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Abstract

We review the physics of energetic particles (EPs) in magnetically confined burning fusion
plasmas with focus on advances since the last update of the ITER Physics Basis (Fasoli et al
2007 Nucl. Fusion 47 S264). Topics include basic EP physics, EP generation, diagnostics of
EPs and instabilities, the interaction of EPs and thermal plasma instabilities, EP-driven
instabilities, energetic particle modes (EPMs), and turbulence, linear and nonlinear stability and
simulation of EP-driven instabilities and EPMs, 3D effects, scenario optimization strategies
based on EP phase-space control, EPs in reduced field scenarios in ITER before DT, and the
physics of runaway electrons. We describe the simulation and modeling of EPs in fusion
plasmas, including instability drive and damping as well as EP transport, with a range of
approaches from first-principles to reduced models, including gyrokinetic simulations,
kinetic-MHD models, gyrofluid models, reduced models, and semi-analytical approaches.

This paper is part of the Special Issue: On the Path to Tokamak Burning Plasma Operation: A
collection of papers prepared by the ITPA Topical Physics Groups reviewing progress in the
development of the physics basis for burning plasma operation.

Keywords: energetic particle physics, fast ion physics, runaway electron physics,
burning plasmas
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Acronyms

AC Alfvén continuum

AE Alfvén eigenmode

AITG Alfvénic ion temperature gradient mode

ALE abrupt large event

AUG ASDEX Upgrade

BAAE beta-induced Alfvén-acoustic eigenmode

BAE beta-induced Alfvén eigenmode

BGK Bernstein—Greene—Kruskal

CAE compressional Alfvén eigenmode

c.c. complex conjugate

CD current drive

CGL Chew, Goldberger and Low

CGM critical gradient model

CTS collective Thomson scattering

COM constants of motion

CQ current quench

CXRS charge-exchange recombination spectroscopy

DD deuterium—deuterium

DMS disruption mitigation system

DT deuterium—tritium

EAE ellipticity-induced Alfvén eigenmode

e-BAE electron-driven beta-induced Alfvén eigenmode

EC electron cyclotron

ECE electron cyclotron emission

ECEI electron cyclotron emission imaging

ECRF electron cyclotron radio-frequency

ECCD electron cyclotron current drive

EGAM energetic-particle-driven geodesic acoustic
mode

eEGAM energetic-electron-driven geodesic acoustic
mode

ELM edge-localized mode

EP energetic particle

EPM energetic particle mode

ERTL edge resonant transport layer

EWM energetic-particle-driven wall modes

DIP dispersion interferometer polarimeter

FFCW fixed-frequency continuous wave

FIDA fast-ion D-alpha

FILD fast-ion loss detector

FLR finite Larmor radius

FMCW frequency-modulated continuous wave

FW fast magnetosonic wave

FWI fast wave interferometer

GAE global Alfvén eigenmode

GAM geodesic acoustic mode

GGAM global geodesic acoustic mode

GPU graphics processing unit

GRS gamma-ray spectroscopy

HAE helicity-induced Alfvén eigenmode

HFSR how-field-side reflectometer

H-mode high-confinement mode

HpGe high-purity germanium

HXR hard x-ray

i-BAE ion-driven beta-induced Alfvén eigenmode

IC ion cyclotron

ICCD ion cyclotron current drive

ICE ion cyclotron emission

ICRF ion cyclotron range of frequencies

IIH ion—ion hybrid

IMAS integrated modeling and analysis suite

ITB
ITER

ITG
ITPA
KAM
KAW
KBM
KTAE
LaBr
LFAM
LFSR
LH
L-mode
MAE
m-BAE

MSE
NAE

NGAE
NES
NBCD
NBI
NNBI
NPA
MHD
NTM
PIC
PNBI
PoPola
RBQ
RE

RF
RMP
RSAE
RWM
SAW
SAWC
SSNPA
SW
SXR
TAE
TBM
TEM
TF
TIP
™

TQ

VDE
WDM
WKB
zC
ZF
ZFS
7S

internal transport barrier

International Thermonuclear Experimental
Reactor

ion-temperature gradient

International Tokamak Physics Activity
Kolmogorov—Arnold—Moser

kinetic Alfvén wave

kinetic ballooning mode

kinetic toroidal Alfvén eigenmode
lanthanum bromide

low-frequency Alfvén mode
low-field-side reflectometer
low-confinement to high-confinement
low-confinement mode

mirror-induced Alfvén eigenmode
magnetic-island-driven beta-induced Alfvén
eigenmode

motional Stark effect

non-circular triangularity-induced Alfvén
eigenmode

non-conventional global Alfvén eigenmode
neutron emission spectroscopy

neutral beam current drive

neutral beam injection

negative-ion neutral beam injection
neutral particle analyzer
magnetohydrodynamic

neoclassical tearing mode

particle in cell

positive-ion neutral beam injection
poloidal polarimeter

resonance broadening quasilinear
runaway electrons

radio-frequency

resonant magnetic perturbation
reversed-shear Alfvén eigenmode
resistive wall mode

shear Alfvén wave

shear Alfvén wave continuum
solid-state neutral particle analyzer
slow magnetosonic wave

soft x-ray

toroidicity-induced Alfvén eigenmode
test blanket module

trapped electron mode

toroidal field

toroidal interferometer and polarimeter
tearing mode

thermal quench

power amplification factor

vertical displacement event
whole-device model
Wentzel-Kramers—Brillouin

zonal current

zonal flow

zonal field structure

zonal state

1. Introduction

The era of fusion power generation is approaching with the
construction of the ITER tokamak [1, 2]. A primary goal of the
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Figure 1. Plasma self-heating fraction as a function of the power
amplification Q. Plasmas are predominantly heated by MeV-range
alphas for Q > 5. Reproduced from [3]. © EURATOM 2018. All
rights reserved.

ITER project is to demonstrate a fusion power Pgs = 500 MW
for an injected auxiliary heating power P,,x = 50 MW, which
gives a power amplification of Q = Pgys/Paux = 10. A second
primary mission goal is Q =5 in a steady-state scenario. These
mission goals in terms of Q directly imply necessary values
for the a-particle heating fraction 7, which indicates how
much plasma heating originates from fusion reactions, lead-
ing towards a self-sustained system, and how much heating
originates from auxiliary heating systems directly controlled
from the outside. The a-particles from the DT fusion reaction,
D +T — a+n, receive 1/5 of the released fusion energy due
to energy and momentum conservation, so the a-particle heat-
ing power is P, = Pfys/5 = OPaux /5. Hence, 1, is related to
Q by

__ P 0
P(J£+P3UX Q+5’

Na (D
as illustrated in figure 1. At ITER’s mission goal 0 =35, we
have 1, = 0.5, so self-heating by energetic a-particles equals
auxiliary heating (P, = Pax), and at ITER’s mission goal
0 =10, we have n, = 0.67, so the plasma is predominantly
self-heated by energetic a-particles.

In this review, we will focus on EP physics in burning plas-
mas in magnetic confinement devices>®. We consider a plasma
to be a burning plasma if the self-heating by alphas is lar-
ger than the auxiliary heating, leading to a high degree of
self-sustainment and self-organization. For burning plasmas,

28 Note by the ITER Organization: the progress on R&D described in this
volume includes topics of relevance to ITER, as well as to burning plasmas
more generally. In some cases, the underlying physics R&D activities were
motivated by specific features of the ITER 2016 staged approach baseline [4]
and ITR-2024-5 (final version) [5]. The new ITER baseline 2024 currently
under elaboration proposes modifications to several of these features (e.g.
first wall material, heating and CD mix, etc), as introduced in [6], which will
require additional R&D beyond that described in this chapter.

Py > Pax, S0 1o, > 0.5 and Q > 5. Such self-organized plas-
mas constitute a new regime of EP physics. The highest
achieved Q in magnetic confinement fusion to date is Q = 0.64,
corresponding to n, = 0.11, which was achieved at JET in
1997 [7]. We denote such plasmas with significant fusion
power but below the burn condition as weakly burning plas-
mas. Scientific break-even is defined by Q =1, correspond-
ing to 71, = 0.17. Reactor-grade burning plasmas in the first
power plants will require a much higher Q than our burn con-
dition, Q > 5, to have a substantial net electricity output [8].
For example, various DEMO designs have Q ~ 20-50 and
Na ~ 0.8-0.91. The ideal burning plasma is completely self-
heated and has Q — oo and 7, — 1. This is also called igni-
tion. In recent years, several devices have been designed or
are already being constructed, which currently aim at operat-
ing burning plasmas, among them SPARC [9], STEP [10, 11],
CFETR [12], and BEST. The various burning plasma regimes
and relevant magnetic confinement devices are summarized in
table 1. Characteristics of burning fusion plasma devices are
reviewed in chapter 1 of this volume [13].

ITER is currently scheduled to start low-power plasma
operation in a few years and burning fusion plasma opera-
tion a few years later. Some of the privately and publicly
funded fusion efforts may access the burning-plasma regime
even earlier. The next phase of fusion power generation bey-
ond ITER, hopefully early in the second half of this cen-
tury, is the operation of reactor-grade burning plasmas in
fusion power plants, delivering fusion power to the electri-
city grid for humankind to use. These long timescales make
fusion research necessarily a multi-generational effort. The
next generation of fusion scientists will base the operation of
reactor-grade burning plasmas on the choices our generation
is making now. This generation changeover will be well on
its way even for the burning plasma operation in ITER. This
aspect of fusion research is a primary motivation for the ITPA
Topical Groups to periodically condense the knowledge and
progress towards burning plasma operation achieved in recent
years into a single volume to explain the rationale for the
choices we have made [13-19]. We will refer the reader to
these other 7 chapters of this volume where the referred topics
are discussed from the perspective of the other ITPA Topical
Groups.

The essential defining characteristic of a burning fusion
plasma is the self-sustained heating by the energetic a-
particles, which we will call alphas in the following. To ensure
self-sustained heating, the alphas must be well-confined. The
enhanced transport of alphas caused by 3D effects and instabil-
ities must be minimized. This central role of alphas in any
burning plasma system makes EP physics a core part of this
volume.

Here, we will review the most essential EP physics in burn-
ing plasmas in magnetic confinement devices. We consider a
particle in a plasma to be energetic, if its energy & is signi-
ficantly larger than the plasma temperature 7 (in eV), & > T.
EP populations consist of fusion-born alphas, fast ions from
NBI, fast ions accelerated by ICRF heating, and finally. the
undesired REs that can get accelerated to MeV-range ener-
gies by parallel electric fields. While we will attempt to cover
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Table 1. Burning plasma regimes in terms of power amplification, alpha heating fraction, and heating, and a selection of devices aiming to

achieve these.

0 Na Heating power Devices
Weakly burning plasmabelow 0K Q<1 0<Kn, <17% 0 < Prys < Pax  JET, TFTR
break-even
Weakly burning plasma above 1< Q<5 17% < no <50% Po < Pax < Prs  ITER, STEP, BEST, SPARC,
break-even CFETR
Burning plasma 0>5 Na > 50% Po > Paux ITER, STEP, BEST, SPARC,
CFETR
Reactor-grade burning plasma Q> 5 Na > 50% Py > Paux DEMO, CFETR, STEP
Ideal ignited plasma Q— o0 Na = 100% Po > Pax =0

EP physics thoroughly and emphasize current results, the
starting point and depth we have in mind will be appropri-
ate to the non-specialist reader. We will focus on the pro-
gress achieved in the field of EP physics for burning plas-
mas since the last update of the ITER Physics Basis [20].
Most work of the ITPA Topical Group for Energetic Particle
Physics has been done for ITER which will provide early
experimental tests of our predictions on EP physics in a burn-
ing plasma. Furthermore, we will discuss implications for
the fusion power plants currently being designed around the
world. For further and in some areas more comprehensive
information, we also point to the EP physics chapters in the
earlier ITER Physics Bases [20, 21] as well as several reviews
on EP physics [22-38]. We also highlight the recent JET
DT experiments which allowed EP studies in mildly burning
plasmas [39-54].

First, let us start by briefly reviewing the historical con-
text of EP physics in magnetically confined fusion plasmas.
Experimental investigations of EP physics began in the 1980s,
when powerful NBI and ICRF heating technologies were
developed and applied to toroidal plasmas. Initially favorable
heating results were obtained. However, as scaling information
accumulated over a range of devices and regimes, the negat-
ive effects of auxiliary heating power on confinement became
recognized and were incorporated into empirical scaling laws.

On the theoretical front, new forms of global Alfvén waves
susceptible to resonant destabilization by EPs were identified.
These modes exist in frequency gaps of the shear Alfvén spec-
trum created by couplings across poloidal mode numbers [27].
Such couplings arise from the periodic variation of magnetic
field strength in the poloidal direction and are analogous to
the bandgaps between the Brillouin zones of lattices with peri-
odically varying potential, as described in solid state physics.
Also, modes such as the fishbone instability and the KBM that
involve interaction of EPs with low-frequency MHD activity
were observed in experiments and analyzed. The DT operation
of TFTR and JET in the 1990s motivated an intense search for
alpha-driven instabilities. However, the significant EP popula-
tion from NBI heating and the relatively dilute alpha popula-
tion made it difficult to identify instabilities specifically driven
by alphas, except for in brief intervals following the turn-off
of the beams.

Fast forwarding to current times, a large zoology of AEs
has been identified, and carefully diagnosed in many toroidal

devices, including imaging of two-dimensional mode struc-
tures and diagnosis of rapid frequency variations and nonlin-
ear dynamics. Among these are the TAE, RSAE, EAE, NAE,
GAE, CAE, BAE, the BAAE, and the LFAM, see figure 26
in section 6. It is also known that these AEs can lead to sub-
stantial EP transport, removing up to 40%—60% of the beam
power that would normally be available for core plasma heat-
ing. Measurements and simulations of AEs can be very pre-
cise, leading to an often remarkable agreement between the-
ory and simulation, which is one of the major quantitative suc-
cesses of MHD in toroidal devices. We will discuss AEs from
section 6.

In addition to energetic ions, tokamaks can also spontan-
eously create in-situ beams of relativistic electrons, known
as REs. The runaway phenomenon is caused by the acceler-
ation in toroidal electric fields present in tokamak plasmas,
coupled with the decreasing collisional drag on electrons with
increasing velocity. Such runaway beams can attain a suffi-
cient intensity to cause damage to the vacuum vessel walls.
REs were first a concern in the early days of tokamak research
due to their generation by the Ohmic electric field in the early
breakdown phase of the discharge. More recently, it has been
recognized that intense runaway generation can be possible
due to avalanche phenomena and the large induced electric
fields that will be driven by the current collapse phase of dis-
ruptive instabilities which sometimes terminate tokamak dis-
charges. We will treat REs in section 12, and disruptions and
REs are also treated in chapter 4 of this volume [16].

Understanding and predicting EP-driven instabilities
requires both linear and nonlinear modeling. Linear modeling
is important because EP-driven modes experience damping,
resulting in thresholds that have to be surpassed before a mode
can exist. Nonlinear modeling is important because observed
EP-driven modes typically survive for many e-folding times,
based on linear growth rates. Thus, the instabilities dynamic-
ally reach some balance between sources and sinks, i.e. drive
strength vs. mitigating effects such as flattened regions in
phase space, ZFs and currents, and turbulent cascades. It
has become recognized that EP-driven modes set limits on
the profiles and parameters that can be achieved through
critical-gradient behavior and enhanced transport. In current
devices, enhanced EP transport can conveniently be charac-
terized through the DD neutron rate which is almost linearly
related to the EP density since DD neutrons in existing devices
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are predominantly generated through beam-target reactions,
i.e. reactions between slow ions and EPs. An observed neut-
ron deficit indicates an EP density deficit and hence enhanced
transport. Nonlinear EP physics remains an active area of
experimental and theoretical research. The nonlinear effects
of EP-driven instabilities can depend strongly on the g-profile,
the mode classification, the mode frequency range, and the
number of modes that are active concurrently.

A significant challenge arising in burning plasmas with
high power amplification Q is that the temperature and dens-
ity profiles are self-organized, i.e. self-consistently determ-
ined by self-heating from alphas rather than directly controlled
from the outside by auxiliary heating. The physics and stabil-
ity properties of plasma with self-sustained heating by alpha
populations lead to a new regime of operation in ITER and
future burning plasma devices. Several plasma characterist-
ics are substantially different, such as the high degree of iso-
tropy of energetic alpha populations compared to the highly
anisotropic ions generated by auxiliary heating, the shape of
the EP profile, the EP Larmor radius normalized by the minor
radius, which is around pf;~0.02 in present devices and
0.04 in ITER, and the Alfvén Mach number (the ratio of EP
speed and Alfvén speed), which often is 0.3-0.5 in present
devices but will be 1 or above in ITER. EP-driven instabil-
ities will have different characteristics compared to those seen
in present experiments. They are most active around k 0 ~ 1,
where & is the perpendicular wave number and s is the drift
orbit width, and will therefore predominantly exist at higher
mode numbers and be more radially localized than in present
experiments. This can lead to increased local transport and
the potential for radial avalanches as compared to existing
devices where radial wavelengths are typically 20%—-50% of
the minor radius. This new regime of operation cannot be
directly tested on non-burning, externally heated plasmas in
present machines and forms a major part of the rationale for
building ITER and other experimental burning plasma devices.

One might have hoped to tackle this change in parameters
by a ‘wind-tunnel’ approach, where we carefully diagnose the
EP populations and instabilities in experiments on a sequence
of smaller devices and develop scaling laws describing EP-
related phenomena. However, since the resonant nature of EP-
driven instabilities causes strong dependencies on the plasma
profiles, such a ‘wind-tunnel’ approach by itself cannot be
relied on to predict the performance of reactor-grade fusion
plasmas from present high-performance plasmas or even from
weakly burning plasmas. Instead, our approach is to make
predictions of experimental outcomes in present devices by
modeling and simulation and test these predictions against
the experimental data. The application of codes validated this
way constitutes our best prediction of EP physics in burning
fusion plasmas. To gain a full understanding of alpha heating
and instabilities in burning plasmas, it will be crucial to test
these predictions against experimental data at ITER and other
burning plasma devices, both in the operation phases with
and without burning fusion plasmas. Good diagnostic cover-
age at ITER and the other devices will therefore be essential.

However, many existing diagnostic methods will not be avail-
able in the high neutron flux environment of burning plasmas.

Thus, in order to prepare for future plasma operation with
significant alpha populations and self-sustained heating, EP
physics research must support three main research areas,
which comprise the main topics of this paper:

(i) experiments on existing devices,
(ii) diagnostic development, and
(iii) theory, modeling, and simulation.

Studies of EPs further need to consider the helium ash,
i.e. alphas that have slowed down and delivered a major part
of their energy to the bulk plasma. Whereas the high-energy
alphas, which heat the plasma, are a cherished population for
sustaining fusion power, the helium ash is an undesired impur-
ity population, diluting the DT fuel mixture. If these thermal-
ized alphas are not transported out of the plasma at a sufficient
rate, the fuel dilution can lead to an extinction of the burning
plasma state. The transport of helium ash is discussed com-
prehensively in chapter 2 of this volume [14]. The understand-
ing of alpha physics must extend over a broad range of ener-
gies from the 3.5 MeV alpha birth energy to a few times the
thermal plasma energy. Ideally, control mechanisms should
be identified that rapidly transport alphas out of the plasma
once they have deposited a large fraction of their energy in
the thermal bulk plasma. These mechanisms could include EP-
driven instabilities, externally driven RF waves, 3D fields, or
MHD instabilities such as sawteeth or ELMs.

The physics of the helium ash regime has not attracted
nearly as much attention as the effects related to the higher
energy alphas. ITER will face this issue in an especially direct
way since the pulse length significantly exceeds the slowing-
down time of alphas. Dilution of the DT fuel by thermalized
helium ash can threaten this mission goal for the pulse length
of burning plasmas. The need to understand alpha transport
over the whole energy range leads to an unusual bimodal chal-
lenge. At high energies, the alphas must have good confine-
ment and instabilities suppressed; at low energies comparable
to the thermal energy, alpha confinement should be degraded
and instabilities excited if possible. ITER will offer a crucial
experimental platform to consistently address both extremes of
alpha physics. This motivates careful diagnostic and modeling
over the full energy range of the alpha distribution function.

This paper is organized as follows. Section 2 reviews ele-
mentary EP physics in idealized plasmas, including drift orbit
theory and associated frequencies, EP sources, plasma heating,
confinement, and losses, which constitutes a basis for more
complex physics discussed in later sections. Section 3 high-
lights recent developments in the area of ICRF heating, such as
the efficient three-ion scheme, which opens new possibilities
not known when ITER was designed. Furthermore, in the early
operational phases of ITER before DT, ICRF heating will be
the only significant source of EPs. Section 4 describes the main
diagnostics used to detect EPs and instabilities, in particular
the diagnostics capable of working in the high neutron- and
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gamma-ray flux environment of burning plasmas. We focus
on what physics can be diagnosed and refer to chapter 8 of
this volume for the technical details of the diagnostics [19].
Section 5 describes the mutual interaction of EPs and thermal-
plasma instabilities, i.e. instabilities typically not driven by
EPs. In particular, we describe the interaction of EPs and
NTMs, sawteeth, ballooning instabilities, RWMs, and ELMs,
which are thought to have the strongest interaction with EPs.
Section 6 discusses linear stability theory of EP-driven modes,
which remains a crucial theoretical framework to predict their
existence. While section 6 can describe the existence of EP-
driven modes, section 7 deals with their evolution, requiring
nonlinear theory and simulation. This field has grown sub-
stantially since the 2007 ITER Physics Basis [20], partially
owing to the ever increasing computer power. Taking the fish-
bone instability as our starting point requiring nonlinear theory
and simulation, we review various approaches to modeling.
Gyrokinetic theory and simulation constitutes the most funda-
mental approach to EP simulations, requiring the fewest mod-
eling assumptions. We then review various approaches rely-
ing on progressively more modeling throughout the section:
kinetic-MHD models, gyrofluid models, reduced models, and
semi-analytic approaches. Simulations using such reduced
models are often more tracktable since they allow us to focus
on the most essential nonlinear physics. Section 8 deals with
3D effects on EP confinement. 3D effects arise since plasmas
in real magnetic fusion devices are never exactly axisymmet-
ric, which would be required for a 2D treatment, due to the
magnetic coil systems generating magnetic field ripples and
due to the 3D structures of modes in the plasma. Section 9 con-
siders multi-scale synergistic interactions between EP-driven
modes, low-frequency perturbations, especially EGAMs, and
turbulence, which are interactions where several phenomena
are concurrently active. In section 10 we explore options to
optimize plasma scenarios and to enhance the plasma per-
formance through EPs by considering the EP phase space and
possible actuators we have to control the EP phase space.
Section 11 deals with the EP physics in ITER plasmas before
fusion power operation, where plasmas are heated by NBI and
ICRF heating, but are not burning. Here we study EP phys-
ics in plasma scenarios with reduced magnetic fields, in which
it is easier to access the H-mode. Finally, while REs are con-
sidered throughout this review as a group of EPs, section 12
focuses on the physics of REs in particular. Section 13 con-
cludes this review by highlighting the state-of-the-art of EP
physics research and by pointing to possible future avenues of
EP physics research in burning plasmas.

2. Basic physics of EPs: sources, plasma heating,
confinement and losses

Most of the plasma in ITER will be in a state near local thermo-
dynamic equilibrium. The thermal ions and electrons that com-
prise the bulk gyrate with Larmor orbits with radii pr; and pr.
which are small when compared with the scales of the vessel,
and they drift along magnetic field lines with small deviations

d; and J, from the nested flux surfaces on which the magnetic
field lines lie. Typical characteristic speeds of phenomena
in the bulk plasma include the thermal speeds of the ions
vin,i = +/ Ti/mj and electrons vy, ¢ = +/T¢ /e, the propagation
speeds of Alfvén waves vy = B/ Vpomin; and sound waves
¢s = +/(Te + IiT;) /m; with T; the adiabatic index, and the dia-
magnetic drift velocities of electrons v,. = T./(eB)d,log(p.)
and ions v,; = T;/(Z;eB)0O,log(p;). Several thermal ion spe-
cies will be present in burning plasmas, each with their own
temperatures and velocities.

In order to sustain the thermal plasma at constant temperat-
ure, a steady source of bulk plasma heating must be provided
by more energetic ions or electrons that are constantly gen-
erated or introduced into the plasma. They slow down due
to collisional processes and gradually become thermalized. In
addition to the plasma self-heating from 3.5 MeV alphas pro-
duced in the DT fusion reactions, the auxiliary heating meth-
ods ICRF heating and NBI on ITER introduce MeV-range ions
into the plasma. ECRF heating is another main auxiliary heat-
ing scheme which may generate energetic electrons.

Energetic ions reach speeds exceeding some of the import-
ant characteristic speeds of the bulk plasma processes, and
the balance between ion creation and slowing-down produces
energy distributions which deviate strongly from local thermal
equilibrium distributions. The motion of fast ions is more com-
plicated than the motion of thermal ions; in addition to the
large free-streaming velocity v and perpendicular gyration
V1L, the drift motion away from the magnetic field lines vp
can also become significant. Importantly, the drift velocity
depends not only on the particle energy, but also on the mag-
netic field strength and geometry. Confined fast ions will tra-
verse ITER with these velocities, with the dimensions of ITER
implying a corresponding set of timescales. For phenomena
much slower than the ion gyration and lengthscales larger than
the gyroradius, it is sufficient to ignore the gyration and focus
on the timescales associated with the gyro-averaged quantities
V” and VD.

