpha particle simulations is
reached once fish-bone or 1/1 BAE overlap with overtones in
the inner plasma, respectively, leading too a partial collapse
of the pressure profile due to the large flux surfaces distortion
and the enhancement of the zonal structures.

TAE and fish-bone induce a rather weak increment of
passing D and trapped H EP transport (below 1% losses) and
radial EP redistribution, respectively. These trends are consist-
ent with the almost negligible EP losses measured along the
experiment with respect to passing D and trapped H EP once
TAEs and fish-bone are destabilized. On the other hand, the
hypothetical scenario with unstable 1/1 BAE triggered by the
alpha particles shows 3% losses, further increases to 6% after
the hard MHD limit transition. Consequently, the destabiliza-
tion of BAEs by alpha particles must be avoided because this
instability may cause important constrains on the plasma heat-
ing efficiency and future devices performance.

Shear flows generation along the saturation phase of TAEs
and fish-bones may explain the improvement of the thermal
plasma confinement in the discharge. On top of that, TAEs
in the inner-middle plasma region induce more intense shear
flows with respect to the fish-bone in the inner plasma. The
output of the nonlinear simulations also indicates less intense
shear flows if TAE and fish-bone activity is weaker, the case
of configurations with pure D instead of D-T for the thermal
plasma. Indeed, it was observed the thermal plasma con-
finement improves in D-T experiments compared to pure
D plasma, showing a more intense AE/fish-bone activity,
explained as a reduction of the plasma turbulence level. That
means, shear flows induced by TAE and fish-bones during their
saturation phase could be considered as a method to improve
the thermal plasma confinement if the EP losses induced are
small. Unfortunately, even though passing D and trapped H EP
transport is weakly affected by AE/fish-bones, experimental
observations indicate significant alpha particles losses [52],
research topic explored by simulations with multi ion EP spe-
cies simulations. Nevertheless, operational scenario of future
nuclear fusion reactors may benefit from the presence of shear
flows reducing the turbulence transport and the device oper-
ation requirements for the L-H transition [121-124]. Indeed,
several numerical studies predict a decrease of the plasma tur-
bulence by shear flows induced by AE/EPM [125, 126] and
kinetic ballooning modes [127], although it is unclear for other
instabilities as interchange modes [128] and tearing modes
[68]. In conclusion, the consequences of shear flow genera-
tion by AE/fish-bones must be explored in detail for devices as



Nucl. Fusion 65 (2025) 076044

J. Varela et al

ITER and JT-60S A, analysis required to understand the impact
of these modes saturation on the thermal plasma confinement
and the performance of future fusion reactors.
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Appendix. Modes saturation and damping effect

This section is dedicated to discuss the effect of the damping
included in the linear and nonlinear simulations, as well as the
analysis of the saturation times of fish-bones and TAEs in the
nonlinear simulations. First, the FLR and electron-ion Landau
damping effects are discussed. Next, dedicated nonlinear sim-
ulations to characterize the saturation phase of fish-bones and
TAE are shown.

A.1. Effect of FLR and electron-ion Landau damping

Linear simulations for trapped H EP driven fish-bones, passing
D EP driven TAEs and alpha particle driven BAEs are per-
formed including only the continuum damping effect as well
as configurations combining the continuum damping with
thermal ion FLR, EP FLR and electron-ion Landau damping
effects, respectively. Simulations results are barely affected
by the electron-ion Landau damping, corrections in the third
decimal of the growth rate and frequency, for all the modes
analyzed thus this damping effect is neglected in the linear
and nonlinear studies shown in the article. This is not sur-
prising given the rather low thermal electron temperature and
thermal ion density in the discharge. Linear simulations with