2.1 Equilibrium on the collisionless timescale

For magnetic fields with slow variations in space and time, and
for sufficiently slow and weak electric fields, particles possess
nearly invariant properties. The existence of these invariants
guarantees that particles are confined to imaginary surfaces
that can be labeled by the invariants [55]. When consider-
ing distributions of particles which are steady in time, con-
fined particles belong to equilibrium distributions. The times-
cale of the equilibrium governs the form that the distribution
must take [56]. For equilibrium on a longer timescale than
a cyclotron period 27 /w,, where w. = ZeB/m is the cyclo-
tron frequency, the particle distribution must be independent
of gyroangle and expressible as

F=Fx,&, pu,0), (2

where o = sign (VH) and x is the position. The particle energy
& is never changed by the magnetic field. The invariant p
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associated with the gyration of the particle is given by the
magnetic moment p ~ mv* /(2B), provided the magnetic field
is nearly uniform on the scale of the gyration. The next fast-
est timescale is the time taken to follow a magnetic field line
L/v) for some typical distance L, meaning that equilibrium
must be independent of distance along a magnetic field line,
B - VF = 0. If magnetic field lines are labeled with Clebsch-
type coordinates oy and B¢ [57], so that B = Vac X VB,
and a length coordinate along the field line is represented by s,
then we will have the positional dependence on x replaced by

F:F(O[C17/6C135aﬂ70—)7 (3)

independent of s. For axisymmetric idealized tokamaks, the
magnetic field lines lie within poloidal flux surfaces (con-
stant poloidal flux 1), and the magnetic field can be written in
terms of ¢ and toroidal angle ¢ as By = Vi x V¢. The pol-
oidal flux is related to the magnetic vector potential according
to Ay = v/R. For timescales shorter than L/v), fast ions are
approximately confined to those flux surfaces

F:F(57Naw70)' (4)

Eventually, the drift away from magnetic field lines becomes
important for equilibrium on a timescale L/vp, meaning
that the surface traced by an invariant such as J** =
¢ (v + Z£A)ds, where A|| is the parallel magnetic vector
potential, (for almost closed field lines) defines the longer
equilibrium

F=F(&, u,J™, o) ()

with purely spatial position coordinates no longer appearing.
If the field is exactly axisymmetric, then the canonical toroidal
angular momentum Py = mRvy4 + Zet) is an exact invariant
providing perfect confinement with the equilibrium

F:F(53M7P¢aa), (6)

until collisions or other processes violate the symmetries
underlying the COMs [31]. Most notably, departures from
axisymmetric magnetic fields violate the conditions for equi-
librium because of the loss of the exact invariant Py.

Static or slowly time-varying perturbations to the magnetic
field can each be decomposed into toroidal modes of the form

0B (R,z,¢,t) =B (R,z,t;n,w)exp (i(np —wt)), (1)
where R is the major radius coordinate, z the vertical coordin-
ate, w is the angular frequency, and n is the toroidal mode
number. For a particle interacting with this perturbation, the
toroidal component of the Lorentz force changes the tor-
oidal momentum in Py, whilst the perturbed vector potential
changes the poloidal flux, so the canonical toroidal angular
momentum changes at the rate

dP, . doA

=inZe(6A-v—09), 8)

where we have used Faraday’s law to obtain the electric field
JE from the vector and scalar potentials A and 69.

Important characteristic frequencies of the orbital motion
of the ions are the transit frequencies in the toroidal and pol-
oidal directions wg and wy, based on the gyro-averaged quant-
ities V| and vp. If the time it takes a particle to complete a full
revolution in the tokamak in the poloidal direction is denoted
by 74, these orbital frequencies are given by

wp =2 /19, 9)
1 [™do

= — —dr 10

we 70 Jo dt ( )

Any violation of equilibrium is most efficient when there is
coherent synchronization between the orbital phase and the
phase of the perturbation with frequency w, leading to the res-
onance condition

w—nwg — lwg =0, (11
where the integer / is arbitrary. The details of the orbit interac-
tion with the 2D perturbation structure B (R, z,t) governs the
magnitude of the effect on the orbit for different values of I.
Even when there is synchronization, the variation in the Py
can be periodic and average to zero for sufficiently small B/B.
However, for orbits closest to being in resonance, small devi-
ations due to collisions or due to overlapping resonances can
lead to chaotic motion. The number of orbits sensitive to this
effect scales with the magnitude of the perturbation.

The slow time variation of the magnetic field of a single
toroidal mode implies an induced electric field. This elec-
tric field does work on the particles and hence exchanges
energy with the particle with a rate depending on the frequency
according to

c(ls—Ze<v-5E—|—dj;I)>—ine(éA-v—c?fI)). (12)
The rates of change of the energy and the canonical toroidal
angular momentum from each toroidal mode can be compared,
giving immediately

nAE = wAPgy. (13)
This important equation can also be deduced from a quantum
mechanical perspective if we imagined the perturbation of
particles from toroidally propagating modes as the reson-
ant absorption (or emission) of photons; for an incoming
photon, the energy absorbed is AE = hw and the absorbed
toroidal momentum is AP, :Réﬁ-hk = hn. An important
consequence of equation (13) is that a particle undergoing
radial excursion due to a perturbation will also experience a
change in energy. This change in energy is the result of the
induced electric field associated with the perturbation. For
shear Alfvénic perturbations, this energy change is small, and
vanishes entirely for magnetic perturbations approaching zero
frequency and growth rate. For low-frequency large length-
scale perturbations, the gyro-invariant is preserved, Ay = 0,
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giving together with equation (13) a complete description of
how orbits are affected.

So far, we have only considered perturbations where the
gyration of the particles plays no role in the coherent syn-
chronization between the orbit and the waves. If the perturba-
tions become narrow compared with the size of the gyration,
or if the frequency of the perturbation becomes comparable to
the gyrofrequency, considering only the resonance of guiding
centers in equation (11) will not suffice and a general reson-
ance condition is required [58]. Care must be taken to consider
the coherent synchronization between the perturbation and the
orbit-averaged poloidal, toroidal, and cyclotron frequencies.
When these frequencies are well separated, such as on ITER,
the resonant interaction can be taken as a local phenomenon
giving

w = Nw, —‘rkHV”. (14)

At high frequency, the changes in magnetic moment and the
energy are no longer small, and a change in energy leads to a
180 \where By is

change in normalized magnetic moment A = £22,
the toroidal magnetic field on axis, according to [59]

AA = (N“’" —A) oL (15)
w &
or equivalently
Nw,
Ap="CAE. (16)
wB()

Note that the resonance condition in equation (14) applies
when the particle interacts with the wave on a portion of its
drift orbit, whereas the resonance condition in equation (11)
applies when the particle experiences the same wave phase
on multiple drift orbits. Efficient wave-particle energy trans-
fer can occur when an EP encounters a constant phase during a
single pass through an instability [60]. This phenomenon can
cause AE-induced losses of fast ions that are born near the
plasma edge [61].

2.2. Drift orbit approximations

For a perfectly confined particle, the drift velocity across mag-
netic field lines vp is a periodic function, and the particles
return to flux surfaces after a poloidal transit time 79 = 27 /wy.
The width of a drift orbit ¢ is then the distance traversed
by vp during half a poloidal transit time, which is the dis-
tance between the innermost and outermost flux surface the
ion reaches. For realistic tokamak geometries, these charac-
teristic frequency- and lengthscales can be computed using
orbit-following codes, e.g. [62]. If L/vp > 79, we may neg-
lect the orbit width in the equilibrium and take v to be invariant
instead of Py. Under these conditions and for circular, large-
aspect-ratio flux surfaces, we can estimate the orbital frequen-
cies and widths. The toroidal and poloidal transit frequencies
of strongly passing particles can be estimated as

Wopa L (17)
;P RO ’
Wopu ~ (18)
qRo
where R is the major radius of the magnetic axis and
27 r’B
P (19)

= /1,()](7‘) Ro

is the safety factor where r is the minor radius coordinate and
I(r) is the plasma current contained within the minor radius
r. The safety factor ¢ is the number of toroidal turns per pol-
oidal turn of a magnetic field line around the torus. For trapped
particles, orbits do not complete a circular transit, and wg
depends on a more complicated expression in terms of elliptic
functions in analogy with the period for a pendulum [63].
As for a small amplitude pendulum, deeply trapped particles
approach a constant bounce period 7y, A~ 27 (2)!/24% with
the corresponding bounce frequency

e)l/2 V

W~ | = —_—
6,tr ( qRO

2 ; (20)

where € = r/Ry is the inverse aspect ratio.

The parallel velocity of trapped particles changes sign, with
inexact cancellation of toroidal motion over an orbit and a
resulting precession with frequency wg «r, which scales with
the drift velocity according to we « = gvp/r. The drift velo-
city vp is the sum of grad-B and curvature drifts. The grad-
B drift depends on v, while the curvature drift depends on
V|- A first approximation to the drift is again a constant value
taken at the magnetic axis vp ~ puBy/(mRow;) +vﬁ /(Rowe).
Introducing the particle energy into the expression cancels the
mass dependence giving

&
ZeBoR() '

~
~

21

Hence, the drift velocity is proportional to the energy of
the particle, where now the mass of the particle only enters
through the energy. This cancellation of the mass dependence
in the drift velocity implies the important result that electrons
and ions at the same energy drift at the same speed. For deeply
trapped particles, the toroidal precession frequency is thus in
terms of energy

q&

~N— . 22
W e BoRor (22)

The precession frequency wy (. for trapped electrons and ions
with a single charge is the same, but they drift in opposite dir-
ections. The maximum excursion of a strongly passing particle
from a flux surface and the orbit width of deeply trapped
particle J can both also be estimated immediately using the
drift velocity and bounce times, but a more accurate calcula-
tion based on P, conservation gives
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(23)
(24)

dpa = 2gp1,
S ~ 2qpre /2,
showing that trapped particles drift further from flux surfaces
than passing particles. The dependence on gp; makes clear
that it is the poloidal Larmor radius which matters to the orbit
width, which is not dependent on the TF, but rather on the
plasma current.

2.3. Equilibrium on the collisional timescale

The kinetic picture of fast-ion equilibrium presented above
derives from ignoring collisional processes. Connection can be
made with the neoclassical theory of transport (e.g: [64, 65])
by comparing the collision frequencies with the orbital fre-
quencies of collisionless motion. If collision frequencies are
small when compared with orbital frequencies, as will be the
case on ITER, equilibrium established on collisional times-
cales will be obtained in the ‘banana limit’ of the neoclassical
theory. These equilibrium distribution functions, established
over timescales exceeding the collision time, will not resemble
Maxwellian distributions. The effect of Coulomb collisions on
the equilibrium is modeled with a Fokker—Planck equation

ofs ofs Ifs

ot a*a )

= Q[f]+ Y _{Clfufr] +S[ffr]}

(E+vxB)-

(25)

where we have also included terms for the creation and loss
of particles S and for the quasi-linear heating Q from rapidly
varying electric fields that are not included in the left-hand side
of the equation. The left-hand side of the equation represents
the collisionless motion of particles including fast gyration
and can be approximated by transformation to guiding-center
variables [66] Solving the Fokker—Planck equation for times-
cales Where = 0 gives the equilibrium distribution function
expressible as fS =F(&,p1,Py,0)

Source and sink terms include the production and loss of
fast ions in fusion reactions, the production and loss of charges
in charge exchange reactions, or simply the external introduc-
tion of fast ion species.

2.4. EP sources

The main sources of energetic ions in fusion plasmas are
fusion reactions, NBI and ICRF heating. We will discuss ICRF
heating in section 3 and will here highlight certain aspects of
alphas and other charged fusion products, EPs from NBI heat-
ing and energetic electrons generated by parallel electric fields.
The heating systems at ITER are further described in chapter
6 of this volume [18].

The fusion reaction between a deuteron and a triton res-
ults in an alpha confined by the magnetic field and a neut-
ron which escapes the plasma. The energy of the alpha in
the center-of-mass frame of the fusion reaction is 3.52 MeV
with no preferred velocity direction. The large energy and near
isotropic distribution makes alpha physics difficult to imitate

using ions produced by NBI or ICRF heating, which gener-
ate highly anisotropic distributions. Record fusion energy pro-
duction, and equivalently the largest alpha population, was
achieved in the recent JET DT campaign by injecting a deu-
terium beam in tritium-rich plasma [39], but Q was lower than
in the earlier experiments at JET and TFTR. A high 0 ~2.2
at P, = 1.8 MW was achieved in an afterglow experiment,
i.e. after the NBIs were switched off [47].

In presently operating tokamaks, NBI is the most reliable
and commonly used method to heat the plasma to high temper-
atures relevant for fusion reactions to occur. ITER will have
two 16.5 MW NBIs with energies up to 870keV for hydro-
gen operation and 1 MeV for deuterium operation. In many
present NBI sources, positive ions are brought up to ener-
gies in the range ~20-180keV in a particle accelerator and
then neutralized by recombination reactions with electrons. In
these positive-ion NBI sources, a mixture of ions and molecu-
larions, e.g. DT, D;“ ,and D;“ ,1s typically present when hydro-
genic gas is ionized and accelerated in the voltage drop. The
fast neutral molecules then dissociate into fast neutral atoms,
dividing the energy of the molecule equally between the con-
stituent atoms. The fast atoms entering the tokamak therefore
have energies matching the full injection energy, half the injec-
tion energy, or one-third of the injection energy.

The resulting high-energy atoms are guided to the plasma
through an NBI port, i.e. an opening in the vessel wall. The
neutral atoms are not deflected by the magnetic field and move
on straight paths, until they are ionized in the plasma. The
beam of fast neutral atoms is highly directional and has a
maximum energy chosen for optimal penetration into the core
of the plasma before ionization and capture by the magnetic
field. This ionization process corresponds to the source term
S in the Fokker—Planck equation (25). After ionization, the
ions proceed on a drift orbit dictated by the magnetic field.
Subsequently, the energetic ions will heat the bulk plasma via
Coulomb collisions and eventually become part of the thermal
bulk plasma.

However, NBIs with typical energies of 100kV cannot heat
the plasma core in large machines with dense plasma such as
ITER as most ionization already occurs in the plasma peri-
phery. The penetration depth can be increased by increasing
the particle energy, i.e. the acceleration voltage. But when the
acceleration voltage is increased to significantly above 100 kV,
the neutralization efficiency rapidly drops and is unacceptably
low at energies required for ITER plasmas.

This problem can be circumvented by accelerating negative
ions instead of positive ions. These two methods are referred
to as NNBI and PNBI. In NNBI, the additional electron is only
loosely attached to the accelerated particle, so the neutraliza-
tion efficiency is high. Since the ITER neutral beams will oper-
ate with 1 MeV energy, it is clear that NNBI is vastly super-
ior to PNBI. NNBI has been experimentally demonstrated at
the JT-60U tokamak and the LHD stellarator. NNBI does not
inject neutrals at half- and one-third injection energy.

Also the orientation of the beams has to be carefully con-
sidered, both to fully harness the potential of the beams and for
safety reasons. Tangential injection, i.e. the beam path is tan-
gent to some flux surface, produces a large fraction of ions on
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passing orbits, which drive current in the plasma. Therefore,
NBCD is considered as a potential means for allowing non-
inductive operation of tokamak plasmas [67]. In contrast,
perpendicular injection produces energetic ions on trapped
orbits that drive negligible current. We will discuss EP CD in
section 10.

Aninjected neutral that does not ionize in the plasma strikes
the vacuum vessel wall of the inner column. When the plasma
density is lower than the nominal design value, a large frac-
tion of injected neutrals may traverse the plasma without ion-
izing, heating the wall materials instead of the plasma. This
undesired wall heating is called ‘shinethrough’. For ITER,
plasma scenarios requiring extra care in this respect are the
ramp-up and ramp-down phases in the beginning and end of
the discharges, and in particular in scenarios with lower mag-
netic field strengths, such as in scenarios at 1/2 and 1/3 of
the nominal magnetic field and plasma current foreseen in the
early phases of ITER operations. Low magnetic fields lead to
low plasma densities that promote shinethrough. The needed
adjustments of the ITER beams in these plasma scenarios will
be discussed in section 11.

Electrons in future burning plasmas are also anticipated
to have energetic non-thermal populations. Heating and CD
of electrons can be achieved through exploiting EC or lower
hybrid wave resonances. Additionally, very large loop voltages
can be induced in the plasma during a disruption, resulting
in a population of REs whose drag due to collisions vanishes
as they accelerate. These channels of relativistic electrons are
highly directional and contain a large energy density since the
energy gains of the REs are not balanced by energy losses due
to collisions. These REs will be discussed in section 12.

2.5. Collisional energy transfer

Once EPs are introduced by the various sources, they slow
down due to collisions, transferring energy to the thermal
particles. Collisions between charged particles in a fully ion-
ized plasma are dominated by the sum of many small angle
collisions occurring within a Debye length [78]. The collisions
are represented as an outflow of particles in velocity space

Clfs:fs] ==V jg - (26)
The flow in velocity space depends in turn on the velocity
gradients of the distribution:
js}s’ = _AS/fS _vV'QS/fﬁ' (27)
The vector A/ represents a drag force slowing particles down,
but not altering their directions. The tensor D, represents the
diffusion of particles. When considering any given fast ion,
collisions with both electrons and ions must be accounted for.
Due to the large mass difference between ions and electrons,
diffusion is negligible for ions colliding with electrons. For
fusion products and neutral beam heating, the equilibrium dis-

tribution is approximately solved by balancing the source rate
S with the Coulomb collisions C.

In the range of energies typical for energetic ions in toka-
maks, vr always satisfies vy ; << vf < vipe. In this case, ana-
lytic solutions to the Fokker—Planck equation for uniform plas-
mas are called slowing-down distribution functions [79, 80].
Since the Coulomb cross-section is determined by the relat-
ive velocity of the scattering particles, the scattering rate with
electrons is determined by vy, ¢, while the scattering rate with
thermal ions is determined by v¢, nearly independent of vy, ;.
The drag caused by thermal electrons (alone) leads decelera-
tion of the particles with the associated Spitzer slowing-down
time

4 Af]‘z/z II173

=627 x 10—~ — — 5,
§ 8 Zin.InA evi2®

(28)

where InA is the Coulomb logarithm, 7. is the background
electron temperature in eV, 7. is the density in m—3, and A¢
and Z; the EP atomic mass and charge numbers. The relative
importance of electron and ion friction depends upon both v ¢
and vy. The fast ion energy at which the electron friction just
balances the bulk ion friction is known as the critical energy
Erit and is given by

2 2/3

niZ;

Eurit = 14.8T A¢ <Zl> :
f neAi

where the sum is over the thermal-ion species. Above this
critical energy, collisions with electrons dominate, leading to
slowing down of the fast ions with little pitch angle scattering.
Below the critical energy, collision with ions dominate, lead-
ing to slowing down of fast ions with significant pitch angle
scattering. On ITER, the birth energies for fusion products
and NNBI will exceed the critical energy and will, at first, be
dominated by electron—ion drag collisions. Electron heating
by alphas was directly observed in the recent JET DT cam-
paign [45]. The Spitzer time describes the rate of change of
the test particle velocity caused by the friction on background
electrons, i.e. dvg/dt = —v¢/ 7 (assuming only electrons are
involved in the slowing-down process). The thermalization
time of a fast ion is related to the Spitzer slowing down time
by Tin = (7se/3) In(1+ (E/Eerit)??).

For the fast ions to deposit their heat into the thermal elec-
trons, the invariants of the motion must not vary much within
a slowing down time. As we have already mentioned for low-
frequency phenomena, the dominant loss of invariance occurs
due to loss of axisymmetry. We therefore require that the vari-
ation in canonical momentum over an orbit AP/ Ze(z/;edge —
Weore) be much less than the number of orbits required to slow
down 74/ 7p.

(29)

2.6. Non-dimensional EP parameters

Several essential non-dimensional parameters characteristic
for the size of various EP effects are given in table 2. The lar-
ger the parameter, the stronger the EP effects will be. v¢/va
measures the EP ability to resonate with Alfvénic modes in
the plasma, and va /vy i measures if the Alfvénic modes will
be dominated by EPs or by a combination of EP and thermal
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Table 2. Non-dimensional parameters characterizing various EP effects.

ITER JET NSTX SPARC STEP DEMO CFETR

fa fa Sl fa fa fa fa
References [32, 68] [7, 68, 69] [33, 70, 71] [72, 73] [11] [8, 74] [12,75,76]
a/Ro 0.32 0.33 0.76 0.31 0.56 0.3 0.31
Vf/VA 1.91 1.68 3.34 1.55 4.17 1.46 1.66
VA /Vini 470 474 2.19 6.08 2.26 534 448
oLt/a 0.03 0.08 0.2 0.04 0.04 0.01 0.02
5f/a a 0.16 0.53 1.88" 0.21 0.37 0.12 0.19
5:(0)/8(0) 0.15 0.13 0.15 0.13 0.58 0.4 0.16
Max 6B/B° 0.5% 0.08% 0.6% 0.15% 0.65% 0.3% 0.1%

4 Orbit-width estimate modified to include ellipticity & ~ 2prq/(rke'/?).

b This value is large because gos = 10 is not representative of the average ¢ over the orbit. Numerical results [77] indicate a value closer to

or/a~1.2.
¢ Field ripple assumed as largest non-axisymmetric field.

effects [81]. The normalized Larmor radius py ¢/a is a fun-
damental measure of how strongly magnetized the plasma is,
with ramifications for both stability and confinement of the
EPs. The normalized orbit-width d;/a measures the deviation
from flux surfaces, which relates to how well the asymmet-
ric poloidal magnetic field is able to confine the EPs. The
ratio 3¢(0)/3(0) on axis with 3 = 240p/B* measures the rel-
ative sizes of the EP pressure and the plasma pressure. The
EP pressure drives instabilities, and the plasma pressure res-
ults in damping. The perturbed magnetic field ripple 6B/B is
responsible for the rate of momentum change [1/Ze(t)eqge —
Yeore)[dP/dt which if sufficiently large will create chaotic
orbits and result in radial transport.

3. EP generation and plasma heating by ICRF
waves

3.1. Basic physics of ICRF heating

ICRF waves have been used early on in magnetic fusion
research to generate EPs (see section 2.3 of [22] for a review).
The thermal plasma is heated by two effects: direct wave
damping and collisional heating due to EPs accelerated by
the ICRF waves. In the frequency range of ICRF waves
(f =20-100 MHz), part of the wave power is usually absorbed
by the thermal particles. A physics description of RF heating
therefore involves elements related to waves (propagation and
damping) and to particles (e.g. wave-induced diffusion and
collisional relaxation).
RF heating is described by the Fokker—Planck equation

df,

T_eg o)+ -L.

(30)

Here, f; is the (quasilinearly time-space averaged) distribution
function of ion species s, C is the collision operator, Ss is a
particle source term, and L is a loss term. Q is the quasilin-
ear operator representing the effect of waves interacting with
species ‘s’. In quasilinear theory, this term takes the form of a
diffusion or friction term and involves a quasilinear diffusion
tensor, D:

O(f) = V- (Dg - Vifo). 31

Depending on the level of sophistication of the description
used, Q can have a rather complicated form. Important features
of the quasilinear operator can nevertheless be illustrated by
writing its components in the symbolic form

Dy=A> |d" (E) 6 (w— Nwes —kpvy) . (32)

Here, A is a constant, d™ (E) is a differential operator act-
ing on the electromagnetic wave field, k| is the component of
the wave vector k along the local magnetic field, wcs is the
cyclotron frequency of species s. The harmonic number N is
any integer (including zero). The delta function §(w — Nwcs —
kjv) ) picks out the particles resonating with the wave, i.e. sat-
isfying the wave-particle resonance condition equation (14).

A simplified representation of the process of plasma heat-
ing with ICRF waves appears in figure 2. The cold plasma
dispersion relation in the ICRF frequency range allows two
plasma waves, the slow and the fast magnetosonic waves (SW
and FW) [82] which are both excited by the ICRF antenna.
Whereas the slow wave is evanescent, the fast wave can pass
through a thin evanescence region to heat the plasma core
through different branches illustrated in figure 2. In large-
scale tokamaks such as ITER, the dominant branch is cyclo-
tron damping rather than the mode-conversion branch.

However, other processes than those illustrated in figure 2
may play a significant role, too. For example, mode-converted
waves (ion Bernstein waves and IC waves) can also be
absorbed by ions, and part of the fast-wave power can be dir-
ectly absorbed by the thermal ions. Furthermore, it is possible
to drive a small central electron current if part of the fast-
wave power is directly absorbed by thermal electrons for an
adequate toroidal antenna phasing [83, 84].

3.1.1. Wave propagation and cyclotron damping.  ICRF
antennas typically consist of sets of metallic straps enclosed
in boxes near the plasma edge. The currents in the straps can
excite waves in the nearby plasma. For ICRF waves, it is con-
venient to view the plasma and the antenna together as a global
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Figure 2. A simplified overview of fast-ion generation and plasma
heating with ICRF waves.
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electrical circuit. In practical terms, the antenna needs to be
adapted to the plasma by ensuring that the plasma and antenna
impedances match [85, 86]. Indeed, the issue of ICRF power
coupling to the plasma is a challenging problem requiring con-
siderable effort.

The fast and slow magnetosonic waves are characterized by
their refractive indices n = kc/w. The parallel component of
the refractive index with respect to the magnetic field, n, is
essentially determined by the antenna geometry, whereas the
perpendicular component is determined by the dispersion rela-
tion. For conditions typical for the plasma edge in tokamaks,
the slow wave is characterized by ”i,sw ~ —wge Jw?, where
wpe 18 the electron plasma frequency and we; = ZieB /m; is the
cyclotron frequency of the main ion species. Since the slow
wave is evanescent (n2L sw < 0) with a typical decay length of
less than 1 mm, it does not propagate to the regions far from
the antenna and thus cannot heat the plasma core. However,
the slow wave plays an important role in the problem of wave
coupling and in the possible development of performance lim-
iting electrical sheaths.

The propagation of the FW for a cold plasma is described
by the dispersion relation [87]

(L=rt) (R=n2) |

S—nﬁ

2

ny pw = (33)

Here, S, L, and R are the components of the plasma dielec-

2
tric tensor in the notation of Stix, with S=1-75", zw"‘ -,
W =Wy
2
Lzl_zlﬁ, andR=l+lef’~'_wu) The sums

include only the ion species. The fast-wave dispersion relation
(equation (33)) suggests quite complex behavior, especially in
plasmas with several ion species.

The presence of the right-hand cutoff, given by the con-
dition R = nﬁ, implies that the fast wave does not propag-
ate below a certain density, 7, < 1 x 10" m™=3, which typic-
ally corresponds to a location in the plasma scrape-off layer.
Therefore, the fast wave is evanescent near the plasma edge,
too, just as the slow wave. However, since its decay length

is typically on the order of 10cm, a significant fraction of
the fast-wave power can readily tunnel through the evan-
escence layer to reach the right-hand cutoff and propagate
onward towards the plasma core. Part of the power reflected
at the right-hand cutoff couples back to the antenna circuit,
which leads to the requirement of adequate antenna-plasma
matching.

In a single-ion plasma, the left-hand cutoff, L = nﬁ, and the

fast-wave resonance, S = n2, are reached at very low plasma
densities, below the right-hand cutoff density. At the reson-
ance layer, warm plasma effects (non-zero temperature) need
to be taken into account, and the fast-wave resonance is bent
into a confluence with a kinetic plasma mode. In plasmas with
two or more ion species, both the left-hand cutoff and the fast-
wave resonance can be located near the plasma core. In this
case, the region bounded by this cutoff-resonance pair is often
referred to as the IIH layer. For example, in plasmas with two
ion species and for low k|, the ITH frequencies are given by

2,2 2,2
wpIWCZ + wp2wcl

ws ~ (34)
2 2 ’
Wy T Wy
2,2 2,2
wplwc2 + wp2wcl
T I I (35)
WpWe2 + WpoWel

Note that usually ws < wr, and both IIH frequencies are in
between the cyclotron frequencies w.; and wy;.

The dominant damping mechanism of the FW is cyclo-
tron damping due to ions fulfilling the wave-particle reson-
ance condition equation (14) [88]. N =1 to N =3 correspond
to fundamental, 2nd harmonic, and 3rd harmonic ICRF heat-
ing at w &2 wyi, 2w and 3w.i. Equation (14) is usually fulfilled
in the vicinity of the IC resonance layers, Ric, where w = Nw;.
The radial position of these layers in the plasma can be found
considering on the 1/R radial dependence of the magnetic field
in tokamaks by the handy formula,

NZi 15.2530 MHz
A f T

where Ry is the major radius, By is the on-axis magnetic field
in Tesla, and f is the RF frequency in MHz.

A simplified form of the quasilinear diffusion coefficient
(equation (32)) is given by

RIC ~ R()

(36)

Dg=A Z |E Iyt (kipii) +E_Jyyi (kipi) |
N

X & (w— Nwei —kyvy) (37
where Jy is the Bessel function of order N, k, is the per-
pendicular wavenumber, and pr; = v, /w.; is the heated ion
Larmor radius. In equation (37), E; and E_ represent the left-
hand and right-hand components of the RF electric field. For
thermal and moderately energetic ions with energies of a few
hundred keV, the argument of the Bessel functions is small, so
we can approximate Jo =~ 1 and Jy(k_ pr;) ~ (ko pri/2)"/N\.
As Jy is the only Bessel function with an appreciable value at
low k, p1i, cyclotron damping at the fundamental frequency
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Table 3. Selected ICRF heating scenarios for EP generation in fusion plasmas. The first three rows are minority ICRF heating schemes,
followed by the 2nd and the 3rd harmonic ICRF heating scenarios, and the three-ion ICRF heating schemes.

ICREF scenario Resonant ion Typical EP energies Background plasma Comments

w = wei(H) H A few hundred keV D, T, DT mix, incl. Efficient in the range nu/ne ~ 2%-10%
50%-50%

w= wci(3He) *He A few hundred keV D, T, DT mix, incl. Efficient in the range nsy, /ne ~ 2%-5%
50%-50%

w = wei(D) D A few hundred keV T-rich plasma Efficient in the range np /ne ~ 5%-15%

w = 2wi(H) H A few MeV H, H-*He mix, H-D Often applied at low magnetic field
mix

w = 2wci(D) D A few MeV D, DT mix, incl. Requires low ny, typically ng/ne < 2%,
50%-50% efficient in combination with NBI

w = 2w (T) T A few MeV T, DT mix, incl. Efficient at 7; 2 10keV; main scenario
50%-50% for the flat-top plasma in ITER

w = 3wci(D) D A few MeV D, D-*He mix, DT Efficient in combination with NBI
mix, incl. 50%-50%

“He-(*He)-H, *He A few MeV Mix H4+~5%—-15% Three-ion scheme to generate MeV-range

D-(*He)-H “He, mix EPs in hydrogen majority plasmas
H+~10%-30% D

D-(DNBI)-3 He D =500keV D-He mix Three-ion scheme to generate EPs (D and

alphas) in D->He plasma

(N=1) has a strong wave-particle interaction for thermal or
fast ions, leading to potentially very effective heating (but
not for single-ion plasmas as we will discuss below). For the
harmonic ICRF heating (N > 2), the efficiency of the wave-
particle interaction relies on the presence of higher-energy ions
with a large Larmor radius, which is usually called the FLR
effect.

Equation (37) also shows that the IC damping is to lowest
order determined by the left-hand component of the RF elec-
tric field, which rotates in the ion direction. However, the two
components of the RF electric field are not independent. In
fact, the local RF polarization (the ratio £ /E_) and its spatial
distribution in the plasma volume is to a large extent determ-
ined by the plasma composition, rather than by the operational
parameters of the RF system. For the fast wave, the RF polar-
ization is given by

2
E;y  R-n

E_ L—n}’

(38)

The combination of equations (33), (37) and (38) determ-
ines the characteristics of fast-wave propagation and IC inter-
action in the plasma. The efficiency of the ICRF heating
depends crucially on the plasma composition, i.e. the number
of ion species with a different charge-to-mass ratio and their
concentrations.

3.1.2. ICRF heating scenarios for fast-ion generation. It
follows from equation (38) that, in a single-ion plasma,
E./E_ =~ (w—wi)/(w+we). As the left-hand component
of the RF electric field nearly vanishes for w = w4, the fun-
damental cyclotron damping in single-ion species plasmas is
weak. Since ICRF heating in metallic-wall machines is more
dependent on adequate single-pass wave damping, this con-
straint limits the applicability of the fundamental ICRF heating

in single-ion plasmas in both present-day and future tokamaks
with metallic plasma-facing components.

To overcome this limitation, several methods have been
developed [43, 87, 90-93], summarized in table 3. First,
using harmonic resonances (N = 2,3, ...) is an option, both for
single-ion and multi-ion species plasmas. As outlined above,
the harmonic damping is an FLR effect, requiring k| py; to be
large enough for efficient heating to occur. For this reason,
harmonic ICRF heating is often applied in combination with
NBI. Then the NBI system provides a seed of resonant fast
ions with energies of about 50-100keV that are accelerated
to higher energies by ICRF heating. As fast ions reach MeV-
range energies, the term for the right-hand component of the
electric field E_Jy41 (k1 pLi) in equation (37) becomes com-
parable or even larger than the term for the left-hand com-
ponent EJy_; (ki pr;). Eventually, a tail of fast ions is gen-
erated, with a maximum energy determined by the condi-
tion Dy ~ 0 [94]. The energy barrier scales approximately
as B?/n. and usually reaches a few MeV. Being an efficient
technique for generating MeV-range ions, the 3rd harmonic
ICRF heating of D-beam ions is often used for fast-ion stud-
ies in D-D and D-*He plasmas, see e.g. [95]. The form of the
EP tail generated by 3rd harmonic ICRF heating simulated
by the ASCOT-RFOF and the SPOT-RFOF codes was cor-
roborated experimentally by velocity-space tomography (see
section 4) based on NES and GRS measurements at JET as
illustrated in figure 3 [89]. For this 3rd harmonic ICRF heat-
ing scheme, the coupling between the electromagnetic waves
and the fast ions becomes weak at an energy of about 2 MeV
which is corroborated by the measurement. Also the widths of
the measured and simulated functions in v direction agree
well. A 3rd harmonic ICRF heating scheme was also used
to generate an alpha tail by accelerating helium injected by
NBI [96], which demonstrated the detection of alphas by GRS
(see section 4).
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Figure 3. Measurement (left) and simulation (right) of a fast-ion velocity distribution function (a.u.) in the center of a plasma at JET heated
by NBI and 3rd harmonic ICRF heating. The inversion was done for energies larger than 120 keV. Reproduced from [89]. © EURATOM

2017. All rights reserved.

Nevertheless, the harmonic cyclotron interaction does not
necessarily need a seed population of beam ions and can be
an effective technique for plasma heating and fast-ion gen-
eration with ICRF heating alone [97]. For example, the 2nd
harmonic heating of hydrogen ions, w = 2w;(H) is routinely
applied for heating JET hydrogen plasmas at By ~ 1.7 T. As
discussed in [87], for harmonic absorption, the damping rate
scales with the ion beta as ﬂi(N_]), and therefore the wave
absorptivity increases at lower magnetic fields. In general, in
modern plasmas containing species with temperatures suffi-
ciently large prior to the ICRF power application, harmonic
heating has proven quite efficient, including during DT opera-
tion in TFTR [98, 99] and JET [100, 101]. The 2nd harmonic
heating of tritium ions, w = 2w,;(T) is currently considered as
the main scenario for ICRF heating of high-temperature DT
plasmas in ITER [102].

A second possibility, referred to as minority heating [103],
is to resort to fuel mixes containing only a small fraction of the
targeted ion species. In this case, the RF frequency is tuned to
the cyclotron frequency of the minority ions, w = w™°, which
usually have a concentration of a few percent (Mpino/Me =~
5%) [104]. In this case, the proximity of the left-hand cutoff
and of the hybrid resonance results in the creation of a partic-
ular wave structure called the ion—ion resonance-cutoff pair.
The practical consequence is that the wave polarization near
the minority IC layer is now dictated by the proximity of this
structure, so that £, can remain significant close to the cyclo-
tron resonance of minority ions. The minority heating scheme
is efficient and robust with respect to changes in the features
of the heated ion distribution function, since the correspond-
ing leading term in equation (37) is independent of k| py;. The
minority heating scheme has, therefore, been the main ICRF
heating scenario in many fusion devices. Minority heating
of thermal and NBI-generated deuterons has been applied in
recent JET DT experiments in T-rich plasmas, aiming to max-
imize beam-target fusion, and high performance DT hybrid
plasmas [39, 43].

Figure 4 shows NPA measurements of tritium resolved in
energy for high-performance DT hybrid discharges with 2nd

50
—99597
--99886
- 99629
S 99633
L) —99596
=)
=5 i
% _2nd harmonic T
E =
= —Pey
H mmorlmiw =
s
0.5

100 250

150 200
Energy (keV)

Figure 4. Energy spectra of neutral tritium fluxes measured by a
neutral particle analyzer in JET high performance DT hybrid
plasmas with different ICRF heating schemes. The fluxes have been
averaged over a one-second period (89 s) in each discharge.
Reproduced from [43]. © 2023 The Author(s). Published by IOP
Publishing Ltd on behalf of the IAEA. CC BY 4.0.

harmonic tritium ICRF heating and hydrogen and *He minor-
ity ICRF heating [43]. The neutral particle fluxes are largest
for 2nd harmonic tritium ICRF heating without *He gas injec-
tion. When *He is injected, the neutral particle fluxes of tri-
tons decrease since less power is absorbed by triton ions when
3He is present, leading to a less energetic triton population and
lower neutral particle fluxes.

Finally, the recently proposed three-ion scheme has
been successfully applied for plasma heating in several
devices [106]. Whereas standard minority heating consists
of introducing an ion species in a quantity suitable for the
creation of the hybrid resonance-cutoff pair close to its own
cyclotron layer, the underlying principle of the three-ion
scheme is to have two main ion species, characterized by
mass and charge numbers A;, Z; and A,, Z,, with a dens-
ity ratio chosen to adequately locate the ion—ion resonance,
typically near the magnetic axis, and introduce a third ion
species (A3, Z3) in a small fraction with its cyclotron layer


https://creativecommons.org/licenses/by/4.0/

Nucl. Fusion 65 (2025) 043002

M. Salewski et a/

#91256: |E,|2 (a.u.), TORIC modeling

TTT T[T T T [T I T T [TT T [TTTIoI[T

Z(m)

15 20 25 3.0
R(m)

= ogi(H)

(n.u.)

S SENMISHRMMMSSMUN s S I
20 -]
15 | =
- 1108
10 F =
05 1t10s
E oo | -
N 3 ]
05 | 4§04
1.0 | -
: 1Mo.2
-1.5 -
20 F -
AN RN EETEE SN ETE FE RN i 0.0

15 20 25 30 35 4.0
R (m)

Figure 5. Illustration of the strong core localization of the RF power deposition and generation of energetic deuterium ions in JET pulse
#91256 heated with the three-ion scheme. (@) Spatial distribution of |E |* (computed by the 2D full-wave code TORIC) exhibits the strong
enhancement of |E \2 at the ion—ion hybrid layer in the plasma core. (b) Tomographic reconstruction of neutron emission the neutron
camera measurements. Reproduced from [105]. © EURATOM 2020. All rights reserved.

located close to the ion—ion resonance of the main ion species.
This can be achieved by ensuring that the third species satis-
fies Z /A < Z3z /A3 < Z,/A,, which introduces a new ion—ion
resonance layer in the plasma which benefits from the large
|E| component obtained at the IC resonance of the minority
ion. By separating the creation of a wave structure adequate
for minority ion heating from the ion acceleration process
at the cyclotron layer, the three-ion scheme achieves very
good per-pass damping rate and effectively relaxes the strin-
gent constraints on the minority ion concentration in the clas-
sical scheme. Alternatively, it is possible to choose a minority
ion identical to one of the ion species already present in the
plasma, but with a distribution function such that a substan-
tial number of particles have a parallel velocity component
v) such that they are able to satisfy the resonance condition
(equation (14)) owing to their Doppler shift. In practice, this
is achieved by targeting the NBI ions injected in the plasma,
which has been demonstrated to yield efficient heating [34,
107]. The ICREF tail distribution function has been measured
by velocity-space tomography at JET [108]. Figure 5 illus-
trates that the power can be deposited in a small region close to
the plasma core, as experimentally confirmed in the measured
2D neutron emission profile.

The ICRF schemes designed for generating energetic ions
in plasma are subject to several limitations. These include con-
straints related to plasma composition and the range of minor-
ity concentrations where ICRF wave damping remains effect-
ive, as summarized in table 3. Technical factors also play a
crucial role, such as the cost of operational gases like *He and
the challenges in controlling minority concentrations, particu-
larly in the plasma core, where natural uncertainties are quite
significant [109]. Furthermore, the efficient coupling of ICRF

power to the plasma can be challenging and may depend on
the specific ICRF scheme and target plasma conditions. This
challenge might be, however, mitigated by employing local-
ized gas puffing near the antennas [110, 111].

3.1.3. ICRF heating and collisional relaxation.  Collisional
relaxation during ICRF heating is more complex than for
fusion alphas and NBI ions (section 2), since RF power
continuously accelerates the targeted ions, counteracting the
slowing-down process. Nevertheless, the RF power absorbed
by superthermal ions is eventually transferred to the bulk
plasma by collisional energy transfer. Accurately describ-
ing the process of ICRF heating requires solving the
wave equation and the Fokker—Planck equation (30) self-
consistently (see, e.g. [112]), now with a power source.
The Fokker—Planck equation can be solved efficiently using,
e.g. Monte Carlo methods, finite differences or finite elements.
Nevertheless, much insight into the relaxation process can
be gained by examining the relaxation of a single test ion
on the background plasma species outlined in section 2. The
critical energy & suggest some flexibility of ICRF heating
schemes to selectively heat predominantly electrons or ions.
For example, in minority heating, targeting light ions at low
concentrations (typically hydrogen) results in ions with ener-
gies €& > &y and hence in dominant bulk electron heating.
Targeting heavier ions (such as He) or larger concentrations
of the minority species, or both, results in less energetic ions
and hence promotes bulk ion heating. Finally, the three-ion
scheme allows heavier impurity ions to be targeted, further
maximizing the fraction of bulk ion heating by ICRF [113].
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3.2. Application of ICRF heating for EP physics studies

3.2.1. Sawtooth dynamics.  Controlling MHD events by
external means has been an early priority in fusion research.
Energetic ions have a stabilizing effect on various MHD
instabilities, e.g. sawteeth [114—116]. By applying NBI or RF
power, the sawtooth period can be increased, which appears
to be an appealing idea at first sight, since a very hot core is
formed. However, this leads to massive sawtooth crashes nick-
named ‘monster sawteeth’ or ‘giant sawteeth’, which can have
deleterious outcomes. Monster sawtooth crashes can destabil-
ize NTMs, which are much more detrimental to the global con-
finement than the sawteeth themselves [117]. We will describe
the physics of sawteeth and NTMs in detail in section 5. In
addition to the possible modification of the sawtooth period,
it has been recognized that sawteeth may sometimes be desir-
able as they eject heavy impurities from the plasma center to
the periphery. Therefore, flexible tools capable of modulating
the sawtooth activity are desirable. Such tools include ICRF
and NBI heating to tailor the fast-ion population [118].
Initially, sawtooth destabilization has been attributed to
shear variations in the vicinity of the ¢ =1 surface. This has
triggered the development of advanced schemes consisting of
driving localized current by means of EC waves [119, 120]
or IC waves, using the rather subtle ICCD effect [121]. ICCD
requires asymmetric antenna phasing, which is more prone to
operational difficulties than the more classical dipole phasing.
More recently, however, it has been established that energetic
ions themselves could have either a stabilizing or a destabiliz-
ing effect, depending on their distribution function [122, 123].
This has relaxed some of the constraints on the asymmetric
antenna phasing and allowed more classical ICRF heating con-
ditions to be used to successfully control sawteeth [124, 125].

3.2.2. AE destabilization. ~ Fusion-born alphas in ITER and
future fusion reactors are expected to destabilize a range of
AEs. These instabilities could play a crucial role in a non-
linear impact of alphas on plasma heating and confinement
in ITER. AE physics is described in sections 6 to 10. ICRF
heating has been used to accelerate ions to velocities large
enough to destabilize AEs and to study the impact of AEs
on the plasma at different tokamaks. In particular, hydrogen
minority heating was applied to destabilize TAEs and study
mechanisms of their control on several devices [126-129].
2nd and 3rd harmonic ICRF heating schemes were also effi-
cient in destabilizing AEs in tokamak plasmas [130-132]. In
JET experiments with 2nd harmonic deuterium ICRF heating,
TAEs were shown to transport energetic deuterons with spe-
cific energies away from the plasma core, thereby resulting in
the formation of a local bump-on-tail distribution of fast ions
in the plasma [133, 134].

TAEs and EAEs were regularly observed in fast-ion exper-
iments with the three-ion ICRF heating scenarios on Alcator
C-Mod, AUG and JET [113, 135-137]. Three-ion scheme
ICRF heating scenarios efficiently generate large populations
of passing fast ions at JET and can sustain plasmas with inver-
ted g-profiles with gmin < 1[34, 138]. Consequently, this scen-
ario provides necessary conditions for the destabilization of

RSAEs, including high-frequency RSAEs [138]. Surprisingly,
in most cases, the observed complex AE activity in fast-ion
experiments with the three-ion ICRF heating scheme was not
detrimental for plasma confinement. The improved thermal
plasma confinement in the presence of a large population of
MeV-range fast ions and AEs was observed at JET [52, 139].

3.3. ICRF heating scenarios for EP and AE studies before DT
operation in ITER

In the original ITER baseline, the plasma-facing components
were planned to be beryllium for the first wall and tungsten
for the divertor. Currently, the plan is to switch the mater-
ial of the first wall to tungsten, too. As a result, a new ITER
baseline plan is under development, accompanied by revisiting
the ITER heating mix [140]. The ICRF system in ITER will
operate in the frequency range 40-55MHz [141]. A phased
approach for increasing the ICRF power from 10 MW up to
20 MW during the later phases of ITER operations has been
proposed.

A large variety of efficient ICRF heating scenarios can
be applied at ITER, depending on the background plasma
mix, the targeted species, and the magnetic field [142, 143].
The most promising ICRF heating scenarios for testing
plasma heating and initial fast-ion studies in the plasma scen-
arios before DT operation in ITER include minority heat-
ing of hydrogen ions in deuterium plasma (By = 2.65T,
f =40 MHz), minority heating of *He ions in hydrogen plasma
(n3pe/ne & 2%-3%, By = 5.3 T, f =53 MHz) [144] and the
three-ion “He-(*He)-H scenario with a small amount of *He
resonant ions in H-*He or H-D plasmas (n3ge/ne < 0.5%,
By = 5.3T, f ~ 53 MHz. This three-ion “He-(*He)-H scenario
was validated at JET and demonstrated robustness for both
plasma heating and AE destabilization across a range of “He
concentrations ngye /ne = 5%—15% (which could be replaced
by 10%—-30% of deuterium ions).

Because of a strongly increased RF power absorbed per
resonant ion, which maximizes the generation of MeV-range
fast ions, the three-ion ICRF heating scheme is particularly
suited for the destabilization of AEs in the plasma scenarios
before the DT operation phase and initial studies of the impact
of AEs on the dynamics and confinement in ITER plasmas.
The high efficiency of this ICRF heating scheme for AE stud-
ies in H-*He or H-D plasmas was experimentally confirmed
at JET [145]. In line with modeling results [146], AEs were
destabilized in H-*He plasmas for a wide range of *He con-
centrations, varying from ~5% to ~15%. The efficiency of
fast-ion generation in these JET experiments was enhanced
by utilizing the asymmetric ICRF antenna phasing, predom-
inantly launching waves in the co-current direction.

3.4. Bulk-ion ICRF heating in DT plasmas of ITER and future
fusion reactors

High ion temperatures 7; =~ 15-20keV are essential for eco-
nomical energy production in magnetic confinement fusion
devices. Under these conditions, fusion-born alphas provide
the dominant source of plasma heating and maintain the high
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rate of fusion reactions. However, reaching such ion temper-
atures during the ramp-up phase and ultimately the high-Q
operational point cannot be done without auxiliary heating
systems.

In future fusion devices, ICRF heating can provide a sig-
nificant fraction of bulk-ion heating. In ITER, radiofrequency
heating of a few percent of 3He ions (~3%—5%) is currently
considered as the main option for increasing 7; with ICRF
heating during the ramp-up [88, 147]. This technique was
experimentally demonstrated in DT experiments on TFTR and
JET [98, 100, 101], including recent JET DT experiments [43,
102]. This scenario can provide ~50%—60% of bulk-ion heat-
ing in approximately 50/50 DT plasmas in ITER [84].

The efficiency of bulk-ion ICRF heating can be increased
further by channeling RF power to a small amount of selec-
ted impurities with 1/3 < (Z/A)imp < 1/2[148]. As aresult of
their higher atomic mass, these impurity ions provide an even
larger fraction of bulk-ion heating, as compared to hydrogen
and 3He minority ions. The efficiency of the three-ion ICRF
heating scenario for heating DT plasmas was demonstrated in
recent experiments at JET, with intrinsic °Be impurities as res-
onant absorbers [145]. For ITER, a similar technique can be
applied using neon, argon, or boron impurities. More recently,
an extension of this technique with "Li impurities was pro-
posed for bulk-ion heating in CFETR [149].

4. Diagnostics of EPs and instabilities

In this section, we will discuss the diagnostic of confined and
lost energetic ions, REs, and instabilities. It is essential to dia-
gnose EPs and instabilities in ITER and other burning plasma
machines in order to optimize plasma scenarios and fusion per-
formance and possibly for plasma control. EP and instabil-
ity diagnostic in ITER will allow us to test theory against
experimental data, strengthening the predictive power of the-
ory for devices beyond ITER and the first generation of burn-
ing plasma experiments. Measurements of alphas and alpha-
driven instabilities are of particular interest, since alphas are
the key ingredient of burning, predominantly self-heated and
self-organized plasmas. We will focus on diagnostics that can
survive the neutron and radiation fluxes emitted by burning
plasmas. The design of the EP diagnostics in ITER is described
in detail in chapter 8 of this volume [19]. Here we will focus on
the EP physics and especially the alpha physics we can learn
due to recent progress in the detector technology and integ-
rated data analysis procedures.