FLR effects assume a thermal and EP Larmor radius of 0.001
and 0.01 m, respectively. The simulations indicate a correc-
tion in the second decimal for the fish-bone growth rate and
frequency, reason why FLR effects are also neglected for the
fish-bone linear and nonlinear studies. This results is also not
surprising because low n modes (n = 1) with small frequencies
(around 25 kHz) and rather wide perturbation width (around
A,/q = 0.3) should be less impacted by the FLR effects. This
approximation reduces the computational cost of the simula-
tion although the destabilization effect of trapped H EP and
the fish-bone damping time could be over estimated. On the
other hand, FLR damping effects and particularly the EP FLR
damping, is essential for the analysis of the TAEs stability.
Neglecting the FLR damping leads to the incorrect identifica-
tion of the dominant modes in the linear and nonlinear sim-
ulations compared to the experiment. As it is discussed in
the main article text, linear simulations without FLR effects
identify EAEs as dominant modes at an incorrect frequency
range and radial location with respect to the experimental data,
although simulations including the FLR damping shows dom-
inant TAEs at, approximately, the correct frequency range,
radial location and mode structure. Again, this is not surprising
because high frequency instabilities with slender perturbation
radial width triggered by high toroidal mode families must be
strongly damped by the FLR effects. Consequently, the linear
and nonlinear simulations indicated in the article dedicated to
analyze the linear and saturation phase of TAEs include the
FLR damping.

A.2. Damping time of fish-bones and TAE

The damping time of fish-bones and TAEs is calculated in the
nonlinear simulations and compared with experimental data
based on antenna probed stable eigenmodes in JET plasmas
[129]. The analysis consists in performing nonlinear simula-
tions removing the EP drive during the linear growth phase
of fish-bones and TAEs, calculating the time required by
the continuum, FLR and diffusive damping to face away the
perturbation.

The first analysis is dedicated to the Fish-bones, recalling
the nonlinear simulations are performed neglecting FLR and
electron-ion Landau damping, thus only continuum and diffu-
sion damping exist. Figure 26, panel (a), indicates the amp-
litude of the poloidal magnetic field perturbation decreases
by one order of magnitude around 100740 or 0.049 ms after
the EP drive is removed, identified as the fish-bone damp-
ing time (fgamp). In addition, panels (b)—(e) show a decrease
of the kinetic and magnetic energy of the system by one
order of magnitude after 100749. Thus, the damping rate can
be calculated as Yaamp = Iy = 2-04 - 10*s~!. The damping
rate normalized with respect to w = 27 f (f = 20kHz, the fre-
quency of the fish-bone in the simulation) is Ygamp/w = 0.16
(16%). The normalized damping rates measured in DT JET
experiments range between 0.06 and 1.0% [129], around ten
times smaller compared to the simulations. Nevertheless, the
diagnostic can only measure damping rates <5%, thus the
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Figure 26. Fish-bone damping analysis. (a) Normalized value of the poloidal magnetic field perturbation at different plasma radius

(r/a = 0.2, black, 0.4, red, 0.6, blue, 0.8, cyan, 1.0, pink). The dashed vertical line indicates the simulation time once EP drive is set to zero
(t = 1020740). Volume integrated normalized kinetic energy for (b) n =1 to 6 and (c) n =0 modes. Volume integrated normalized magnetic
energy for (d) n=1 to 6 and (e) n =0 modes. Evolution of the 1/1 mode eigenfunction from (f) 7= 1020 to 1100749 and (g) t= 1120 to
120074¢. Evolution of the 2/1 mode eigenfunction from (k) t = 1020 to 1100749 and (i) = 1120 to 120074¢. Evolution of the 0/0 mode
eigenfunction from () £ = 1020 to 1100749 and (k) = 1120 to 120074¢.