4.1. Diagnostics of confined EPs

The great majority of alphas and EPs from auxiliary heating
will be confined in the fusion plasma. The distribution func-
tions of the EPs in the plasma are complex functions in a 6D
phase space, which can be reduced to 3D assuming symmet-
ries and near symmetries (see section 2). However, toroidal
symmetry of the tokamak is not always a good assumption
(see section 8). There is seldom enough measurement data to

determine even the reduced 3D phase-space distribution func-
tions fully, even though a promising first demonstration has
been accomplished [150]. At ITER, integrated data analysis of
all available experimental data is possible either by synthetic
diagnostics or by tomographic inversion [3].

For measurements of confined alphas, ITER will be
equipped with GRS [151-153] and with CTS [154-158].
Fast-ion CXRS might detect low-energy alphas in the few
100keV range. The high-energy NPA [159] is quite insens-
itive to alphas and cannot distinguish them from deuterium.
Note that a neutralization by charge-exchange reactions is far
more likely for deuterium (Z = 1) than for an alpha (Z =2).
NES [160] is not directly sensitive to alphas, but it is sensitive
to velocities of the fuel-ion populations. Alphas might produce
a knock-on tail in the fuel-ion population, that has been detec-
ted by NES in the 1997 DT campaign at JET [161]. However,
this specific measurement, besides being indirect, is possible
only by using a magnetic proton recoil neutron spectrometer.
ICE is hoped to give further diagnostic information.

For measurements of energetic hydrogen, deuterium and
trittum, ITER will be equipped with a NPA [159, 162] and
an array of neutron diagnostics [160]. CTS and GRS are also
sensitive to energetic deuterium and tritium. For measurement
of lost alphas and other EPs, ITER will be equipped with a
FILD. ICE might be another option to measure lost alphas and
other EPs. While these diagnostics are described in detail in
various sections of chapter 8 of this volume [19], we will sum-
marize EP diagnostics briefly here in the following.

4.11. GRS. GRS detects y-ray emission from nuclear reac-
tions in the plasma, either between an EP and an impurity or,
in some cases, by the fusion reactions themselves [163, 164].
The impurity (especially carbon, beryllium or boron) is gen-
erally naturally present due to the composition of the machine
first wall, but it can also be injected on purpose to enhance the
signal. The instruments are placed in shielded areas at the end
of collimated sightlines. Simultaneous measurements along
distinct sightlines make it possible to infer spatial informa-
tion on the emission and hence the EPs by tomographic inver-
sion. Two GRS instruments are planned for ITER, both with a
radial sightline: one is a spectrometer integrated in the ITER
NPA [162]; the other is a set of GRS diagnostics integrated in
the ITER radial neutron camera [153].

First GRS measurements have been made in the early *90s,
and routine GRS measurements have been established at JET
since then. A major advancement was the deployment of high-
resolution detectors with MHz counting rate capabilities in
2010. This allowed expanding the range of experimental con-
ditions where measurements are possible, for example towards
high-performance deuterium [105, 165, 166] and DT plas-
mas [44]. It also allowed measuring the spectral shapes of
individual peaks [167, 168]. The spectral shape is determ-
ined by the Doppler shift caused by the EPs, which hence
gives experimental access to the EP velocities, either via
velocity-space tomography [89], or by comparison between
data and a synthetic signal starting from a model of the EP
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Figure 6. High-resolution GRS measurement at JET. The spectrum
resolves the 2868 keV peak of the *Be(D,nv)'°B reaction.
Reproduced from [169]. © EURATOM 2015. All rights reserved.

distribution function [169, 170]. Different detector options,
notably LaBr [171] or HpGe [167] are used, depending on
whether the scope is to make measurements in scenarios with a
significant residual neutron background or to enable measure-
ments of the spectral shapes of the individual lines. When they
are used in combination with silicon photo-multipliers for light
readout [172], the detectors can be made very compact, allow-
ing their installation on multiple sightlines to obtain inform-
ation on the spatial profile of the emission via tomographic
inversion. An example of a high-resolution GRS measurement
of the 2868 keV peak of the *Be(D,nv)!'°B reaction from JET
appears in figure 6.

Measurements of confined alphas by GRS in the recent
JET DT experiments were demonstrated in [44, 47].
Figure 7 shows a gamma-ray spectrum from a JET DT
plasma [44]. The gamma-ray spectrum shows three main
features. First and foremost, the dominant 4.44 MeV peak
from the Be(a,nvy)'>C* reaction is clearly detected, along
with its single escape peak at 3.93MeV (an instrumental
feature). Second, two high-energy, low-intensity peaks at
&, =853MeV and &, =9.0MeV are detected, originat-
ing from the capture of thermalized neutrons on the impurity
nickel. Third, a broad feature at low intensity extending up to
about &£, =20MeV is detected which can give information
about the fusion power in this discharge. The inset shows a
synthetic GRS spectrum computed for ITER for a beryllium
wall [153]. While GRS measurements on ITER will need a
different reaction following the new 2024 ITER baseline, the
overall similarity between JET DT measurements and the sim-
ulation nevertheless demonstrates that expected peaks in GRS
spectra can be detected in the recent DT experiments at JET.

4.12. CTS. ITER will be equipped with a CTS diagnostic,
which detects alphas and other EPs spatially resolved in seven
measurement volumes where a probe beam from a 60 GHz
gyrotron overlaps receiver beams [154, 156]. A synthetic spec-
trum for ITER and the corresponding inferred 1D projec-
ted velocity alpha- and NBI distributions appear in figure 8.
The radiation is scattered due to EPs in the measurement
volume. Alphas and other EPs cause large Doppler shifts in
this scattered radiation which, as for GRS, gives experimental
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Figure 7. Gamma-ray spectrum measured by the vertical
gamma-ray detector at JET in a typical DT discharge. The inset
shows a calculation of the gamma-ray spectrum expected from a
ITER DT plasma (from [153]). Reprinted from [44], with the
permission of AIP Publishing.
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Figure 8. (a) Synthetic spectrum (black) and a corresponding
randomized, resampled spectrum accounting for noise (red). The
cyan curve shows the best-fit spectrum and associated uncertainties.
(b) 1D projected distribution functions for alphas and fast deuterium
NBI ions leading to the synthetic spectrum and the average fitted
distributions with uncertainties. The bulk ion feature leads to large
spectral power densities at small Doppler shifts, masking the
fast-ion feature. Reproduced from [156]. © 2019 IAEA, Vienna. All
rights reserved.

access to the velocities of the EPs [173, 174]. The spectral
resolution of CTS measurements has substantially increased
in the last decades. The first-generation CTS receivers split
the signal into tens of channels via bandpass filters [175-178].
Modern CTS receivers digitize the signal at high rate [179-
182], and the spectrum is found by Fourier transformation,
leading to a substantially higher spectral resolution and hence
better diagnosis of the EP velocities. Unlike GRS, CTS cannot
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Figure 9. Spectrum of 14.1 MeV neutrons measured by the vertical
line-of-sight diamond detector in the recent DT campaign in JET,
compared with synthetic spectra for different D/T plasma
compositions. The neutron energies are 5.702 MeV larger then
deposited energies measured by the diamond detector, which are
shown on the abscissa. Reproduced from [39]. © 2023 Crown
copyright, UKAEA. CC BY 4.0.

distinguish alphas and other EPs since the Doppler shift of any
ion moving at the same velocity is the same [157, 158].

4.1.3. NES and cameras. The array of neutron diagnostics
consists of neutron flux monitors, a neutron activation sys-
tem, a neutron calibration, vertical and radial neutron cam-
eras and NES [160]. The neutron diagnostics measure neut-
rons moving towards the detector along collimated sightlines,
similar to GRS. The neutron cameras yield 2D profiles of
the neutron emission in the poloidal plane by tomography.
The NES diagnostics are based on three detection principles:
a thin proton-recoil spectrometer, two time-of-flight spectro-
meters, one using forward scattered neutrons and the other
backward scattered neutrons, and a single-crystal diamond
detector. The thin proton-recoil and time-of-flight spectromet-
ers are optimized for fuel-ion-ratio measurements but might
also give information on fast ions. An advantage of diamond
detectors is that they are much more compact than time-of-
flight detectors. The NES diagnostics can provide information
about the velocities of the fuels, i.e. energetic deuterium and
energetic tritium [170, 183, 184]. Additionally, since equally
many neutrons and alphas are generated in the DT reaction,
the alpha birth rate can be inferred, too, and it may be possible
to infer the alpha birth velocity distribution, which is expected
to be slightly anisotropic [3]. High-resolution NES measure-
ments of DT neutrons with diamond detectors have recently
been demonstrated at JET as shown in figure 9 [39, 44].

4.14. NPAs. Energetic hydrogen, deuterium and tritium can
be detected by a NPA [159]. The NPA will measure ener-
gies of the neutral particles leaving the plasma, which have
been generated from the corresponding ions in the plasma
in charge-exchange reactions. NPAs hence provide measure-
ments of the confined hydrogen, deuterium and tritium in the
plasma. The detected neutrals can be born along the sight-
line but signals from the plasma edge typically dominate in

20

Core ICE in L-mode phase
(f ~ fer harmonics @ mag. axis)

100

Edge ICE in H-mode phase
(f ~ fer harmonics @ LCFS)

N 80

T

=

=

> €0

0

&

)

El

o

w20
-
5
£ . L-H transition . = ™=y M
5 o e 48
- 6 JRPPORCROTH . oo o | - L o
4 i = ¥
& 2Byt ik - 2 =
g 1000 1500 2000 250 3000

Time (ms) DIIFD#184350 {(H-mode}

Figure 10. (a) An H-mode shot at DIII-D showing both core and
edge-localized ICE, where horizontal lines indicate f; evaluated at
the magnetic axis in L-mode (left, yellow) and the LCFS in H-mode
(right, white). In L-mode, core ICE harmonics 14 f;; are excited. In
H-mode, edge ICE harmonics 1-9 f; are excited. (b) NBI power
(red) and electron density (black). Reproduced from [185]. © 2022
TIAEA, Vienna. All rights reserved.

passive NPAs since a large population of neutral particles must
be in the sightline in order to have many charge-exchange
reactions. The NPA measures a narrow pitch range of the
detected species, since the charge-exchange reactions leaves
the momentum of the detected species almost unchanged
and the neutral must move along the sightline towards the
detector. The energy, on the other hand, is well resolved
over a broad energy range, so that energy spectra for a given
pitch are obtained. NPAs are quite insensitive to alphas, since
the neutralization of an alpha requires that two electrons are
transferred in charge-exchange reactions to generate a neut-
ral helium atom, which is more unlikely than for deuterium,
which only requires the transfer of one electron. NPA measure-
ments of tritons during high-performance JET DT discharges
for various ICRF heating schemes are shown in figure 4 in
section 3 [43].

4.15. ICE. Due to the crucial role played by alphas in sus-
taining the thermonuclear burn in burning plasmas, the alphas
must be studied using any methods compatible with the chal-
lenging environment of reactor-grade plasmas. ICE is likely
to provide one such method and could in the best case provide
crucial information on the EP phase-space distribution func-
tion. However, it remains a challenge to interpret ICE sig-
nals quantitatively, since it requires understanding of the drive,
damping and saturation levels of the instability. We will review
the possibility to use ICE as diagnostic when we discuss
instabilities in section 6. ICE radiation is frequently observed
in current tokamaks [185-198] and stellarators [199-201] and
can usually be associated clearly with EP-driven instabilities,
even though ICE has sometimes been observed in Ohmic dis-
charges. ICE signals can be related to either the core or the
edge plasma by the frequency separation of peaks in measured
spectra as illustrated in figure 10. Edge ICE may be related to
lost ions. The ICE linear theory outlined in section 6 indicates
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Figure 11. Total alpha velocity-space sensitivity of all CTS and
GRS measurements at ITER combined, i.e. the weight function is
computed for the entire spectral range of all CTS and GRS
measurements. The color scale shows the base ten logarithm such
that the sensitivity is highest in black regions and lowest in white
regions. Reproduced from [3]. © EURATOM 2018. All rights
reserved.

that the EP distribution function is related to the ICE signal,
but it is not yet clear how that information can be extracted
from the ICE signals. Further efforts in theory and in experi-
ments on various conventional tokamaks, spherical tokamaks
and stellarators are still needed. At ITER, ICE could be meas-
ured with the ICRF antennas foreseen if the ICRF transmis-
sion line was equipped with a spectrometer. The fast-wave
reflectometer could also be used. Lastly, ICE is also worth
detailed studies because it may offer the possibility of phase-
space engineering of the EP distribution function.

4.1.6. Phase-space sensitivity of EP diagnostics. The
development of diagnostics with high spectral resolution
allowed better experimental access to the EP velocity space or
even phase-space which has triggered new methods exploit-
ing this frequency resolution in recent years. The velocity-
space sensitivity of several EP measurements has now been
understood and can be visualized using so-called weight func-
tions [202]. Velocity-space weight functions show the sig-
nal generated per EP in velocity space for each small bin
in a measured spectrum and thus reveal the velocity-space
sensitivities of a given measurement. Such weight functions
have been computed for the several fast-ion diagnostics, and
their velocity-space space sensitivity has been understood:
FIDA [202, 203], NPAs [202], CTS [174], NES [204, 205],
GRS [206, 207] and FILD [208, 209], 3MeV proton dia-
gnostics [210], ICE spectroscopy [211, 212], and imaging
NPAs (INPAs) [213]. Recently, the phase-space sensitivity of
FIDA, CTS, NES and GRS diagnostics to the possible orbits
in a tokamak have been numerically computed, too, [49, 62,
150, 214-216]. as well as using a semi-analytically tractable
model in COM space [217].

An overall summary of the velocity-space sensitivity of
alpha measurements at ITER appears in figure 11 [3]. Typical
weight functions for the individual measurements can be
found in [3]. Alphas with energies higher than about 1.7 MeV
are diagnosed most accurately in ITER due to detection
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Figure 12. Measurement (left) and TRANSP/NUBEAM simulation
(right) of an EP velocity distribution function (a.u.) in the center of a
plasma at AUG heated by NBI. The measurement is a tomographic
inversion of five simultaneously acquired FIDA spectra.
Reproduced from [222]. © EURATOM 2016. All rights reserved.

by CTS and GRS. This study was done assuming a reac-
tion between beryllium and alphas, but other GRS reactions
will typically lead to a similar overall pattern. For reactions
between alphas and beryllium, the GRS diagnostic has the
peak sensitivity near the nuclear resonances at 2MeV and
4 MeV [218, 219]. Alphas with energies between 300 keV and
1.7 MeV are diagnosed by CTS only. The yellow region below
300 keV and extending up to 1.7 MeV for pitches p ~ £1 is not
observable by either CTS or GRS installed at ITER. This is
a consequence of the nearly perpendicular viewing geometry
of CTS. A second consequence of the perpendicular viewing
geometry is that the sign of the pitch cannot be measured, i.e.
co- and counter-going particles cannot be told apart.

4.1.7 Measurements of velocity-space and phase-space
distribution functions. ~ The new high-resolution measure-
ments and the understanding of their velocity-space sensitiv-
ity have allowed the formulation of tomography problems in
velocity space [220, 221] and phase space [150], which can be
solved by standard methods of tomography [222]. It has been
shown that velocity-space and phase-space tomography allow
integrated data analysis of the different diagnostics [223],
e.g. FIDA and CTS [224], GRS and NES [89] or FIDA and
NES [225]. The formalism is described in detail in section 10
in chapter 8 of this volume [19].

An example of a measured 2D fast-ion velocity distribution
function by velocity-space tomography and a corresponding
numerical simulation appears in figure 12 [222]. This inver-
sion is based on five simultaneously acquired FIDA spectra
with lines-of-sight crossing the NBI path in the plasma center.
The overall shape of the NBI velocity distribution function is
captured well by the tomographic inversion. The NBI distribu-
tion is biased towards positive pitch due to the co-current NBI
injection. The NBI injection energy is 60keV, and the half-
energy is 30keV leading to local bumps-on-tail in the distri-
bution which are found in the TRANSP/NUBEAM simulation
and in the tomographic inversion of FIDA measurements. An
inversion of GRS and NES measurements at JET was illus-
trated in figure 3 in section 3.
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Until now velocity-space tomography has been applied
at AUG [221, 222, 224, 226-229], JET [54, 89, 108, 230],
MAST [231], DII-D [232], EAST [225, 233, 234] and
TCV [235]. Two to five simultaneous detectors have been used
at these tokamaks, measuring velocity distribution functions in
plasma with NBI or ICRF heating. Based on the orbit sensitiv-
ities, first inversions of a 3D phase-space distribution describ-
ing the possible orbits have been computed [150, 236] (see also
section 5). Recently, possibilities for phase-space tomography
on stellarators have been explored [237-239].

At ITER, velocity-space tomography of the alpha distri-
bution function based on GRS and CTS has been shown to
be feasible for energies from about 1.7 MeV upwards [3].
However, since all currently foreseen diagnostics observe in
a perpendicular direction with respect to the magnetic field,
the sign of the pitch p of the alphas cannot be determined. But
the absolute value |p| can be determined, so that the velocity
distribution function f{E, |p|) can be measured. If an oblique
v-ray detector were to be installed, the sign of the pitch could
be found, too [3]. Since below 1.7 MeV CTS is the only dia-
gnostic for confined alpha-particles, a 2D inference seems dif-
ficult if not impossible, unless cogent prior information can be
supplied. Energy spectra can be determined by 1D inversion
of CTS spectra, for example by assuming isotropy. Reviews of
velocity-space tomography are available in [35, 240] as well
as in chapter 8 of this volume [19].

Looking into the future, we need to deal with the heav-
ily underdetermined nature of the velocity-space and phase-
space tomography problems based on sparse measurement
data. Promising approaches incorporate physics-based prior
information, such as nonnegativity [222], the unlikely phase-
space based on null-measurements [222, 231], the geometry
of heating NBIs [222], numerical simulations [222], near-
isotropy and anisotropy [3, 241, 242], monotonicity [232],
the physics of collisions and slowing down of EPs [225, 238]
or the physics of wave-particle interactions [243]. Recently,
neural networks have been used to infer phase-space dis-
tribution functions from FILD and INPA measurements as
well as from synthetic ICE measurements [211, 244]. This
new approach to tomographic phase-space inversion problem
should certainly be developed further, which might allow very
rapid tomographic inversion.

4.2. Diagnostic of lost EPs

Despite the good confinement in ITER, some alphas and other
EP are inevitably lost from the plasma and hit the first wall. EP
losses are to be minimized in fusion devices since EPs can gen-
erate hot spots leading to localized melting of plasma-facing
components. To understand the transport and loss of alphas
and other EPs, both the confined and the lost EPs must be
diagnosed.

Diagnosis of lost ions might be possible by ICE as
described in the previous subsection. Additionally, ITER is
planned to be equipped with one FILD detector [245]. In
FILDs, the EPs enter the FILD through an entrance slit, are
dispersed in the magnetic field, and hit a scintillator plate
emitting light due to the impact. The time resolution of FILD
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Figure 13. FILD spectrogram measured at AUG showing the
spectral content of the fluctuation that has ejected the ions.
Reprinted figure with permission from [247], Copyright (2010) by
the American Physical Society.
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Reproduced from [248]. CC BY 4.0.

measurements has greatly improved in recent years. The spec-
tral content of the light can reveal what mode has ejected the
ions (figure 13) [246, 247].

The light can also be imaged to study the velocity-space
distribution (figure 14) [246]. Such a measurement appears in
figure 14 which shows the formation of a tail above the injec-
tion energy of the ions during ELMs. The fast-ion distribution
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Figure 15. Measurements of lost alphas during JET DT shot

#99 500 from the scintillator probe showing counts resolved in pitch
angles and Larmor radii (cm) during the time interval 6.5-7.5s. The
major radius coordinates the alphas most likely originated from are

indicated. Reproduced from [41]. © 2023 The Author(s). Published
by IOP Publishing Ltd on behalf of the IAEA. CC BY 4.0.

in the entrance slit can be found from the image on the scintil-
lator plate by tomographic inversion [208, 242, 249]. Here the
most likely solution is that an ion population entering the slit
with a distinct Larmor radius leads to the formation of a tail
due to instrumental broadening. This points to a wave-particle
resonant interaction between the ELM electromagnetic per-
turbation and a certain edge fast-ion population leading to an
acceleration of this population [250]. A slice through the tomo-
graphic inversion is shown in figure 14(b). Recent full orbit
ASCOT simulations with time-dependent ELM electromag-
netic fields reveal that, indeed, the measured fast-ion acceler-
ation arises from a resonant interaction between the fast-ions
and both the parallel and perpendicular electric fields observed
during the ELM crash [251]. The acceleration parallel to the
magnetic field is caused by the parallel electric field emerging
during the reconnection event that appears at the ELM crash.
The acceleration in the direction perpendicular to the mag-
netic field arises from a gyrotron acceleration process induced
by the vertical polarization of outward-propagating ELM fila-
ments with sizes smaller than the fast ion gyroradius [252].

Measurements of lost alphas from the recent JET DT exper-
iments using a FILD have been demonstrated in [41, 46, 47],
as figure 15 illustrates. The detected Larmor radii are consist-
ent with alphas at the magnetic field of the scintillator plate.
At the time of the measurement, modes in the TAE frequency
range were observed [41].

4.3. RE diagnostic

RE diagnostics at ITER should measure the maximum energy
of the REs up to 100 MeV with a time resolution of 10 ms, and
the RE current after the TQ and for failed breakdown from
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Figure 16. (a) Measured hard x-ray (HXR) emission at DIII-D and
(b) inversion to runaway electron energy spectra. Reproduced
from [256]. © 2020 IAEA, Vienna. All rights reserved.

1-15 MA with a time resolution of 10 ms. This measurement
capability has been demonstrated in current tokamaks using
both GRS? [164, 253, 254] and synchrotron emission in the
infrared band [255]. A measured spectrum of HXR emission
at DIII-D and the corresponding inferred RE energy spectrum
appear in figure 16.

RE diagnosis by GRS is based on measuring the spectrum
of the bremsstrahlung HXR emission produced when (pre-
dominately MeV) runaways collide with ions. The detectors
must be able to cope with signals at MHz counting rates to
have sufficient statistics in the measured spectrum (say, at least
10* counts) within the required time resolution (10 ms or less).
Measurements under these conditions have been possible only
in the past few years, mostly thanks to the rapid develop-
ment of fast digitizers [171], and have been established in a
number of major tokamaks, such as JET [257], DIII-D [256],
AUG [258] and EAST [259]. The maximum energy of the
REs is obtained by the inversion of the measured gamma-ray
spectrum, starting from the known response function of the
detector and the cross sections of HXR emission [260]. This
gives the one-dimensional (1D) RE distribution function that
is most compatible with the measurements and from which the
maximum runaway energy can be determined. The RE current
is calculated from the integral of the RE distribution function
obtained by inversion.

RE diagnostics by measurements of their synchrotron
emission in the infrared band have been established at
TEXTOR [255, 261], and applied at other major toka-
maks [262-264]. Modeling tools to relate the properties of
the infrared emission to the RE distribution function have
also been developed [265, 266] and applied to interpret the
emission in present experiments, instead of the former ana-
lytic models based on several additional approximations.
Interpretation of data from the infrared cameras provides the

29 As customary, we will use the term GRS to indicate measurements of HXR
emission in the MeV energy range, even though the origin of this radiation is
not a nuclear decay.
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location and size of the RE beam, while the analysis of its
wavelength spectrum gives information on the RE energies.

At ITER, both gamma-ray and infrared diagnostics will be
used to measure REs. Two gamma-ray systems are currently
planned: a HXR monitor [267] and the radial gamma-ray spec-
trometers [153]. The HXR monitor is installed right behind the
machine first wall and, being sensitive to runaway current as
low as few kA, will provide a first signal as REs develop in
the plasma. However, due to the harsh measurement condi-
tions behind the first wall, the HXR monitor may not be able
to provide reliable information on the RE energies.

The REs are detected with the already described radial
gamma-ray spectrometers which will also provide clean meas-
urements of the gamma-ray spectrum from RE bremsstrahlung
and are expected to be the main instrument providing inform-
ation on the RE energies and their evolution in ITER.

As far as infrared diagnostics are concerned, no dedicated
synchrotron camera for REs is currently planned for ITER, but
standard infrared (as well as visible) cameras will be used. As
a consequence, infrared cameras will remain the main tool to
determine the spatial extent of the RE beam but, unlike present
experiments, they will not be able to provide information on
the RE energies, which will be measured by the radial GRS
only.

4.4. Diagnostics of instabilities in fusion plasmas

Key to interpreting the EP measurements discussed in the pre-
vious section and fully leveraging ITER’s unique access to
alpha physics will be measurements of any instabilities driven
by or transporting EPs. Ensuring appropriate measurements of
AEs in ITER will allow the validation of predictions of alpha-
driven instabilities in plasmas dominated by self-heating.
Alpha-driven TAEs have recently been detected in a DT dis-
charge at JET with magnetics, soft-x-ray, interferometry and
reflectometry diagnostics [40]. Ensuring appropriate measure-
ments will further provide the control capability for optimiz-
ing performance, reducing the alpha losses, and minimizing
potential first wall damage. In addition, such measurements
may provide key information on the bulk plasma through
Alfvén spectroscopy [268]. The discussion here will focus on
recent advances in measurements of AEs with a particular
emphasis on those techniques and systems that will be pos-
sible on ITER; this need is called out in ITER measurement
specifications as ‘TAE mode-induced perturbations in B, T, n
with a bandwidth of 30-300kHz’ [269]. It is noted that res-
olution of toroidal mode number of core EP-driven instabilit-
ies remains a challenge. This is a significant deficit and will
impact the ability to rigorously validate models for EP trans-
port by instabilities in ITER.

4.4.1. Toroidal interferometer polarimeter. One of the
primary diagnostics expected to contribute to the detection
of EP-driven instabilities on ITER is the TIP [270-273]. A
detailed description of key design elements appears in chapter
8 of this volume [19]. TIP is essentially a two-color CO, laser
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Figure 17. (a) TIP chord layout on ITER, (b) TIP prototype
interferometer spectrogram from DIII-D discharge 169 632.
Reprinted from [270], with the permission of AIP Publishing.

based mid-infrared (4.6 and 10.59 pm) interferometer sys-
tem [274-279], probing line-integrated electron density with
a combined polarimetry measurement to probe line-integrated
Faraday rotation (product of n.B| ). As shown in figure 17(a),
TIP will feature five independent tangentially viewing chords
spaced across the device midplane. Two-color interferomet-
ers like these are extremely valuable for the detection of core
instabilities and are capable of producing high quality fluc-
tuation data for both coherent and incoherent fluctuations
with wavenumbers k < 2/a,, where a, is the Gaussian beam-
waist, and with frequencies up to several MHz [280]. They
can operate in almost all tokamak plasma conditions, rarely
suffer from refraction, are based on well developed CO, laser
and detector technology and are able to take advantage of
modern digital phase demodulation techniques for very low
noise phase measurement. The TIP interferometric meas-
urement provides the mode induced line-integrated density
fluctuation along each sightline while the polarimetry Faraday
effect measurement, in principle, will provide a combination
of density and magnetic fluctuations, although the minimum
resolvable fluctuation levels are significantly higher due to
the relatively small effect being exploited [272, 280-282]. An
example interferometric density fluctuation spectrum from the
ITER TIP prototype tested on DIII-D is shown in figure 17(b),
where different types of beam-driven AEs as well as other
coherent fluctuations are present [270]. In the figure, BAEs,
RSAEs and NTMs are labeled. These modes will be discussed
in detail in the following sections. Resolvable fluctuation
levels in the AE frequency range are predicted to be on the
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Figure 18. ECE radiometer data from a DIII-D beam-heated
discharge with AEs. (a) Radial profile of ECE power spectra vs.
normalized minor radius. (b) Radial profile of ECE radiometer
measured temperature perturbation vs. major radius for an n =3
RSAE and for (¢) an n =3 TAE. Reprinted figure with permission
from [283], Copyright (2006) by the American Physical Society.

order of n, /n, ~ 1072 [272]. Additionally, because of its role
in plasma control, ITER TIP data will be available in ‘real-
time, allowing its use as a monitor of core AEs and other
fluctuations for instability control purposes.

4.4.2. ECE radiometer.  Another diagnostic technique that
will be available on ITER and has proven to be extremely valu-
able for EP physics studies is ECE radiometer measurements
of electron temperature fluctuations [283-286]. Figure 18(a)
is an example radial profile of ECE power spectra from a
reversed magnetic shear DIII-D discharge in which various
RSAESs and TAEs are clearly observed with ECE [283, 287].
Each type of mode is labeled along with the detailed radial
structure of an individual RSAE and TAE in figures 18(b)
and (c) respectively [283]. The RSAEs are localized near
the minimum in the safety factor profile and the TAEs are
seen for radii outside of g, extending to the plasma edge.
As an example of the type of validation enabled by ECE
measurements, figures 18(b) and (c) show a comparison of
measurements and calculations of the ideal MHD eigenmode
electron temperature perturbation from the NOVA code. The
ECE radiometer in ITER will span approximately 70% of
the device midplane from inside the magnetic axis to the
last closed flux surface on the low-field side (R =~ 5.2-8.2 m)
with about 64-128 channels giving a rough spacing of AR
= 2.3-4.6cm [287]. The poloidal and toroidal resolution is
determined by the beam spot size, which is expected to be
< 10cm in ITER [287]. To avoid averaging effects, the pol-
oidal wavelength should be less than the beam size which,
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at mid-radius, would correspond to poloidal mode numbers
of m < 60. The radial resolution is determined by the instru-
mental RF frequency channel widths and relativistic broaden-
ing, which depends on electron temperature and is expected
to dominate in ITER high temperature plasmas. For 1** har-
monic O-mode measurements in ITER scenario 2 plasmas,
the expected radial resolution is < 10cm across the device
midplane and significantly better at lower temperatures [287].
The resolvable mode amplitudes will depend on several factors
including electron temperature, analysis approach (Fourier
interval, spatial averaging, correlation measurements, etc) and
detailed hardware choices. The modes shown in figure 18 have
amplitudes 6T, /T, =~ 0.5 x 1073,

4.4.3. Microwave reflectometry. ITER will also be equipped
with multiple microwave reflectometry systems that will likely
be capable of resolving density fluctuations due to coher-
ent EP-driven instabilities. Reflectometry is an established
approach with a long history of research in its use for measure-
ment of both coherent and incoherent core fluctuations [289—
294]. Density fluctuations along the path of the beam can
modulate the phase or amplitude of the reflectometer signals
or both. Under certain conditions, phase modulation of the
probe beam is localized at the cutoff [295-297] (the point
of reflection of the microwaves), so that localized measure-
ments of density fluctuations are possible. A more sophistic-
ated analysis approach using multiple channels has also been
developed that takes the nonlocal response of reflectometers
into account, and estimates of both the density and magnetic
perturbations can be derived [293].

The two main reflectometer systems on ITER, each with
planned capabilities for measuring EP-driven instabilities, are
the LFSR [298, 299] and the HFSR. Each will supply simul-
taneously measurements of the n.-profile and n, fluctuations.
The broad measurement capability of LFSR is enabled by an
array of six monostatic antennas which inject from an equat-
orial port on the outboard side of the ITER vessel. A low-
loss transmission line transmits the 30-165 GHz, O- and X-
mode signals to and from the ITER plasma. The design of
LFSR has been optimized to probe the edge region (r/a >
0.85) for a broad range of ITER conditions. However, pen-
etration into the core with X-mode is possible with either
reduced or full TF and n. not exceeding ~7 x 10 m~3.
Broadband transmission signals are realized by full-band
microwave transceivers combined with quasi-optical multi-
plexing. Both FMCW and FFCW operations are incorpor-
ated. LFSR is equipped with conventional and Doppler reflec-
tometry systems, enabling detection of low-to-intermediate
wavenumber fluctuations. Full-band FMCW operations with
repetition rate of 1 MHz are planned for LFSR, providing a
means to measure n, fluctuation profiles with high time res-
olution. Ignoring the effects of the profile gradient and turbu-
lence, the radial resolution depends explicitly on the signal-to-
noise ratio and the RF bandwidth. LFSR is expected to achieve
better than 26 dB signal-to-noise ratio over most of its oper-
ating space, and with a RF bandwidth of 250 MHz, a radial
resolution of 5mm is achievable. Flat profile gradients and
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Figure 19. AUG discharge #25 528. (a) ECEI spectrogram, (b)
reflectometer spectrogram, (c) model for RSAE frequencies.
Calculated RSAE minimum frequency overlaid as solid white line.
Yellow labels and dashed vertical lines show gmin values used as
input to RSAE model. Reproduced from [288]. © 2011 IAEA,
Vienna. All rights reserved.

turbulence tend to broaden the radial resolution, and the cumu-
lative effect is strongly dependent on the plasma conditions.
Full-wave reflectometry simulations indicate that LFSR can
access and should be sensitive to core-localized weak dens-
ity fluctuations (dn,/n. =~ 107°~10~*) similar to TAEs. The
ability to make this measurement unambiguous can be com-
plicated by strong fluctuations (dn./n. > 1073) in the path
of the beam that can also modulate the signal, scrambling
the phase. However, reflectometer measurements combined
with synthetic diagnostic modeling provide a powerful tool for
interpreting the signals and resolving possible ambiguities. An
example reflectometry measurement of RSAEs in a reversed
magnetic shear AUG plasma is shown in figure 19(a) where a
broad spectrum of RSAE:s is clearly visible [288, 300]. These
measurements are to be compared to ECE imaging measure-
ments shown in figure 19(b), where it can be seen that the
different localizations result in a slightly different spectrum
of observed modes [301]. These data allows the inference of
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gmin by MHD spectroscopy, see also [302]. The guin resolu-
tion based on the data shown in figure 19 is very good since
every observed mode has a different (m/n) value and gives a
separate constraint on gmin.

4.4.4. Magnetic probes.  Like the majority of present
machines, ITER will be equipped with a large array of mag-
netic sensors with varying sensitivities (bandwidth, polariza-
tion, amplitude, etc). Several ‘High-frequency’ coils have been
designated to meet the measurement requirement 062 for the
measurement of TAEs. These probes are a standard induct-
ive pickup coil design and will have a minimum bandwidth of
0.5 MHz and sensitivities in the range 1 x 1076-3.5 x 10~*T
over 30kHz to 0.5 MHz [303]. The system will consist of an
array of coils spaced toroidally and poloidally for resolution
of toroidal mode number and poloidal structure. While edge
modes will likely be clearly resolved by these sensors, it is
questionable whether core modes that do not reach the edge
can be measured.

4.4.5. Other potential diagnostics of EP-driven instabilities at
ITER.  Several other diagnostics on ITER have the potential
to measure EP-driven instabilities. However, due to hardware
or approach choices or other issues, they may not have the
required bandwidth or sensitivity. These diagnostics include:
PoPola, Mirnov/magnetic pickup loops, DIP and SXR spec-
troscopy. The PoPola is a fan of 119 um PoPola channels
with potential to measure core density and magnetic fluc-
tuations. As discussed in chapter 8 of this volume [19],
this diagnostic will have 100 Hz bandwidth but a modified
approach could extend its bandwidth and utility to the meas-
urement of instabilities. The ITER DIP, similar to TIP, is
a multi-channel CO, laser based interferometer system that
will use a photoelastic modulator approach limiting its fluc-
tuation measurement bandwidth to ~10kHz [304]. SXR sys-
tems, like those planned for ITER, have been used success-
fully to measure AEs in the past [305]. Unfortunately, the spe-
cified bandwidth of the ITER system appears to be 100 kHz
which is marginal for measurements of AEs in ITER [306].
Recently, a promising diagnostic technique has been demon-
strated using launched fast Alfvén waves in an interferometer
configuration—the FWI [307, 308]. Because the fast wave
velocity depends on ion mass density and magnetic field, the
diagnostic is capable of probing line-integrated mass dens-
ity along with probing core density and magnetic field fluc-
tuations. Recent experiments clearly show the diagnostic abil-
ity to resolve core fluctuations for the first time. The FWI is
not currently an assigned ITER diagnostic but its use is under
investigation.

4.4.6. AE spectroscopy. Beyond measurements of the
modes themselves, work since the last ITER physics basis
has clearly demonstrated the potential of EP-driven instabil-
ity measurements for providing information about the equi-
librium plasma, so-called ‘AE spectroscopy’ [268]. A par-
ticularly compelling application of this technique is the
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determination of the minimum safety factor g, through
measurements of RSAEs. As mentioned, figures 19(a) and (b)
show measurements of RSAEs in AUG reversed shear plas-
mas during the current ramp phase. During this time period,
gmin and the mode spectrum are evolving rapidly. The RSAE
spectral evolution is well described using a simple ad hoc
model [273, 280, 309], the results of which are shown in
figure 19(c); the dominant feature of the RSAE frequency
sweep is the gmi, dependence which roughly scales as (m —
Nqmin)/qmin [268, 310, 311]. In figures 19(d) and (c), the over-
laid gmin evolution has been determined by adjusting the values
until the predicted RSAE timing matches that measured exper-
imentally. Discharges on DIII-D with MSE polarimetry have
confirmed the validity of this approach and show the precision
with which g, can be determined [280]. Further, when RSAE
localization information is present through measurements of
the AE mode structure with ECE or even coarsely with inter-
ferometry, this information can be used to place constraints
on not only the value of gn,, but its location. Also, the RSAE
minimum frequency depends on 7; and 7; and also provide a
check on those values [311].

5. Interaction of EPs with thermal-plasma-driven
instabilities

In this section, we review the interaction between EPs and
thermal-plasma-driven instabilities, which are instabilities
also appearing in the absence of EPs. The EP-driven Alfvénic
modes are discussed in the following sections. Important
thermal-plasma-driven instabilities interacting significantly
with EPs are NTMs, kink modes, sawteeth, KBMs, RWMs,
and ELMs, which we will review in the following. The recent
JET DT experiments highlight the importance of the inter-
action between alphas and thermal-plasma-driven instabilit-
ies. Alpha losses due to NTMs, sawteeth, and ELMs were
observed in these experiments [46, 47].

5.1 NTMs

NTMs are a type of helical MHD instability in tokamak plas-
mas where magnetic islands with low poloidal and toroidal
mode numbers (m/n) form on rational g-surfaces. Inside the
island, the pressure profile is flat, which leads to a low boot-
strap current. NTMs are discussed comprehensively in chapter
4 of this volume [16]. EP transport and losses can be strongly
affected by NTMs, and in turn EPs can play an important role
in the stability and growth of NTMs [312]. This has been doc-
umented in numerous experimental and theoretical studies of
the stability of NTMs and their effect on EP confinement [313—
338]. Analytic and numerical modeling predicts that the EP
distribution function and equilibrium parameters influence the
NTM stability in complex ways, e.g. using the M3D-K [339],
NIMROD [319, 340] and GTC [330] codes.

In turn, the influence of NTMs on EP losses has been stud-
ied analytically as well as numerically with orbit following
codes. Recently the reduced ‘kick’ model in TRANSP has
been extended to include EP transport by NTMs [341]. The
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‘kick’ model simulations suggest that (N)TMs, as well as fish-
bones (see section 7), can interact through modification of the
EP distribution in phase space, which influences the drive.

Analytic and numerical modeling [322, 324, 325, 339]
indicates that EPs can have a stabilizing or a destabilizing
effect on TMs, depending on the relative balance of trapped
EPs compared to co- and counter-passing EPs, on the presence
of direct resonances between EP drift orbit frequencies and
the TM rotation frequency, and on the equilibrium paramet-
ers, notably the EP orbit size and the magnetic shear. Analytic
models find that the island frequency in the local plasma
frame, an important but not well understood or measured para-
meter, can have an impact on the stability (leading to stabil-
izing or destabilizing EP terms in the extended Rutherford
equation) [326]. Additionally, the interaction between EPs and
NTMs is qualitatively different if orbital frequencies resonate
with the NTM frequency. We will deal with both non-resonant
and resonant interaction in the following.

5.1.1. Non-resonant EP-drive of NTMs.  Analytic modeling
of the interaction of EPs with TMs, done in the context of the
extended Rutherford equation [327], can provide useful phys-
ical insight into the interaction mechanisms. The stability of
resistive instabilities such as TMs is described by a 4th-order
differential equation [342] which is difficult to deal with ana-
lytically. Rutherford had the insight that this 4th-order differ-
ential equation could be reduced to a 2nd-order differential
equation in the region outside the island, except for in a nar-
row boundary (tearing) layer. Furthermore, the TM stability
and growth rate can be determined by matching the solutions
of the 2nd-order equation outside the island across the tearing
layer, with no need to solve the 4th-order equation.

The original Rutherford equation not modified to include
EP effects is of the form

7 AW

—— = 39

rs dt Cy ( )
where W is the island width, 7y = ]*_L 357 is the resistive time,

rs is the radius of the rational surface, 1 is the resistivity, o
is the vacuum permeability, and A, = r;A’ is the classical
stability parameter. A’ is calculated from the equilibrium g-
profile and current-profile in the regions outside the tearing
layer [343]. It is proportional to the perturbed sheet current at
the rational surface required to match the external solutions
across the tearing layer. The perturbation decays in time for
a negative sheet current, whereas it grows for a positive sheet
current. The Rutherford equation can be extended by adding
other sources of current perturbations. For example, a mag-
netic island flattens the pressure profile in the vicinity of the
island, resulting in a reduction in the perturbation current (in
normal shear plasmas), which leads to the ‘bootstrap drive’
term in the modified Rutherford equation [344].

The extended Rutherford equation including non-resonant
EP drive terms for NTMs Agp is of the form

7, dW

= Ac+ Agay + Abs + Apol + App.
re dt

(40)
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The classical stability parameter A, from the original
Rutherford equation may be affected by EPs through the EP-
driven currents changing the equilibrium current profile. The
additional terms are the Glasser—Greene—Johnson curvature
term Aggy [345], the bootstrap CD term Ay, [344, 346],
the thermal-plasma polarization current term Ap,; [347, 348]
arising from island motion through the equilibrium plasma,
and the EP term Agp, which results from the perturbed cur-
rents on the rational surface arising from the effect of the
island magnetic perturbations on the EP population. It con-
sists of several contributions due to various sub-populations
of the EPs, such as co-passing, counter-passing and trapped
populations, usually derived for magnetic island widths either
much larger or much smaller than the EP orbit width. To
determine if the plasma is linearly stable or unstable to NTM
formation, one determines if an initially small island grows,
so the island width is generally assumed to be much smaller
than the EP orbit width. For currently operating tokamaks and
especially spherical tokamaks, which are smaller than ITER
and have lower magnetic fields, even most saturated islands
are smaller than the EP orbit width. However, the extended
Rutherford equation typically predicts islands to be metastable
with a threshold island size. An ideal linearly unstable ‘clas-
sical’ TM grows from small a amplitude. Additionally, many
linearly stable TMs can also become unstable when an MHD
event (like an ELM or sawtooth) creates an initial perturbation
that is greater than the threshold island size.

5.1.1.1. Influence of EPs in the outer region.  The first term
on the right-hand-side of the extended Rutherford equation
captures the effect of the CD from EPs on the current profile
shape in the region outside the island. In practice, the effects
of the EPs on the current profile are independently calculated
with codes such as TRANSP. However, it is useful to have a
qualitative understanding of how EP CD affects the TM sta-
bility through this term. Co-passing EPs tend to decrease the
value of A’ and have a stabilizing effect. Conversely, counter-
passing EPs tend to increase the value of A’, a destabiliz-
ing effect decreasing the onset threshold of the NTMs [321,
339]. The effect of trapped EPs on the instability criterion
is primarily through the asymmetric pressure of trapped EPs
because the parallel current they produce is small [321].
Analytic studies have found that trapped EPs can be destabiliz-
ing in weak magnetic shear, but stabilizing in strong magnetic
shear [322, 325].

Many experiments have investigated the effect of EPs on
NTM stability. Counter-NBIs have been found to have dif-
ferent effects for various plasma scenarios. In DIII-D exper-
iments [313] it was found that increased co-NBI power sta-
bilized NTMs, but there was no corresponding decrease in
stability for increasing counter-NBI power. In beam-heated
DIII-D hybrid plasmas, the most unstable mode switched from
AEs to chirping NTMs when the perpendicular beam pres-
sure decreased [335]. In AUG experiments [314], both increas-
ing co-NBI power and increasing counter-NBI power stabil-
ized NTMs. The analytic and simulation results discussed
above do not explain these experimental discrepancies for the
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counter-NBI. A possible reason is that the toroidal rotation
could not be controlled in these experiments and may have
been partly responsible for the observed changes in stabil-
ity [328, 349-352]. However, the effects of toroidal rotation
should be independent of the rotation direction. Unfortunately,
appropriate codes have not yet been developed to model both
the changes in the EP populations and the changes in equilib-
rium parameters. It is also important to remember that exper-
iments, by their nature, will include all types of EP effects on
NTM stability, including potential effects of EP resonances
and EP-driven polarization currents discussed below.

5.1.1.2. Influence of EPs in the island region.  In addition to
the neoclassical perturbed polarization current generated by
the thermal plasma, EPs can also generate a perturbed cross-
field E x B current which induces a parallel electron current to
satisfy charge neutrality [326]. The contribution of this polar-
ization current can be expressed as

72 Bi w Ln; ng
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where G3 ~ 1.58 is a numerical coefficient, s is the magnetic
shear, and L,, and L,, are the lengthscales of the thermal-ion
and EP densities, §; is the ion beta, and w is the island fre-
quency relative to the background plasma. A depends on the
magnetic shear, island propagation frequency, and EP density
gradient at the rational surface. A > 0 if the mode propag-
ates in the electron diamagnetic drift direction, w < 0 and the
density gradients of thermal ions and EP on the resonance sur-
face have the same sign, i.e. the onset threshold of NTMs is
decreased. In weak shear plasmas with large EP fractions, the
EP polarization term can become comparable to the bootstrap
term, and |A /A | increases as ny/n; increases or s decreases.
Thus, this term can affect the island growth when the EP orbit
size is greater than the island width.

Some operational regimes in ITER steady-state and hybrid
scenarios are expected to have weak magnetic shear [20],
which hence deserve particular attention. In a low-shear, high-
performance regime on JT-60U, no NTMs were observed
in several discharges during NBI with high bootstrap frac-
tion [353]. In these experiments, the effects of EPs may be
important. The relative importance of the EP polarization cur-
rent term has also been investigated for TMs in the spher-
ical tokamak NSTX [327, 354]. For these experiments, it was
found that the destabilizing EP polarization term overcame the
stabilizing effect of the thermal polarization term, allowing
growth of the island to widths where the other terms in the
extended Rutherford equation dominate the island dynamics.

5.1.2. Numerical simulations of EP effects on NTM stability.
Simulations find that EPs interact with TMs mainly in the
outer region and the growth rate of the TMs is reduced dra-
matically by EPs [319]. Furthermore, the net effect of co-
passing EPs is weakly stabilizing whereas the net effect of
counter-passing EPs is destabilizing [321]. The simulation res-
ults are in qualitative agreement with the analytic results for
the passing particles discussed above.
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Figure 20. Cross-power spectrograms of electron temperature fluctuations measured by the ECE diagnostic for two hybrid NBI- and
ECRF-heated discharges in DIII-D. It is often observed that steady NTMs and chirping n = 1 fishbones coexist for more than 100 ms (see
(a)) and then trigger chirping NTMs (see (¢)). It is occasionally observed that NTMs can be fully stabilized and that fishbones and harmonics
become dominant (see (d)). The central toroidal rotation frequency is plotted in (b) and (d) as the dashed white lines. The rotation frequency
at the ¢ = 4/3 rational surface is shown by the blue line in (b). Reproduced from [335]. © 2020 IAEA, Vienna. All rights reserved.

Simulations using similar parameters to the DIII-D exper-
iment [317] were performed using the global gyrokinetic tor-
oidal code GTC. The perturbed parallel current induced by EPs
was added to Ampere’s law [330], resulting in a small stabil-
izing effect on the excitation of NTMs.

Simulations of DIII-D equilibria with the NIMROD code
have also found that EPs were generally stabilizing, although
this effect was from EPs in the plasma bulk rather than a tear-
ing layer effect. However, NIMROD simulations also found
that a precession drift resonance with the core mode destabil-
izes the 2/1 mode [340]. The M3D-K code [355] has been
used to study the effect of EPs on TMs [321]. The results
agreed in large parts with previous analytic results for the
effects of passing EPs. It was also found that trapped EPs are
much more destabilizing than counter-passing EPs at the same
beta. In M3D-K simulations of HL-2A equilibria, co-passing
EPs were responsible for destabilizing the bursting/chirp-
ing 2/1 modes [334, 337]. Additionally, it was found that
q(0) = 1.5 was most unstable for a scan of the safety factor
1.2<q(0) <1.9.

Plasmas with hollow current profiles can have two rational
surfaces with magnetic islands of the same helicity. For such
double TMs, simulations find that passing EPs are destabiliz-
ing, although this result is limited by the assumption of a ‘top-
hat’ model for the double TM [356]. The effects of EPs on
double TMs were studied by M3D-K [357], where co-passing
EPs are destabilizing but trapped EPs are stabilizing. Double
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TMs can undergo a transition to a fishbone-like mode if the EP
beta [ is larger than a threshold.

We note that self-consistent codes for describing NTMs that
include the physics of the EPs and the effects of toroidal rota-
tion are still lacking, but would be essential to explain the
experimental results and to explore methods for controlling
NTMs.

5.1.3. Resonant interaction between EPs and NTMs. At
first sight, resonances of NTMs with EPs were thought to be
unlikely because the typical EP bounce, transit and preces-
sional frequencies are much larger than typical NTM frequen-
cies. However, indications of resonant interaction between EPs
and NTMs have been found in several tokamaks [331-335]
where the NTM frequency jumps up on a timescale of about
0.1 ms and chirps down over a longer time period of one to
two ms (figure 20 [335]). During each chirp the neutron rate
is reduced by about 1%, as was also observed at TFTR. This
implies that there is a redistribution or loss of EPs during each
chirp. Experiments at AUG suggest that this is caused by a
resonance between EPs and NTMs [332]. However, it is not
clear from presently available experimental data whether the
resonances of passing or trapped EPs cause chirping NTMs.
In [336], it was shown using a particle model that an addi-
tional toroidal torque is generated by the resonance of NTMs
and trapped EPs which increases the propagation frequency
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of NTMs. However, the simulated duration of the frequency
chirping up is up to a factor of 50 times longer than in the
experiments. A model based on drift kinetic theory reduces
the discrepancy in comparison with the DIII-D experimental
results, although this model does not address the chirp-down
phase [320]. An alternative interpretation is that the frequency
chirping may be caused by a fishbone-like mode resonance
with an EP precession frequency, which is supported by ana-
lytic and simulation studies [337, 338]. Analytic results predict
that the fishbone-like mode is driven by trapped EPs above an
EP beta threshold [338] but simulations have also found that a
fishbone-like mode can be driven by co-passing EPs [337].