damping rate in the simulation is a reasonable estimation.
The evolution of 1/1 mode eigenfunction shows a sharp amp-
litude decrease as soon as the EP drive stops, reduced by one
order of magnitude in 407,40, panel (f). The 1/1 perturbation
maximum localizes around g = 1 rational surface showing the
amplitude maximum at t = 1030740, approximately half of the
amplitude compared to the fish-bone at t = 1020740, point-
ing out main part of the fish-bone energy is transferred to the
continuum. The interaction of the decaying mode with the
continuum can be identified in the strong oscillations of the
1/1 eigenfunction around ¢ = 1, panel (g). From ¢ = 112074,
1/1 eigen-function shows a slender structure localized nearby
g=1 (around r/a=0.2) as precursor of 1/1 internal kink
destabilization from 7~ 1200740. A secondary maximum of
the 1/1 eigenfunction is observed in the middle plasma region
from ¢ = 10607, linked to the g =2 rational surface (around
r/a = 0.5), indicating an energy transfer from the saturating
fish-bone towards the 2/1 perturbation, explain by the toroidal
coupling of the poloidal modes of the n =1 toroidal family.
Panel (h) shows an increment of the 2/1 eigenfunction amp-
litude from ¢t = 1020 to 1030740 up to 1/5 of the 1/1 amplitude
maximum at = 102074, indicating a significant energy trans-
fer from the fish-bones to other coupled poloidal modes of
n=1 toroidal family. From 7 = 106074, panel (i), 2/1 per-
turbation maximum displaces to the middle plasma nearby
q =2, pointing out the destabilization of the middle plasma
region due to the energy transfer from the 1/1 towards the
2/1 mode as well as the key role of the energy redistribution

between different poloidal modes numbers of the same tor-
oidal mode family during the fish-bone decay. In addition, 0/0
eigenfunction amplitude increases by a factor two in the inner
plasma region, panel (j), indicating an enhanced energy chan-
neling from the fish-bone towards the thermal plasma applied
to generate zonal structures. The 0/0 eigenfunction structure
remain approximately constant 407, after the EP drive stops,
panel (k), indicating the energy channeling reaches the steady
state very fast consequence of the different time scale ruling
the decay of thermal plasma perturbation, resistive times, com-
pared to Alfvenic perturbations. It should be noted the fish-
bone destabilization of the thermal plasma promotes the 1/1
internal kink destabilization after the fish-bone stabilizes.
Next, the TAEs damping rate is calculated applying the
same methodology. Figure 27, panel (a), indicates the amp-
litude of the poloidal magnetic field perturbation decreases by
80% around 8074 or 0.039 ms after the EP drive is removed,
identified as the n =3 TAE damping time. Panels (b)—(e) also
indicate a decrease by 80% of the kinetic and magnetic energy
of the system after 80749. Thus, Ygamp/w = 0.041 (4.1% for
f=100kHz, the TAE frequency order of magnitude in the
simulation). This normalized damping rate is 4 times above the
normalized damping rates measure in DT JET experiments,
although in the correct range of values considering again the
diagnostic can only measure damping rates <5%. On top of
that, discrepancies can exits linked to the Larmor radius of
thermal ions and EP assumed in the simulations, leading to a
weaker or stronger damping compared to the measured values,
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Figure 27. TAE damping analysis. (a) Normalized value of the poloidal magnetic field perturbation at different plasma radius (r/a = 0.2,
black, 0.4, red, 0.6, blue, 0.8, cyan, 1.0, pink). The dashed vertical line indicates the simulation time once EP drive is set to zero

(t = 1020740). Volume integrated normalized kinetic energy for (b) n =1 to 6 and (c¢) n =0 modes. Volume integrated normalized magnetic
energy for (d) n=1to 6 and (¢) n =0 modes. Evolution of (f) 3/3, (g) 4/3, (h) 5/3, (i) 6/3, (j) 7/3 and (k) 0/0 modes eigenfunction from

t =820 to 90074o.

although the trends identified in the analysis or the study
conclusions are not affected. Regarding the evolution of the
4/3 —5/3 TAE eigenfunction, the amplitude of the 4/3 and
5/3 perturbations, panels (g) and (%), decreases by 75% 8074
after the EP drive stops, showing a smother amplitude reduc-
tion compared to the fish-bone case. There is a large coupling
and energy sharing between m =3, 6 and 7 poloidal modes of
n =3 toroidal family as can be observed in panels (f), (i) and
(j) respectively, pointing out the important role of the toroidal
mode couplings in TAEs saturation could even more import-
ant compared to the fish-bone case. Energy channeling towards
the thermal plasma is also observed following the evolution of
the 0/0 perturbation, panel (k).
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