Related phenomena have been found in HL-2A where a
fishbone-like mode rather than a chirping TM or NTM were
observed. Similarly, it is believed that the fishbone-like mode
is excited by resonance of the TM with trapped EPs [337,
338]. In simulations for a reversed g-profile, a fishbone-like
mode and a double TM were found to co-exist [357, 358]. This
fishbone-like mode is excited by resonance between the TM
and co-passing EPs. These disparate results suggest that the
physical mechanism of frequency chirping during NTMs still
remains unresolved. They have also not yet revealed whether
trapped or co-passing EPs are most important in this process.
The physical mechanism is still under debate and will likely
require further experiments and investigations.

5.14. EP transport by TMs.  Since magnetic islands break
the tokamak axisymmetry in a way similar to the TF ripple,
enhanced particle diffusion can be expected due to NTMs.
However, the mechanisms affecting the EP confinement have
proven a lot richer. In DIII-D, large coherent MHD modes
were observed to reduce the NBCD efficiency [359] and
2.5 MeV neutron emission [360] by as much as 80% and 65%,
respectively. Guiding-center simulations with the ORBIT
code suggest that the intrinsic orbit stochasticity leads to trans-
port of co-passing EPs, similarly to the finding of earlier work
for low-n magnetic perturbations [361, 362]. In AUG exper-
iments, time-resolved pitch and energy measurements of the
EP losses found that the losses were modulated at the fre-
quency of a (2,1) NTM [363, 364]. Even trapped EPs exper-
ience increased transport when the NTM resonates with the
bounce and toroidal precession frequencies [365], as con-
firmed by recent drift-kinetic calculations [366]. Also within
a drift kinetic framework, the passing EPs were found to
experience resonances with the rotating islands, providing
an explanation to the observed phase locking between the
enhanced transport and the NTM perturbation [356]. More
recently, the resonances for trapped, co- and counter-passing
MeV alpha particles with a (2,1) TM were found using the
GPU-accelerated TAPAS code, showing the impact of the
rotation frequency of the magnetic island on the losses of
EPs [367].

NTM-induced EP losses can be caused by stochastization
of drift orbits (see e.g. [360, 363, 367]). Simulations of an
AUG discharge with a (2,1) NTM revealed that the NTM-
induced losses of passing beam ions were caused by the form-
ation of a (4,1) NTM [368]. In a purely RF-heated discharge
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in AUG, resonant interaction between the EPs in the high-
energy tail of the ICRF distribution and a (5,4) NTM was
found to lead to enhanced EP losses [208]. In DIII-D exper-
iments, beam modulation was applied to study the interaction
between EPs and a (2,1) NTM in different parts of the phase
space [317]. The mode was observed to affect the confinement
of both the counter-passing and trapped beam ions. The kick
model in TRANSP, extended to NTMs [341], allowed analyz-
ing the effect of NTMs on EPs in a variety of DIII-D plas-
mas [369]. Above a threshold width for the island, EP losses
were found to increase, leading to reduction in beam-driven
current and torque across the entire plasma. Kick modeling in
conjunction with velocity-space tomography show that NTMs
alter the positive-pitch distribution [232].

Note that the experimental studies described above have
used plasmas with very large island sizes to help identify the
loss mechanisms. Such plasmas cannot be tolerated in reactor-
level plasmas. For ITER, studies on the effect of MHD modes
on EP confinement have mainly been done for the foreseen
main operating phases with fusion alphas using the ASCOT
code following full gyro-orbits, which can be important when
the magnetic field has strong toroidal inhomogeneities [370,
371]. Both (2,1) and (3,2) NTMs were simulated, together
with realistic TF ripples, using a theory-based model for the
NTM island built into the magnetic background. The simula-
tions indicate that the total power density on the wall strongly
depends on the NTM perturbation amplitude. However, even
for an excessive amplitude, the wall power densities remain
below the ITER design limits. Furthermore, the NTMs were
not found to cause additional hot spots on the wall, but only
increase the wall power density in the places also found for
simulated MHD-quiescent plasmas.

EP transport by NTMs was observed in the recent JET
DT experiment [52]. Discharge #99886 was an MHD-active
DT discharge with an NTM, fishbones, RSAEs, and TAEs
as detected with the Mirnov coil measurements shown in
figure 21. Despite this MHD activity, the energy confinement
in this discharge was very good. FILD measurements sensit-
ive to lost alphas detected the NTMs and the fishbones which
suggests transport and loss of alphas due to the NTMs and fish-
bones as shown in figure 22.

5.2. Sawteeth and kink modes

The redistribution of EPs by sawteeth and kink modes and the
effect of trapped and passing EPs on sawtooth stability have
long been studied theoretically and experimentally. The saw-
tooth instability causes a periodic cycle of the core plasma,
where the core density and temperature slowly increase and
then suddenly drop, an event referred to as the sawtooth crash,
giving their timetraces the form of sawteeth. A kink mode has
often been observed to become unstable right before the saw-
tooth crash. The sawtooth instability is triggered at an on-axis
safety factor of ¢(0) < 1. During the sawtooth crash, the on-
axis safety factor jumps up to ¢(0) = 1 and the plasma profiles
T, and n, change abruptly. This is thought to result from recon-
nection of the helical magnetic flux, leading to rapid redistri-
bution of particles from within the ¢ =1 surface to outside.
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Figure 21. Mirnov coil spectrogram during JET DT discharge

#99 886 showing an NTM, fishbones, RSAEs, and TAEs. Alpha
losses at the fishbone and NTM frequencies were detected with the
FILD (figure 22). Reproduced from [52], with permission from
Springer Nature.
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Figure 22. FILD measurements showing alpha losses during NTMs
and fishbones in JET DT discharge #99 886. Mirnov coil
measurements detected the fishbones and NTM at the same
frequency (figure 21). Reproduced from [52], with permission from
Springer Nature.

Figure 23 shows this redistribution for the EP population at
AUG [150]. The EP density before and after the crash has
been inferred by orbit tomography based on 27 simultaneously
acquired FIDA spectra (see section 4). After the sawtooth
crash, the current density profile peaks and ¢(0) decreases
below unity on the resistive timescale of the plasma. This pat-
tern repeats with the characteristic time called the sawtooth
period. Sawteeth are discussed comprehensively in chapter 4
of this volume [16].

It is known that EPs within the ¢ =1 surface can sta-
bilize the internal n=1 kink mode and increase the saw-
tooth period significantly [114, 372]. However, long sawtooth
periods lead to ‘monster’ sawtooth crashes with particularly
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Figure 23. Ejection of EPs from the inside to outside the g =1
surface during a sawtooth crash at AUG, as shown by the difference
in EP densities before and after the crash. The image has been
computed by orbit tomography based on FIDA measurements.
Reproduced from [150]. © 2022 IAEA, Vienna. All rights reserved.

strong pressure drops [373], which can trigger NTMs lead-
ing to significant reduction of plasma confinement [374]. Both
trapped and passing EPs can stabilize sawteeth. Experiments
on JET [116, 375], MAST [376], TEXTOR [377] and DIII-
D [378] have shown that off-axis passing EPs stabilize saw-
teeth if they move in opposite direction to the plasma current,
whereas on-axis EPs stabilize sawteeth if they move in the
same direction as the plasma current.

Sawteeth are a concern for burning plasmas since the alphas
and EPs from auxiliary heating will stabilize sawteeth [379],
so we might expect monster sawteeth in burning plasmas,
and the deleterious effects that go with that. Modeling has
predicted that the fusion alpha population will increase the
sawtooth period on ITER [380]. It would be advantageous to
develop methods to pace sawteeth, resulting in a short saw-
tooth period with weaker sawteeth. Sawteeth also have pos-
itive applications since they eject impurities, and so sawteeth
could be used to remove helium ash from the plasma core in
burning plasmas.

5.2.1. EP redistribution by sawteeth and kink modes.  The
redistribution of EPs by sawteeth is relatively well under-
stood theoretically. EPs with moderate energies are thought
to remain attached to reconnecting field lines and behave
like thermal particles. They suffer appreciable transport, since
the finite E x B drift tends to attach the particles to the
evolving flux surface [381]. However, for high-energy EPs,
their large orbits can decouple them from the evolving flux
surfaces. Three timescales are important [382]: the crash dur-
ation T, the bounce-averaged toroidal precession time 7
and, for passing particles, the timescale of longitudinal motion
(period around a perturbed flux surface) 7. Particles experi-
ence significant transport when their energy £ is smaller than
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Figure 24. Comparison of simulated and measured EP densities in
the plasma center for various pitch ranges in a sawtoothing plasma
at AUG. The full lines are measured EP densities found by
velocity-space tomography based on FIDA measurements. EPs with
pitches p > 0.25 are ejected by the sawtooth, whereas EPs with
pitches |p| < 0.25 are not. The dotted lines are simulations with
TRANSP/NUBEAM with a sawtooth model ejecting particles at all
pitches. Reproduced from [222]. © EURATOM 2016. All rights
reserved.

a critical energy Eir,t; however, because 74, T, and the orbit
size differ for passing and trapped particles, i s has differ-
ent values for different orbit types. For trapped particles, Egig st
is sufficiently low that trapped EPs usually decouple from the
flux surfaces and suffer little transport. In contrast, for passing
particles, Eit  is higher, so passing EPs with £ < Eig o often
experience significant radial transport. This selective transport
pattern is corroborated in figure 24 which shows a comparison
of fast-ion densities calculated using TRANSP/NUBEAM
with a sawtooth model and calculated from velocity distribu-
tion functions inferred by velocity-space tomography based
on FIDA measurements at AUG [222]. Whereas the sawtooth
model in TRANSP/NUBEAM ejects EPs at all pitches, the
measurements show that the EPs with pitches close to zero
are not affected by the sawteeth, as predicted by theory.

In addition to these mechanisms associated with recon-
nection at the sawtooth crash, resonances with the internal
kink that triggers the sawtooth are also possible. However,
the roles of trapped and passing particles are reversed: the
passing-particle transit frequency is too high to resonate with
the internal kink but the trapped-particle precession frequency
may resonate, so only trapped particles experience significant
transport by this mechanism.

In DT plasmas in TFTR, the core density of alphas with
energies between 0.15 and 0.6 MeV significantly decreased
during the sawtooth crash [24, 383]. A similar redistribution of
energetic ions was also observed on JET [384]. Additionally,
neutron spectroscopy showed that the EPs in the 100keV
range generated by ICRF heating in JET were redistributed
by sawteeth [385], whereas 1 MeV tritons only experienced
minor redistribution at sawtooth crashes [100].

Recent experimental work has focused largely on validat-
ing the detailed predictions of our theoretical understanding
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regarding redistribution of EPs in different regions of EP
phase-space as in the AUG example discussed above. The
theoretical model has been found to be consistent with the
recent measurements of EP redistribution on TEXTOR, DIII-
D and AUG [150, 222, 224, 229, 382, 386-389].

The study of EP interactions with sawteeth has also been
extended to the low field, tight aspect ratio tokamak regime
on NSTX (including NSTX-U) and MAST, testing the models
in this new regime. NSTX comparisons between tangentially
and radially viewing FIDA and NPA diagnostics show that
passing particles experience greater transport [390], as the-
oretically expected. Modeling of sawtooth crashes on NSTX
found that it was necessary to introduce energy selectivity to
improve the agreement between experimentally measured and
simulated neutron rates and the EP profiles measured with
FIDA. At lower energy, trapped EPs showed the strongest
redistribution [391, 392]. The redistribution is consistent with
theoretical models which predict that redistribution will be
stronger for those trapped and barely trapped ions whose pre-
cession periods are longer than the sawtooth crash time [381].
For the NSTX crash time of 40-50 us, the estimated critical
energy was ~65keV for nearly co-parallel EPs and down to
25-30keV for trapped EPs. In contrast to the NSTX results,
trapped and passing EPs are found to be equally affected by
sawteeth on MAST, based on neutron camera data [393, 394]
and FIDA data [395]. These results might be reconciled with
theory predictions as the beam injection energy is lower in
MAST, so that the EP distribution is at lower energy [341].
Thus, the experimental data support the predictions of redis-
tribution dependence on energy, pitch and sawtooth crash
time [381, 396]. Models of EP redistribution have been used to
predict strong alpha redistribution by sawteeth in ITER [397].
Sawteeth do not usually occur in stellarators, but they can be
induced by NBCD and ECCD. Sawteeth induced this way
at the stellarator LHD showed no measurable effect on the
EPs [398].

Kink modes are often observed just before sawtooth
crashes. It has long been known that kink modes or other low
frequency magnetic perturbations can cause losses of EPs. The
losses have been explained with a model of random ‘kicks’
to the EP orbits making EP orbits stochastic at magnetic per-
turbation levels lower than those needed to make the mag-
netic fields stochastic [361, 362]. There has been substan-
tial work on modeling of the redistribution of EPs during
the sub-millisecond reconnection period of the sawtooth crash
where the (1/1) kink-TM is growing rapidly. However, many
sawteeth are preceded for a long period by a saturated (1/1)
internal kink instability. Recent work has focused on model-
ing EP redistribution by ideal kink modes. A reduced ‘kick’
model for EP transport has been developed [399] and used
to study the EP redistribution associated with sawteeth [400,
401] in JET plasmas. In a comparison of the EP redistribu-
tion from both a saturated internal kink mode and a sawtooth
in a JET discharge, the losses from the saturated internal kink
mode were found to be larger or comparable to the losses from
the sawteeth [402].
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5.2.2. Pacing of sawtooth instabilities with EPs.  Sawteeth
could affect fusion performance on ITER by redistributing
the fusion alphas, helping control impurities in the plasma
core, and they are implicated in the triggering of TMs which
can lead to performance degradation or disruptions. For these
reasons, it is desirable to have a method to control sawteeth
in ITER to minimize their impact on plasma performance.
ICRF heating has been proposed and used for active feedback
sawtooth control on JET [403—406], see section 3. Sawtooth
pacing is expected to be an important capability needed for
ITER to avoid potential giant sawteeth.

The EP population created by minority heating schemes
can either suppress sawteeth (core heating), or trigger sawteeth
by heating near the ¢ = 1 surface. Both on-axis ICRF heat-
ing with notches and modulated ICRF heating outside the g
= 1 surface have been used on JET for sawtooth control. As
already mentioned, long-term suppression of sawteeth lead to
large, typically more deleterious, sawteeth. Sawtooth pacing,
keeping the sawtooth period short with smaller sawteeth can
minimize the deleterious effects of sawteeth. Such pacing has
recently been demonstrated on JET [406]. With on-axis ICRF
heating, the sawtooth period is lengthened, but notches in the
ICRF power, which reduce the core stabilizing EP population,
can trigger sawteeth, reducing the sawtooth period to close to
its natural period. This may not be sufficient for ITER where
the fast-alpha population may result in an excessively long
sawtooth period. Conversely, heating near the g = 1 radius can
trigger sawteeth, but requires dynamic steering of the ICRF
heating deposition radius. ICRF power is considered among
the actuators for sawtooth control in ITER [32]. Owing to the
superconducting nature of the magnet system at ITER, how-
ever, dynamic control can be achieved through variations of
the ICRH frequency only [407].

5.3. Ballooning instabilities

The effects of EP populations on core plasma ballooning
instabilities were initially analyzed in the mid 1980s to early
1990s time period prior to the discovery of EP destabilized
Alfvén gap instabilities. High-n ballooning instability analysis
was a convenient paradigm for the study of EP effects at that
time since the ballooning transformation reduced the usual 3D
MHD mode equations to a 1D ordinary differential equation,
which was well within the computational capabilities of that
period. The earliest models either examined FLR effects [408],
EP diamagnetic drifts [409], or assumed that the EP drifts were
large compared to the frequency of the ballooning mode [410—
412]. The general conclusion of these studies was that the
EP population had a stabilizing effect on ballooning instabil-
ities; the presence of EPs could increase the beta threshold
and open up access between first and second stability regimes.
The reactor profile model assumed at that time was that both
plasma and alpha pressure profiles would be peaked near the
magnetic axis with the expectation that this region would be
the most susceptible to ballooning instabilities. The next step
in model development was removal of the assumption that EP
drifts and transit frequencies were large relative to the bal-
looning mode frequency [413—420] and inclusion of thermal
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ion diamagnetic drifts (resulting in a real frequency ~w.i/2
for the ballooning mode). The trapped alpha particle preces-
sional drift frequency could be comparable to the ballooning
mode real frequency, resulting in the introduction of wave-
particle resonances. These generally had a destabilizing effect
and could degrade ballooning mode stability boundaries.
Figure 25 shows an example of this in the form of an s-
« ballooning stability plot (normalized shear vs. normalized
pressure gradient, s = rq’ /q, « = —87 g*B~>Rodp/dr) for the
case of a slowing-down distribution of deeply trapped alpha
particles. Here o, refers to the normalized pressure gradient
of the core (thermal) plasma, and «y refers to the normalized
pressure gradient of the fast ion component; b; =k p? /2, and
Ap is an equilibrium profile factor with A, = 0.25 indicating
a parabolic pressure profile. The region to the upper right of
these curves is ballooning unstable, while the region to the left
is stable. As the electron temperature is increased, the mean
energy of the alpha distribution increases, resulting in stronger
coupling/destabilization and a blocking off access between
first and second stability regimes. While alpha-destabilized
ballooning instabilities were of concern during this period,
interest rapidly shifted in the early 1990’s to the Alfvén gap
modes and fishbone instabilities since the gap modes were
more global and could exist independently of plasma-driven
instabilities; also there were early observations of the fishbone
instabilities and their ability to eject fast ions. Furthermore,
since ballooning instabilities required higher 3’s than experi-
ments were achieving at those times, they evaded direct obser-
vation. The ballooning analysis technique was also applied
toward the study of high-n Alfvén instabilities [421, 422].
Currently the role of thermal plasma-driven ballooning
instabilities in tokamak operation is seen from a somewhat
different perspective than at the time EP effects on balloon-
ing modes were studied. Access to interesting high perform-
ance advanced tokamak regimes relies on a delicate bal-
ance between pressure and current gradient driven instability
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boundaries [423]. The most likely region for encountering bal-
looning limits is at the pedestal region near the plasma edge.
While this would seem well-removed from the core region
where the alpha pressure is dominant, there will be a trans-
port flux of energetic alphas from the core through the edge
pedestal region, likely enhanced over classical levels by EP
instabilities. Since trapped alpha precessional drifts may res-
onate with and destabilize ballooning modes in this region,
potentially degrading the pedestal region ( limit, this area of
EP physics deserves reexamination taking into account the
newer scenario/profile modeling.

5.4. RWMs

In burning plasmas operated above the no-wall 3-limit, e.g. in
the ITER steady-state scenario, RWMs are prone to become
unstable [424]. The g-profile in this scenario is reversed, and
there are no ITBs. Without a surrounding wall, the plasma
would be stable against kink modes until 3 > 5°° where 8°° is
the no-wall 3-limit. If the plasma was surrounded by an ideally
conducting wall, it would remain stable up to a higher crit-
ical value 3° throughout the so-called wall-stabilized region.
However, real vessel walls have finite resistivity, which leads
to loss of wall-stabilization. RWM s are discussed comprehens-
ively in chapter 4 of this volume [16].

Several tokamaks have operated in the wall-stabilized
region where the interaction between EPs and RWM must be
understood to make predictions for ITER and burning plas-
mas [425-429]. Numerical simulations have shown that damp-
ing resulting from resonance with the precession frequen-
cies of thermal ions or EPs could play a role, in addition to
sound-wave damping and ion Landau damping [32, 430-434].
Thermal kinetic effects on RWM stability in generalized tor-
oidal geometry were assessed, both with perturbative and self-
consistent treatments of the interaction EPs and the RWM dis-
placement. Both thermal particles [435] and alphas [32] stabil-
ize the RWM above the ideal no-wall limit. Finite orbit width
effects of the EPs have been shown to stabilize the RWM,
too [436, 437]. Trapped EPs are stabilizing for the RWM [438]
but, as discussed in section 7.1, the off-axis fishbone, a type of
EPM related to the RWM can be driven unstable when the EP
pressure is sufficiently large.

NSTX experiments investigated the effect of rotation on
RWM stability. For increasing rotation, RWM stability first
improves, then degrades when the mode is in resonance with
the precession frequency of the bulk ions, then improves again
at higher rotation [439]. Experiments at DIII-D varying the
EP distribution have shown a change in the damping of the
RWM as measured by the resonant field amplification [440].
The RWMs were observed to become more stable at lower
rotation. The stabilization due to rotation counteracted the res-
onance between EP precession frequency and the Doppler-
shifted mode frequency.

5.5. ELMs

H-modes in tokamaks have steep edge pressure gradients that
typically drive ELMs unstable, as described comprehensively
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in chapters 3 and 5 of this volume [15, 17]. Recent experiments
at several tokamaks have shown that ELMs eject the edge EP
population to the wall which can form on localized hot spots on
the wall [441]. Velocity-space resolved FILD measurements
indicate that the EPs are significantly accelerated by the ELM
perturbation that cause their losses (figure 14), highlighting
the strong interplay between the EP population at the plasma
edge and the electromagnetic perturbation developed during
an ELM crash [248, 250, 251]. However, it should be noted
that a recent work questions the role of ELMs in producing the
observed fast-ion acceleration. Analysis of the measured lost
ions using neural networks for tomographic reconstructions of
the ion velocity-space suggests that the fast-ion acceleration
might be observed over a wide range of events and not only
correlated with ELMs [244].

Nonlinear 3D kinetic-MHD simulations with the MEGA
code indicate that EPs may play a key role in the non-
linear spatio-temporal structure of ELMs [442]. The interac-
tion between the EP drift orbits at the edge and the electromag-
netic perturbations of ELMs results in wave-particle energy
and momentum exchange, influencing the overall structure of
ELMs. Although ELMs are initially triggered by steep thermal
plasma pressure gradients at the edge, the effects of EP kin-
etics significantly alter various characteristics of ELMs, such
as the growth rate, crash timing, amplitude, frequency spec-
trum, and ballooning structure. In the presence of EP effects, a
broad radial structure leads to a considerable redistribution of
the EPs. MEGA simulations replicate key ELM observations
seen in low-collisionality plasmas with high levels of EPs in
AUG. The simulations show abrupt and sizable type-1 ELM
crashes with frequencies up to 250 kHz. Notably, filamentary
EP losses observed during ELM crashes exhibit a comparable
frequency pattern with dominant frequencies spanning a wide
range up to 250 kHz, gradually reducing in amplitude and fre-
quency in the post-ELM crash phase. Preliminary estimates
predict a strong interaction between alphas and other EPs with
ELMs in ITER (if they are allowed to grow unabated).

6. Linear stability of EP-driven modes

In all tokamaks with significant EP populations, electromag-
netic fluctuations in a wide frequency regime can be observed,
from acoustic up to Alfvénic and IC frequencies. In some
cases they can be excited by externally applied electromag-
netic waves, but typically they are destabilized by resonant
interaction with the EP population. Two types of EP-driven
modes can be distinguished. The first type are the AEs, which
are the normal modes of the MHD equations in toroidal geo-
metry. They reside in gaps in the Alfvén continuum or just out-
side, and their properties are determined by the bulk plasma.
They additionally have kinetically modified branches. The
second type are the EPMs which can reside in the Alfvén con-
tinuum if the drive can overcome the damping. Their proper-
ties are mainly determined by the characteristics of the EPs,
e.g. their characteristic orbital frequencies. Often, these two
types are connected to each other, i.e. the fluctuations start as
AEs and then evolve non-linearly into EPMs.
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A comprehensive and predictive description of a burn-
ing fusion plasma needs global, nonlinear kinetic models and
codes, which we will discuss in section 7. Here, we will focus
on linear stability and on the underlying stable or unstable lin-
ear mode spectrum which is of crucial importance for the ana-
lysis of AE modes for several reasons. First, weakly damped
modes are a prerequisite for the excitation by EPs in many
experimental situations. Second, measured mode structures of
AEs close to marginal stability often agree remarkably well
with linear predictions and thus can be used for Alfvén spec-
troscopy. Third, reduced EP transport models rely on linear
mode information, in particular on the damping rate that bal-
ances the drive in the saturated state. Here, we review basic
concepts of linear theory and summarize recent efforts apply-
ing linear theory to various plasma scenarios of interest. For
further discussion, please refer to the recent review papers [27—
30, 37, 38] and references therein.

6.1. Drive and damping of AEs

The excitation of AEs requires a positive effective growth rate,
so the drive must exceed the damping,

Yeff = “Ydrive — 7damp~ (42)
The drive can be large when the mode frequency resonates
with the gyro-, transit-, bounce- or precession frequencies of
EPs (equations (11) and (14)), which leads to an efficient
energy exchange between the EPs and the mode. Thermal
ions in fusion plasma are usually not fast enough to reson-
ate with Alfvén waves, but the birth speed of alphas exceeds
the Alfvén speed, and hence wave-particle interaction between
the alphas and AEs is possible. Free energy to drive the mode
via inverse Landau damping is available when the phase-space
distribution has spatial gradients or deviates significantly from
a Maxwellian distribution in velocity space, for example by
inverted velocity gradients or anisotropy.

The drive of a distribution via inverse Landau damping
depends on the EP beta ¢ and the gradients in the EP distribu-
tion function. To asses this drive, we take the energy derivative
of the distribution. Since p and £/ = € — wPy /n of a resonat-
ing particle are constant during the wave-particle interaction
for modes in Alfvén frequency range and below (section 2),

we take the energy derivative of the distribution at fixed x and
&' [38]:
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space, we express this anisotropy as a dependence on the nor-
malized magnetic moment A = pBy/E [38]. Then the energy
derivative at fixed Py (butno longer fixed ;1) becomes % r,

3€ |A7P¢ + 95 9k lep, with 5= = —A /€. After insertion into

equation (44), we find three derivatives of the distribution
function that can potentially drive a mode:
A of ’
Eprs)

of of A
(45)

Trive % 5f<wag APy 0Py lne  “EOA

The first term shows that drive is obtained from a posit-
ive gradient in energy, which appears for velocity distribu-
tion function with a bump-on-tail, as was recently studied
in JET DT plasmas [41]. Since the drive is proportional to
the mode frequency, velocity-space gradients can significantly
contribute to driving high-frequency modes. The second term
approximately reflects drive from spatial gradients, which is
often the dominant drive for intermediate- to low-frequency
AEs in present experiments. If we approximate Py ~ Zel) ~
ZerRyBy, the second term becomes [38]

of n Of
n—— ~ =
OPy\ae ~ ZeRoBg Orlne’

(46)

giving an approximation to the drive due to spatial gradients.
The third term reflects drive due to anisotropy of the distribu-
tion. In ITER, about 10% more co-going alphas then counter-
going alphas are expected, an only slightly anisotropic distri-
bution [3]. On the contrary, EP populations from ICRF and
NBI heating are highly anisotropic. This last term is, as the first
term, proportional to the mode frequency and therefore its con-
tribution to the excitation of high-frequency modes could be
significant. Note also that the first and third term do not depend
on the toroidal mode number and are hence the only terms that
can excite low-frequency axisymmetric (n = 0) modes, such as
the EGAM [443] discussed in sections 6.6.3 and 9.2.

Several damping mechanisms need to be considered. The
so-called continuum damping originates from the non-uniform
ion densities and magnetic field, leading to a non-uniform
Alfvén speed. In the cylindrical limit, radial variations lead
typically to a ‘closed” SAWC: for any SAW propagating at a
certain frequency, there is at least one intersection with the
continuum, where the wave resonates. This causes phase mix-
ing of a wave packet with finite Aw at the resonant layer, lead-
ing to dispersion and thus strong continuum damping of the
mode, of order

Yeont X % (kH (r)va (r)) . 47
However, local extrema or coupling of two poloidal harmon-
ics (breaking various symmetries), lead to radially local or
global gaps of the Alfvén continuum where the gradient in
equation (47) vanishes and continuum damping is absent. AEs
can easily be excited in these gaps, which we will discuss in
the next subsection. Other damping mechanisms are thermal
ion and thermal electron Landau damping, electron collisional
damping and radiative damping. These damping mechanisms
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Figure 26. Alfvén continuum for n = 12 in ITER obtained by the ideal MHD code NOVA. The gaps in the continuum correspond to the
BAE, TAE, EAE and BAAE modes. The low frequency BAE gap is due to Alfvén continuum upshift by the coupling of the Alfvénic and
acoustic waves. The BAE gap hosts the GAM solution. This coupling also leads to the formation of a new gap near the rational magnetic
surface called the BAAE gap shown in the insert. Dashed curves in the insert show the coupling of the Alfvénic and acoustic waves. Dashed
horizontal lines correspond to the global eigenmode solutions. Reproduced from [30]. © 2014 IAEA, Vienna. All rights reserved.

require a kinetic description beyond the MHD model since
they rely on the resonant interaction of the thermal ions and
electrons with the mode. Whereas for ion Landau damping
only thermal ions in the Maxwellian tail contribute to the
damping, electron Landau damping has contributions from
passing and trapped electrons, depending on the parallel mode
structure of the perturbation [444]. Radiative damping, which
is often found to be one of the dominant damping mechanisms
in the core of a tokamak, requires a global description, since
the mode-converted kinetic Alfvén wave [445] carries wave
energy away from the gap location via radial propagation and
subsequent electron Landau damping (see also section 6.4.1).

Depending on the effective linear growth rate on the colli-
sionality and on various nonlinear saturation mechanisms to be
discussed in the following, the waves can reach amplitudes up
to 0B/B ~ 1073 in present day experiments. The related radial
transport, here represented by the change of the canonical tor-
oidal angular momentum AP can be understood by using the
Hamilton formalism [446] of the wave-particle system leading
to APy = = A& (see section 2). Note that toroidally symmet-
ric modes with n = 0 that tap energy only from velocity-space
gradients cannot cause radial transport larger than a poloidal
gyroradius [447] unless a topological boundary (e.g. passing-
trapped) is crossed. (Even for AP, = 0, achange in v| implies
a change in U.)
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6.2. Overview of AEs

We will start with a brief overview of the zoology of AEs and
their basic characteristics, ordering them by their character-
istic frequency bands. A typical Alfvén continuum for an ITER
scenario and mode number n = 12 is illustrated in figure 26. At
intermediate frequencies on the order of the Alfvén frequency
much less than the IC frequency, w ~ wa =va/R < wgi, the
toroidicity-induced, ellipticity-induced and non-circular trian-
gularity induced AEs (TAEs, EAEs, and NAEs) are found in
gaps of the shear Alfvén continuum. RSAEs have similar fre-
quencies but sit close to a local maximum of the continuum.
A typical ECE spectrogram with TAEs and RSAEs is shown
in figure 18 in section 4. At high frequencies close to the IC
frequency wei, the GAEs and the CAEs are found, which we
refer to as high-frequency AE modes. At frequencies much
lower than the Alfvén frequency, the BAEs and the BAAEs
are found, which we refer to as low-frequency AE modes.
These modes depend on pressure effects and can be described
within the MHD model. A spectrogram from the TIP proto-
type installed at DIII- D showing BAEs and RSAEs appears
in figure 17 in section 4. Finally, the LFAMs have frequen-
cies down to the diamagnetic frequencies (not illustrated in
figure 26) and require a kinetic description (see discussion
below).
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Next, we will estimate the location and frequencies of the
TAEs, EAEs and NAEs. For low frequencies compared with
the IC frequency and neglecting kinetic effects, the dispersion
relation of shear Alfvén waves in a uniform magnetic field is

w=k I VA, (48)
where v4 = B/ VHopm s the Alfvén velocity. In a toroidal
plasma with a safety factor profile g, discrete modes with
a toroidal mode number n and a poloidal mode number m
form. Periodicity demands that the parallel wave number be
given by

k= (n—m/q)/R.

Gaps in the shear Alfvén continuum arise when two counter-
propagating waves with the same toroidal mode number and
close-by poloidal mode numbers couple. The mode surface
locations, frequencies and resonance conditions with EPs can
then be found by solving

(49)

k\|,m+k\|,m+Am =0 50)

where A,, = {1,2,3,...} and using equations (48) and (49).
The first three values of A, ={1,2,3,...} correspond to
the TAEs, EAEs, and NAEs. For example, for TAEs we set
Ay, = 1giving (n —m/qrag) /R+ (n — (m+1)/qrag) /R=0
and hence

grae = (m+1/2) /n, (51)
ki tag = 1/ (2gTaeR), (52)
wrag = 1/ (2gragR) va. (53)

In terms of the Alfvén frequency wa = va /R, we get wrag =
wa/(2gTag). Inserting w = wrag and the drift orbital frequen-
cies wy and wy (section 2) for the mode surface location grag
into the resonance condition,
nwe + (m+ 1wy —w=0, (54)
with arbitrary poloidal harmonic integers / yields the reson-
ances v|| = va/(2(m+1) + 1). So EPs and TAEs can resonate
for v =va,va/3,va/5 and so on. The mode locations, par-
allel wavenumbers, frequencies and resonances of EAEs and
NAE:s can be found in the same way for Am = 2 and Am = 3.
The mode locations and frequencies of TAEs, EAEs and NAEs
as well as other AEs discussed in the following are summar-
ized in table 4. The mode width in the minor radius coordin-
ate can be estimated as Apg = rag/m where rag is the minor
radius coordinate where g(rag) = gag. If the mode width is
comparable to the drift orbit width of a resonant EP, Apg ~ 4,
the power transfer between EPs and AEs is typically largest.
Alphas in ITER can fulfill the resonance condition v = va. In
recent JET DT experiments, TAEs outside the core region were
found to be driven by alphas [40], as anticipated in DD after-
glow experiments [448]. TAEs in the core region were pre-
dicted to be strongly damped by the thermal plasma.
Reversed shear AEs (RSAEs) are located at the shear
reversal point for g-profiles with a local minimum, guy;n,
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appearing due to non-monotonic current profiles. This leads
to a local maximum in the SAWC where the radial deriv-
atives and hence the continuum damping vanish, Yeone ~ 0
(equation (47)). The parallel wave number of the RSAE
is kj = |n—m/qmin|/R, giving the frequency wrsag = |n —
m/ gmin|wa. Alfvén spectroscopy exploits this relation between
gmin and the RSAE frequency to infer the evolution of the
g-profile from the measured mode frequencies. Often gmin
decreases during plasma discharges, leading to an increas-
ing RSAE frequency. When several RSAEs appear at rational
gmin, they are also called ‘Alfvén cascades’ (ACs) [449].

Global AEs (GAEs) and compressional AEs (CAEs) are
high-frequency AEs. GAEs are related to extrema, typically
minima, of the global SAWC for the minimum Alfvén fre-
quency w ~ min(wy ). They are located at ¢ = m/n. The GAE
frequency is often higher than the TAE frequency, but it can
also be in the same frequency range. Formally this branch
arises from the combined effects of finite w/wc; and the equi-
librium current density gradient, but the IC effects may be
dropped in typical fusion plasma regimes [450].

The CAEs have frequencies in the range of the IC fre-
quency, often higher. Whereas the AEs discussed so far are
typically excited by spatial gradients, the CAEs are typically
excited by velocity-space gradients, as w in the drive term is
large. CAEs are thought to be connected with ICE and are
hence of strong interest for diagnostic purposes in burning
plasmas.

Beta-induced AEs (BAEs), which are Alfvénic modes in
the continuum gap at ¢ =m/n caused by finite plasma f,
are related to the geodesic curvature [451-455]. The BAE
frequency is wpag = \/5i(7/4 + T /Ti)wa. The electrostatic
GAM [456] has the same frequency and 3 dependence. The
BAAE gaps [457-459] are induced by the coupling of the
SAW and the m + 1 sound wave branches. This coupling is
reflected by the intrinsically mixed polarization of BAAEs,
neither purely Alfvénic nor purely compressional, which has
important consequences for the damping of the modes [460—
462]. Higher-order geodesic Alfvén-acoustic couplings and
gaps can be found when taking plasma shaping into account,
in particular elongation [463]. The low frequency BAAE gap
can be computed analytically [458] which was later repro-
duced in [464]. The BAAE gap structure was recently reex-
amined [465, 466] where the coupling with the neighboring
acoustic harmonics was ignored [467].

All branches are modified in the kinetic description com-
pared to the MHD limit described so far, and new, purely kin-
etic branches arise. In particular, the low-frequency part can be
strongly influenced by diamagnetic effects and kinetic effects
of the thermal ion transit or bounce drift motion with charac-
teristic frequencies w,; and wy; ¢. Here,

+ Tib % Vni VTi k
Wxi = Wxni T WxTi = .
"\ ZeB n T
T,‘ 1 8ni
2 — 147
ZeB i 5‘r( + 1) kim0 (55)

where k,, 9 =~ —m/r is the poloidal wave number and 7;
%logTi/%logni.
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Table 4. Summary of basic properties of various AE branches.
TAE: toroidal AE, EAE: ellipticity-induced AE, NAE:
non-circularity-induced AE, RSAE: reversed-shear AE, GAE:
global AE, BAE: beta-induced AE, BAAE: beta-induced acoustic
AE. LFAM: low-frequency Alfvén modes.

Mode Ay q w/wa

TAE 1 (m+1/2)/n 1/2¢

EAE 2 (m+1)/n 1/q

NAE 3 (m+3/2)/n 3/2q

RSAE? 0 Gmin M/ qmin(t) — 1

GAE 0 m/n min[wa (r)]/wa

BAE 0 m/n Gi(7/4+T./T;)
BAAE® 1 ~m/n (n—m/q)/\/1+ 24>
LFAM® 0 m/n ~0.5w.i fwa

2 RSAEs only exist at frequencies larger than the BAE frequency.

b For the BAAEs in the MHD limit, we quote a simplified expansion around
the rational surface according to [458, 465, 466].

¢ For LFAM please refer to further details in the text.

General dispersion relations including finite orbit width
effects have been derived [454, 462, 468—470] and implemen-
ted in various codes [29, 471, 472]. The general fishbone-like
dispersion relation (see also section 7.2), relying on the separa-
tion of scales between the singular and regular layers, includes
additional expressions for the EP contribution to the EP-drive
and the thresholds to EPM branches that exist for all the modes
discussed above [37, 418]. The EPM branches often emerge
from the least damped part of the spectrum where the drive
can overcome continuum damping.

As already mentioned, an overview over some of the prop-
erties of AEs are given in table 4. It should be noted, however,
that these expressions describe the gap locations, whereas the
equilibrium non-uniformities have to be considered for cal-
culating the global mode frequencies, since they remove the
degeneracy with the continua. Thus, in many cases of practical
interest global simulations are required for quantitative com-
parisons. Useful approximate formulas including finite beta
effects, ellipticity and triangularity for many AEs are given
in [473] and in the appendix of [474]. For BAAEs and the
LFAMs with frequencies w ~ wyj g ~ wsi, the kinetic disper-
sion relation has to be solved, including ellipticity [475] and
trapped particle contributions [461, 462, 464, 469, 476, 477].

6.3. AE eigenfunction

The AE eigenfunction is important because its structure
determines both the resonance condition (equation (11)) and
the amount of energy the particle exchanges with the wave.
By definition, a resonant particle is one that encounters the
same wave phase on multiple orbits [31]. Consequently, the
net linear energy transferred per orbit A€ is the integral of the
instantaneous power transfer (given in equation (12)) averaged
over a complete orbit,

A& = Ze&ééE -dl. (56)
Equation (56) implies that the eigenfunction must be known
accurately to calculate the drive term ~gve correctly so,
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in order to determine the stability threshold correctly, both
the eigenfunction and the resonant orbits need to be known
accurately.

Fortunately, the linear mode structures of all AEs are well
understood. There are three directions to consider: the tor-
oidal mode number n, the poloidal structure that is (in general)
a combination of different mode numbers m, and the radial
structure. The most unstable toroidal mode number occurs
when the eigenfunction and EP orbit are comparable in size.
In the simplest theory of AEs driven by the spatial gradi-
ent, the EP drive is proportional to the EP diamagnetic drift

frequency w.y
- (2 ()

with Tierr = [Vfidv. If f is separable as f(E,u,Py) =
n(r)f(E, ), a simplified expression is
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where kg =~ —m/r is the poloidal wave number and 7 =
%log Tttt/ % logn;. The EP diamagnetic drift frequency is
linearly proportional to the poloidal mode number m ~n -
q [478]. However, the radial extent of the eigenfunction tends
to decrease with increasing toroidal mode number n so, when
the EP orbit size significantly exceeds the spatial extent of
the mode, the energy exchanged with the wave A€ decreases,
reducing the EP drive [479]. The most unstable toroidal mode
number occurs when the spatial extent and orbit size are com-
parable, an expectation that is roughly consistent with exper-
iment [480]. Because of the large size and magnetic field of
ITER, this scaling predicts that the most unstable toroidal
mode numbers n in ITER will be many times larger than in
most contemporary experiments; an ITPA benchmark study
(see section 6.4.4) predicts that mode numbers between n ~ 20
and n =~ 30 will be most unstable.

Available measurements of the poloidal structure agree
with the expectations summarized in table 4. For example,
SXR measurements of the poloidal structure of a GAE are con-
sistent with a single m; in contrast, nearly equal values of m and
m + 1 describe a TAE [481]. Similarly, EC emission images of
an RSAE at the start of the frequency sweep are consistent with
a single m [482, 483], as expected.

The predicted radial structure has also been compared with
experiment. In the example shown in figure 18 in section 4, the
radial amplitude profile measured along the midplane agrees
well with ideal MHD theory for both an RSAE (figure 18(0))
and a TAE (figure 18(c)) [280]. Another example of excellent
agreement between the TAE radial amplitude profile and ideal
MHD theory appears in [484]. RSAEs with the same toroidal
mode number can appear with different radial mode numbers;
the lowest radial mode is approximately Gaussian in shape but
higher radial mode numbers contain nodes [483, 484].
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Many authors have noted that the AE radial phase profile
depends upon the radial location of EP drive and wave damp-
ing. For example, a thorough theoretical overview of the con-
nection between localized sources and sinks of energy, energy
and momentum transport, and mode structure appears in [485].
Experimental observations of radial phase variation are com-
monplace for both TAEs and RSAEs [482, 484, 486, 487]. A
recent paper [488] conducted a comprehensive survey of thou-
sands of RSAE and TAE mode structure measurements from
DIII-D beam-heated discharges. Amidst extremely large vari-
ability in the radial phase profile, the phase profile for a typical
RSAE is approximately flat, while a typical TAE often has a
phase ramp at large major radius. The authors speculate that
the typical TAE radial phase profile reflects power flow from
smaller minor radius (where the EP gradient and hence power
flow from the EPs is large) to edge regions (where wave damp-
ing predominates).

During the current ramp phase of the discharge, RSAEs
often first appear when g, is a rational number, then the mode
sweeps upward in frequency as the g-profile evolves [268].
Observations of RSAEs that sweep downward in frequency
to a minimum at the time of the rational gy, crossing are rel-
atively rare; for example, < 1% of JET cases surveyed were
downward sweeping [489]. Proposed theoretical explanations
for the enhanced stability of downward-sweeping RSAEs are
summarized in [490]. Experimentally, the radial eigenfunc-
tions of downward-sweeping and upward-sweeping RSAEs
are very similar [490].

Despite its importance for correct mode identification and
stability calculations, measurements of mode polarization are
rare. Recently, however, a method to infer the parallel com-
ponent of the vector potential 0A) and the effective parallel
electrostatic potential d¢| = d¢ — wdA|/ck from measure-
ments of electron temperature and density 67, and on, was
developed [491]. Application of the method to instabilities in
DII-D shows that RSAEs and TAEs have small values of d¢
(as expected for shear Alfvén wave polarization) but lower fre-
quency modes often have appreciable electrostatic potentials.

It should be noted that the measured AE mode structure
is already in the nonlinear phase. Nonlinear simulations with
the gyrokinetic code GTC found that the AE eigenfunction
shifts radially in time as the EP gradient evolves, as observed
experimentally [492]. A computationally expensive nonlinear
simulation with the MEGA code achieved good agreement
with experimental eigenfunction measurements for both mode
amplitude and radial amplitude and phase profiles [493]. (This
MEGA simulation modeled the EPs kinetically and the bulk
plasma with resistive MHD.)

6.4. Alfvén frequency range: TAEs, EAEs, and RSAEs

Here we consider AEs in the intermediate frequency range
on the order of the Alfvén frequency (TAEs and EAEs) and
RSAE:s or ACs with frequencies typically below the TAE fre-
quency. Neutral beam, ICRF-accelerated, and energetic elec-
tron populations have driven these AEs unstable in virtually
all toroidal magnetic confinement configurations [494]. TAEs
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and EAEs driven by electrons during lower-hybrid heating
have been observed on EAST [495]. Alpha-driven TAEs were
observed on TFTR [294] and in the recent DT campaign at JET
using magnetics, SXR, interferometry and reflectometry dia-
gnostics [40]. At JET, it was clear that alphas drove the TAEs
since they were observed in an afterglow experiment 50 ms
after NBIs had been turned off and fusion alphas were still
being produced, as illustrated in figure 27. The observed mode
was found on the outboard midplane and was driven by both
trapped and passing alphas originating from the plasma core.

6.4.1. Perturbative and non-perturbative simulations.  EP-
driven instabilities are often described by a perturbative
approach, i.e. the waves are linear eigenmodes of the bulk
plasma and their frequencies and spatial structures are determ-
ined by the bulk plasma only. However, to model AEs with
shear Alfvén polarization accurately, the descriptions of the
interaction of EPs require the more sophisticated global, non-
perturbative approach [496]. The term non-perturbative means
that the simpler perturbative approach cannot be applied since
the interaction between the EPs and the modes is too strong,
and so the mode properties are not only determined by the bulk
plasma, but also by the EPs. Non-perturbative eigenmode fea-
tures also arise when the coupling to kinetic Alfvén waves is
considered.

For the assessment of the damping, usually the gap struc-
ture is analyzed first in order to find regions without continuum
damping. It is important to realize that some of these modes
are in between rational surfaces ¢ = m/n, e.g. the TAE grag =
(m+ 1/2)/n, whereas others reside at rational surfaces with
very small k. Both electron and ion Landau damping depend
very sensitively on kH, since the ratio of w/kuvth,i,e enters
the damping rate exponentially [497]. Close to k; =0, ion
Landau damping can only occur through sidebands, and elec-
tron Landau damping can be dominated by trapped electrons.
For TAEs, the high-energy tail of the thermal Maxwellian
ions can contribute to the damping of the two main harmon-
ics, whereas electron Landau damping depends critically on
the background non-uniformities, i.e. the distance to the next
rational surface [444]. Often trapped electrons dominate the
damping, and thus also trapped-electron collisional damping
has to be considered [498, 499].

The coupling of global modes to the KAW introduces short
wavelength-scales on the order of the ion Larmor radius py;
into the system, constituting the microscale. Formally, this
coupling arises due to the ion polarization term and FLR con-
tributions in the coupled system of quasi-neutrality and the
gyrokinetic momentum equation causing finite £ [500] that
is dissipated by electron Landau damping. Since the damp-
ing scales with ~(k pLi)z, the mode structure needs to be cal-
culated non-perturbatively. A non-ideal parameter [445, 501]
can be derived for a local estimate of the KAW coupling, but,
for global modes with various (radial) contributions to the
radiative damping, this can lead to difficulties when interpret-
ing experimental measurements. This issue was pointed out
in [502, 503], but the strongly coupled TAE-KAW wavefield
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Figure 27. Mode observations during the afterglow in JET DT shot #99 946. From top to bottom: Fusion neutron rate, NBI power, Fourier
spectra from interferometry, and SXR emission. The TAE appears in both spectra at 7.05 s with frequency 115 kHz (circled). Reproduced

from [40]. © 2023 Crown copyright, UKAEA CC BY 4.0.

found in this work could not be reproduced with modern
gyrokinetic codes, except when electron Landau damping is
artificially reduced or omitted [504, 505].

This multi-scale, non-perturbative nature of the problem
and the requirements for low-frequency modes (section 6.2)
motivated various studies using global, fully self-consistent,
gyrokinetic simulations that can simultaneously resolve
micro- and mesoscales to map out the linear stability bound-
aries quantitatively and to accurately predict the nonlinear sat-
uration amplitude and transport level for contemporary and
future fusion devices. We will deal with non-perturbative
approaches in section 7.

6.4.2. AE antenna measurements and benchmarks. A
powerful way to probe the linear stability of AEs is to
launch waves with an external antenna [506]. By sweeping
the antenna frequency across the resonance and detecting the
response with fast magnetic coils, the resonant frequency w,
net damping rate «/w, and toroidal mode number n of the
mode can be inferred. These are then compared with the-
ory and numerical simulations, improving extrapolations to
future burning plasma operations such as in ITER and DEMO.
Measurements of «/w are particularly valuable, as the mode
drive must exceed mode damping for linear instability. Since
the method is most sensitive to modes with radial eigenfunc-
tions that are appreciable near the antenna, TAEs, EAEs, or
globally extended GAEs are usually studied [507]; for similar
reasons, low-n modes are more readily detected than high-n
modes.

40

The Alfvén antenna technique was introduced at JET [508].
After around 15 years and more than 100 000 individual damp-
ing rate «y/w measurements, the original saddle coil system
used for the active excitation of low-frequency AEs in JET
was replaced with a set of eight, small and localized in-vessel
antennas capable of driving AEs with higher toroidal mode
numbers. Recall that these higher mode numbers are relev-
ant for ITER and future burning plasma experiments. Details
on the design of these new antennas and on the first results
obtained with this system can be found in [509-515]. The sys-
tem can drive, detect and track individual AEs for a given
range of toroidal mode numbers [516, 517].

These first sets of measurements were then followed by
a full campaign, totaling more than 30000 ~y/w measure-
ments for individual toroidal mode numbers, now ranging
from the low-n previously probed with the saddle coil sys-
tem (still a majority, covering about 50% of the measure-
ments) to modes up to |n| = 10-12. Details of these meas-
urements, which covered the analysis of the dependence of
~/w for higher n modes on the edge plasma shape and on
the plasma isotopic composition can be found in [518-520].
One important result is that the damping rate tends to increase
with increasing plasma isotope mass (figure 28). The first
detailed comparisons with theory for these higher-n modes can
be found in [513, 521-523], and the first use of these higher-n
modes for MHD spectroscopy of the plasma isotopic compos-
ition can be found in [524].

A dedicated ITPA EP group effort aimed to understand
the damping rates as measured by the JET TAE antenna.
Perturbative, fluid codes and non-perturbative, kinetic codes
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Figure 28. JET antenna measurements of the damping rate and the
mode frequency for n =7 TAEs as a function of the effective
isotope mass for modes with frequencies near the bottom (left),
center (middle), and top (right) of the TAE gap. The damping rate
increases strongly with increasing mass in all cases. Reproduced
from [520]. © 2012 IAEA, Vienna. All rights reserved.
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Figure 29. ITPA benchmark and validation study: JET elongation
scan comparing the damping rates of the TAE antenna with various
code results; see also section 6.4.2. All involved codes captured the
experimental trend of an increasing damping rate for increasing
elongation. Reproduced with permission from [525].

were benchmarked against each other and validated against
experimental antenna results from JET for an elongation scan
(figure 29 [525]). In this study, all codes captured the experi-
mental trend, showing that radiative damping is the dominant
contribution (see also [526]) for an open TAE gap (no con-
tinuum damping). However, figure 30 demonstrates that the
damping in general cannot be estimated by one set of local
parameters, since the global mode structure can cause both
core and edge KAW coupling.

Over the past few years, an upgraded JET antenna dia-
gnostic [530-535] has been operated on nearly a thousand
JET plasma discharges, measuring thousands of stable AE
resonances. Analysis of data collected during the 2019-2020
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Figure 30. ITPA benchmark and validation study: the radial
absorption profile for a global n =3 TAE based on JET discharge
#77788,10.157s as calculated by LEMAN [527, 528] and
LIGKA [529], normalized to the LEMAN result y/w = 0.95%
[525]; see also section 6.4.2. The damping in general cannot be
estimated by one set of local parameters. Reproduced with
permission from [525].
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Figure 31. Normalized damping rate as a function of the non-ideal
parameter A that is associated with radiative damping for a large
database of JET antenna measurements. The correlation with A is
the strongest dependence in the database. Reproduced from [542].
© 2022 Crown copyright. Reproduced with the permission of the
Controller of Her Majesty’s Stationery Office. All rights reserved.

JET campaign of mainly deuterium plasmas has been repor-
ted, including comparisons with gyrokinetic codes [536-540].
Statistical analysis of these data shows that, as expected, the
damping rate is correlated with parameters that are related to
continuum damping and radiative damping. Since the edge
safety factor determines if the TAE gap is open or closed at
the edge, the importance of continuum damping is reflected in
a statistically significant dependence on gos [541]. (qos is the
safety factor at the surface the contains 95% of the poloidal
flux.) The measured damping rate also correlates strongly with
the non-ideal parameter associated with the FLR effects that
cause radiative damping (figure 31) [541].

In recent work, a marginally stable AE was tracked by
the JET antenna diagnostic in real-time in a discharge with
25 MW of external heating [542]. Interestingly, the AE was
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deduced to be an edge-localized EAE with a lab-frame fre-
quency aligned with the core TAE gap. AEs were also mon-
itored from destabilization through stabilization in a JET EP
experiment [128].

AE antenna studies have also been conducted on MAST
and C-Mod [543]. In C-Mod, damping-rate measurements for
inner wall limited and diverted cases over a range of tor-
oidal mode numbers 4 < |n| < 9 were compared with NOVA-
K calculations that included continuum and radiative damp-
ing [544]. Good agreement between the measurements and
theoretical calculations were obtained but the results depended
sensitively on the assumed g-profile.

6.4.3. Code benchmarks. The ITPA EP group has per-
formed several code benchmark studies on various machines.
A detailed study of damping mechanisms for AEs, that suc-
cessfully compares eigenvalue and initial value gyrokinetic
codes for an AUG case, can be found in [545]. It should be
noted that a straightforward comparison of numerical results
with the general nonlinear theory 7.2 can be carried out by
adopting the mode structure decomposition approach [546]
and the ballooning formalism [471, 547].

For benchmarking the linear drive, also in the non-
perturbative regime, a synthetic test case with aspect ratio 10
has been set up within the ITPA EP group [548]. Eleven codes
with a broad variation in the physical and numerical models
participated. The eigenfunctions as well as mode frequencies
match in a satisfactory way. The growth rates were within
around 20%. However, they are found to depend strongly on
the complexity of the model (see figure 32). Further code
verification is necessary to improve the match of the res-
ults by including further physical effects. Furthermore, it was
found that the mode frequency and mode structure of TAEs
can change in the presence of a considerable EP popula-
tion, as also documented for a DIII-D case [492]. This work
also found symmetry breaking effects of TAEs due to the
EPs. Such effects were analyzed in more detail for BAEs
and RSAEs [550-553]: an asymmetry in the EP gradient with
respect to the rational surface of the modes leads to finite k, and
tear-drop shaped 2D mode structures in excellent agreement
with measurements [351, 482, 483, 549, 554-556], which can
lead to enhanced radial energy transport [557].

Extensive studies of RSAEs have been carried out on DIII-
D [494]. RSAEs on spherical tokamaks have been found to be
largely suppressed due to their relatively higher 8 [558]. A lin-
ear RSAE benchmark and a comparison between simulations
and experiments based on a DIII-D discharge (figure 33) [554,
559] was done with modern gyrokinetic and gyrokinetic-MHD
codes. RSAE frequencies and mode structures for n =4,5,6
of eight participating codes agree very well with the exper-
iment as measured by ECEIL. The RSAE frequencies differ
by less than 5% whereas the growth rates differ by about
20%. It is found that pressure gradients of the thermal plasma
make a significant contribution to the growth rates. The dif-
ferences become larger when the RSAE-TAE transition is
approached by varying g. Due to the open SAWC gap, vari-
ous TAEs closely spaced in the frequency domain but with
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Figure 32. Comparison of growth rates computed with various
codes including FLR effects for an n = —6 TAE. The dashed line
from CAS3D-K is valid in the limit of zero orbit width (small
energies) and is shown for comparison. The shaded grey area marks
the +20% margin around the mean value. Reproduced from [548].
© EURATOM 2018. All rights reserved.

different radial structures can co-exist. Moreover, using a cal-
culated EP profile that takes diffusion by multiple unstable
modes into account, a TAE with n = 6 is found to be unstable
at the outer edge, which is consistent with the experimental
observations. Finally, electron temperature fluctuations and
radial phase shifts from simulations show no significant differ-
ences with the experimental data for the strong n =4 RSAE,
but significant differences for the weak n =6 TAEs. Other
DIII-D stability studies have found: (1) that flattening the EP
spatial gradient with off-axis beams stabilizes RSAEs, con-
sistent with TAEFL stability calculations [560], (2) that cre-
ation of a bump-on-tail feature in the beam-ion velocity dis-
tribution has little impact on TAE and RSAE stability, con-
sistent with MEGA calculations [561], and (3) that, owing
to their longer slowing-down time, deuterium beams drive
RSAEs more strongly than hydrogen beams, as predicted by
MEGA [562].

Gyrokinetic simulations can incorporate realistic toroidal
geometry and comprehensive physics such as effects of equi-
librium currents [563] and compressible magnetic perturba-
tions [564]. As discussed above, these simulations find that
accurate damping and growth rate calculations require non-
perturbative, fully self-consistent simulations to calculate the
true mode structure. The radial position of the AEs can
move with the location of the strongest EP pressure gradi-
ents as confirmed by experimental data [492]. Further valid-
ation of gyrokinetic simulations of TAEs have been carried
out on many tokamaks including KSTAR [566], HL-2A [567],
AUG [545, 568, 569] and JET [539, 570].

6.4.4. ITER predictions.  Based on scenario simulations
using the ASTRA code [571] (very similar to simulations
stored under #131018,50 in the ITER IMAS database), the
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Figure 33. Comparison of the linear dispersion relation calculated
with various codes for an RSAE in DIII-D shot 158 243 at 805 ms.
Top: real frequencies. Bottom: growth rates. The plot markers are
diamond, star, and circle for the gyrokinetic, kinetic-MHD, and
perturbative eigenvalue codes, respectively. Reproduced from [559].
© EURATOM 2019. All rights reserved.

ITPA EP group motivated a study concerning TAE stability
and related EP transport for the standard ITER Q =10, 15 MA
scenario. Various groups contributed to this study [32, 572—
580], extending previous studies [581, 582]. It is encouraging
to observe, that all studies using nearly identical profiles pre-
dict only weakly unstable TAEs with small or negligible EP
transport. As mentioned above, the range of the most unstable
mode numbers lies between n = 20-30. However, it has to be
noted that the n-number spectrum of the most unstable linear
modes varies significantly, depending on the model and the
details of the safety factor profile. This leads to different res-
ults when carrying out sensitivity scans in order to determine
the thresholds for benign AE transport. For example, density
peaking effects not included in the ASTRA simulations may
lead to steeper alpha gradients. It has been shown in [580]
that global gyrokinetic models [583] and gyrokinetic-MHD
models [529, 584] agree reasonably well on linear and nonlin-
ear features, emphasizing the importance of the linearly stable
spectrum in the nonlinear phases. It should be noted that for
this comparison neither collisions nor ZFs were included for
benchmark reasons. Relaxing these simplifications is an ongo-
ing effort (see section 7.3) needed for an increasingly realistic
description and prediction of a burning fusion plasma. Recent
developments try to mitigate the problem of exponential sens-
itivity of the mode stability with respect to the background pro-
files by setting up integrated automatic workflows that com-
bine equilibrium evolution and linear stability, in order to cor-
rectly capture parametric dependencies (e.g during ramp-up or
during heating power scans) [576, 585].

Apart from the 15 MA scenario, also various studies of the
9 MA steady-state ITER scenario have been carried out [572,
586, 587]. Similar mode number ranges are found to be
unstable (again with a strong dependence on the background
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profile details), but in this case RSAEs, RSAE/TAE hybrids,
and BAEs are expected to be the most unstable modes, rather
then TAEs. Significant EP transport was predicted for nom-
inal parameters [586], hinting to the necessity to include this
EP transport in the scenario modeling in order to obtain con-
sistent background and EP profiles that may deviate consider-
ably from neoclassical values. Further, the drive due to off-axis
neutral beam heating is expected to be more significant than in
the 15 MA scenario [587].

6.5. High-frequency modes: CAEs and GAEs

Significant progress has been achieved in understanding and
modeling of modes with frequencies in the IC frequency range
(higher than wy) since the publication of the Progress in the
ITER Physics Basis [20]. This frequency band includes the
compressional and the global Alfvén eigenmodes (CAEs and
GAE:s). These modes do not cause strong transport of EPs in
radius but they do cause transport in energy. They are primar-
ily connected with the ICE phenomena. The physics of CAEs
in particular and its relationship with ICE is discussed in two
review papers [186, 588]. Here we present a brief introduc-
tion to GAEs and CAEs. These modes have been found in
low aspect ratio tokamaks [589-592] and in the conventional
aspect ratio tokamaks DIII-D [593] and AUG [191, 594, 595].
Experiments have studied the parametric stability boundaries
for a wide variety of EP-driven modes in NSTX [596].

6.5.1. CAEs. CAE linear stability theory has potentially
attractive prospects for understanding ICE as a potential EP
diagnostics (see section 6.5.3). The main elements of CAE lin-
ear stability theory have been developed [597].

CAE theory can be presented heuristically on the basis of
the fast Alfvén wave dispersion relation, wcag = k) va for
kH <k, as expected for these modes in tokamaks [598].
The CAE dispersion relation can be used to obtain an eigen-
value equation for the dominant magnetic perturbation 0B,
i.e. K3 0B = (wiap/vA) OB) where K7 is treated as a differ-
ential operator [599]. To leading order in inverse aspect ratio
€ = r/R, this equation becomes

10 0 1 0°
ror o P12 g B
W(ZZAE n(r)

(59)

where r is the minor radius coordinate, 6 is the poloidal angle,
n(r) /ng is the plasma density normalized to its value on the
magnetic axis, and v (0) is the Alfvén speed on axis. The coef-
ficient of 6B on the right hand side plays the role of an effect-
ive potential and has a minimum absolute value in the low field
side midplane. Within the heuristic approach we follow here,
CAEs are located in the vicinity of this minimum.

Radially localized CAE solutions can be found for poten-
tial wells which are narrow and deep in the radial direction
and shallow and long in the poloidal direction. The CAE pol-
oidal wavelength is then shorter than the radial wavelength.
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This justifies the choice of the eikonal for the following pol-
oidal mode structure [598]:

OB (r,0) = b(r,0)exp [—iwt + im (6 + o sinf) — ing] ,
(60)

where ¢ is the toroidal angle, (m, n) are the poloidal and tor-
oidal mode numbers, and the subscript O denotes the value
taken at the minimum of the local effective potential well,
r = ry. Because the potential well is typically poloidally elong-
ated in tokamaks, the wave number components of CAEs have
the ordering

ko > kg >k, ©61)

as also found in CAE stability theory.

Because of the complexity of the above eikonal, the real-
istic CAE dispersion relation is difficult to analyze and com-
pare with experiments. For example, the theoretical methods
employed in [600, 601] are based on the assumption for the
eikonal and so are approximate. Instead, a heuristic dispersion
relation of CAEs [602] leads to the identification of charac-
teristic lengthscales and corresponding ‘quantum’ numbers in
each of three relevant directions: the toroidal mode number,
n, associated with the major radius R; radial mode number, S,
associated with the radial width of the effective potential in
the radial direction, and the poloidal mode number, M, associ-
ated with the plasma minor radius. The CAE mode frequency

is then
).

which is consistent with the tokamak ordering (61).

CAE solutions obtained numerically [602] using the ideal
MHD code NOVA agree with the dispersion relation (62)
which is consistent with the eikonal (60). It was also
found to be consistent with numerical frequency splitting
for low n=(0,1) but not for higher n due to the strong
coupling of the dominant compressional Alfvénic polariza-
tion of CAEs and the shear Alfvénic polarization of KAW
structures. This may mask the observed frequency splitting
because, in experiments, the most unstable modes are excited
first [603], and they likely have high toroidal mode numbers,
n > 1 [604-606]. Numerical simulations show the complic-
ated CAE dispersion relation which only qualitatively agrees
with equation (62). This is due to finite k| and w Jw, effects as
was pointed out recently [607].

One new finding in CAE theory is that the shift of the
eigenmode frequencies depends on the sign of CAE poloidal
mode number m. For a plasma cross section with ellipticity ,
the CAE eigenfrequencies were found to be asymmetric with
respect to the sign of the poloidal mode number [608]:
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where * represents location of the eigenmode, ’ the radial
derivative, and o, = m/|m|. The location of the eigenmode is
given by

24 r(Inpy)’
Va N 24 r(Inpy)’
— O In pr ——— =0, (64
7ty T iy

where py, is the plasma density, wq; is the thermal IC frequency.

The expression for CAE growth rate was obtained in the
tokamak approximation, which neglects k| and assumes high
frequencies, w/wc; > 1 [588, 609]:

ﬂecB

3

oW veeeh
wei wgwfi ﬁAroRo
EXull? [0 lwg 0]~
X dPydEduP =L =L | 2
;/ - R L

(65)

where wy, is the plasma frequency, E; = Eof(r,6) is the CAE
structure in the poloidal cross section required for proper aver-
aging of the local growth rate expression, A is its radial mode
width, * =87/ |4 (lwe; +wp) | is the resonant factor account-
ing for phase variation of wave particle interaction near the res-
onance, J; is the Bessel function of order / with the argument
z =k, prs, and py ¢ is the Larmor radius of the EPs. The reson-
ance condition is then w — lw; (r,0) — wp (r,0) = 0 which is
to be evaluated along the EP drift orbit.

6.5.2. GAEs. GAE modes were found theoretically, with
q =m/n and the frequencies just below the minimum of the
ideal MHD shear Alfvén continuum [610], and experimentally
in tokamaks when plasma was heated by ICRF at frequencies
lower than the cyclotron frequency [611]. These modes, called
GAESs, are localized in radial direction near the continuum
minimum point outside the plasma center [612]. These modes
are also called the conventional GAEs, when their frequency
is just below the Alfvén continuum minimum point where the
GAE mode structure is localized. The so-called NGAEs are
found in stellarators [613] and in helical plasmas. They were
studied theoretically in an attempt to explain sudden drops of
the plasma beta during the low-frequency instabilities in the
W7-AS shearless stellarator due to subsequent electron heat-
ing of the plasma periphery. According to [613], NGAEs have
frequencies above the maximum of the Alfvén continuum.
The GAE dispersion relation, wa = k” v, offers an efficient
way to identify the modes, such as at NSTX [605], especially
if the GAE frequency signal peaks overlap with each other,
and their poloidal and toroidal numbers are known. Indeed,
GAE modes with different (11, n) mode number pairs not only
have different frequencies but they also have distinguishable
temporal frequency patterns which was confirmed by direct
comparison with the Alfvén wave dispersion relation [614].
Estimates of the GAE growth rate were made from the time-
dependence of the frequency chirps and compared with more
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traditional estimates based on the growth and decay rates of
mode bursts [591, 615]. These estimates were found to agree
well with numerical estimates by the HYM code. The fre-
quency and mode number dependence of GAEs on the TF and
the EP distribution function has been documented in NSTX
and NSTX-U [615].

In DII-D, sub-cyclotron modes were originally identified
as CAEs [593] but more recent analysis persuasively argues
they were actually GAEs [616]. Recent experiments compared
GAE theory and experiment at the stability threshold [606] and
confirmed that the toroidal mode number of the unstable GAEs
is n ~ 20 [185].

A more accurate analytic evaluation of CAE and GAE
growth rate drive in the sub-cyclotron frequency range
was done recently with applications to spherical tokamak
devices [617]. One important observation is that the addition
of a small number of tangential NBI ions (~7%) stabilizes
the counter-propagating GAE instability in NSTX-U [618], as
observed experimentally [615, 619].

These modes observed in NSTX can exhibit EPM fea-
tures [620], as was found numerically, a new and surpris-
ing result in GAE stability theory. EPMs will be treated in
sections 6.7 and 7. The frequency of the most unstable GAEs
changes significantly with beam parameters such as injection
energy and injection geometry. It was demonstrated that such
changes depend on the Alfvén velocity and are in qualitat-
ive agreement with the Doppler-shifted cyclotron resonances
driving the modes. This unexpected result holds for counter-
propagating GAEs, which are routinely excited in NSTX, and
for high frequency co-propagating GAEs, which had not been
previously studied. Large changes in frequency without clear
corresponding changes in the mode structure are signatures of
an EPM, referred to as EPM GAEs [620].

6.5.3. ICE-based diagnostics for burning plasma devices.
As discussed in [186], EP-driven ICE has been detec-
ted in many fusion devices and is commonly identified with
CAEs: compressional Alfvén waves can be excited by non-
Maxwellian populations of energetic ions through cyclotron
resonances [621]. New observations of ICE have been repor-
ted from JT-60U [187, 188], LHD [199, 200, 622], AUG [189—
192], KSTAR [193, 194], NSTX and NSTX-U [195], DIII-
D[185,196],and EAST [197, 198]. EP-driven ICE in tokamak
plasmas has been studied using either ICRF antennas [623] or
dedicated RF probes [624]. Nevertheless, ICE detection is in
principle possible using any technique for measuring electric,
magnetic or density fluctuations with a sampling rate in the IC
range. Density fluctuations can be observed using microwave
reflectometry, which is planned for ITER [625] and has been
used in NSTX to determine the structure of eigenmodes with
frequencies up to several hundred kHz [486] and at DIII-D
with frequencies up to ~40 MHz [626].

High time-resolution measurements of the ICE bursts
on MAST [589], NSTX and NSTX-U have revealed that
frequency-chirping can occur during the short bursts of ICE.
The growth rate determined from the frequency chirping was
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in good agreement with the direct measurement of the edge
magnetic fluctuation amplitude growth [627].

Simulations are crucial to gain understanding of the ICE
phenomenon. Fully nonlinear simulations of ICE in the IC
range and in the presence of energetic ion populations approx-
imating those in tokamaks and stellarators have been carried
out using the fully kinetic PIC code EPOCH [628] and also
using the kinetic-MHD code PROMETHEUS++ in which
bulk and energetic ions are kinetic whereas electrons are
treated as a charge-neutralizing fluid [629]. A limitation of the
latter approach is that the waves cannot exchange energy with
the electrons. However, PIC simulations typically show that
in the nonlinearly saturated state only a small fraction of the
energy lost from the energetic ion population is transferred
to electrons [630] while a substantial fraction is transferred
to bulk ions [628, 630]. For this reason the excitation of ICE
is one of several possible means of channeling the energy of
fusion alphas directly into bulk ions rather than via electrons,
thereby providing the possibility of sustaining the hot ion con-
dition required for the thermonuclear fusion burn more effect-
ively [631]. This idea for direct ion heating is sometimes called
‘alpha channeling’, which we will discuss in section 10.

A key result from the kinetic-MHD simulations of ICE
reported in [629] is that the nonlinearly-saturated ICE intens-
ity (as measured by the square of the perturbed magnetic field
component parallel to the equilibrium field §B))) was found to
be proportional to the energetic ion concentration. This scal-
ing reproduces a linear dependence of ICE intensity on neut-
ron flux over six orders of magnitude observed in JET [623],
which indicates that ICE in future burning plasma devices
could be used to obtain diagnostic information on the fusion
alpha distribution.

Another conclusion of the PIC and kinetic-MHD studies of
ICE is that nonlinear wave—wave interaction plays an essen-
tial role in the excitation of emission at lower IC harmonics
which are often found to be linearly stable. The three-wave
interactions underlying these nonlinear excitation processes in
the simulations can be studied using bicoherence analysis, as
discussed for example in [628].

Most likely, ICE will be observed in ITER through the
detection of magnetic fluctuations, as in the majority of con-
temporary experiments. Furthermore, ITER will have an ICRF
heating system [141], and it has been demonstrated on JET
that ICRF systems can be used to detect ICE either passively
(during periods in which ICRF heating is not used [623]) or
actively (during ICRF heating). In the latter case, detection
was made possible in JET through the use of a sub-harmonic
arc detection system [630]. The RF signals were sampled in
the ICRF antenna transmission lines, which acted as resonat-
ors. The frequency response of these resonators depended on
the antenna configuration and the length of the transmission
line matching elements. As a result, the measured ICE spec-
tra were strongly filtered, limiting the information that could
be obtained. More complete spectra have been obtained using
ICRF antennas in receiver mode (i.e. passively) [623] and it
would be worth considering this option in the DT operation
phase of ITER.
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Figure 34. ECEI spectrogram showing the bursting BAE modes associated with the ¢ = 2 surface on AUG. (b) These modes are also
observed by the FILD. Figures (¢)—(f) show the 2D mode structures of the selected modes a—9, respectively (in pairs of left the amplitude A
and right A cos(®)). Modes « and 3 are 4/2 modes, modes ~y and § are 2/1 modes. The modes are observed to move radially outward with
time. Reproduced from [483]. © IOP Publishing Ltd. All rights reserved.

6.6. Low frequency modes: BAEs, BAAEs, LFAMs, EGAMs

6.6.1. BAEs. In recent years, much attention was given to
low-frequency modes in the BAE and BAAE regime. BAEs
have been widely observed in present tokamaks. The excita-
tion of BAE:s is affected by both the energetic and thermal ion
populations as well as coupling between the Alfvénic and bal-
looning mode branches [454, 632]. The BAEs can be divided
into the three groups i-BAEs, e-BAEs and m-BAEs, depending
on different energy sources. The letters ‘i’, ‘¢’ and ‘m’ refer to
mode instability drive by energetic ions, by energetic electrons
and by magnetic islands, respectively.

The i-BAEs were first confirmed on DIII-D operated near
the beta limit [453] and proved to be deleterious, causing large
losses of EPs at levels similar to TAEs. The mode frequen-
cies are approximately half the TAE frequency and display
long-living or quickly-chirping behavior, depending on the
plasma scenario. The i-BAEs are always localized in the core
region. The mode structures have been measured by ECEI dia-
gnostic at AUG, as shown in figure 34. The 2D imaging sug-
gests that the mode numbers are either m/n =4/2 or2/1. The
modes move radially outward, following the outward mov-
ing g =2 surface. Such a localized mode structure can also
be observed by the microwave reflectometer on HL-2A [633].
Linear excitation threshold analysis of BAEs based on obser-
vations at Tore Supra indicates that ion Landau damping is
important for the mode in the acoustic frequency range. The
BAEs will be driven unstable only when EP-drive exceeds
ion Landau damping [634]. A major study of BAE stability
in DIII-D found that the observed mode frequencies are usu-
ally close to analytic estimates of the BAE accumulation point,
that the modes occur in bursts with rapid frequency chirping,
and that BAEs are most likely to be unstable when the poloidal
beta exceeds 0.5 [635]. A DIII-D study of isotope dependence
found that, with deuterium NBIs, BAEs are at least as unstable
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Figure 35. An e-BAE observed on HL-2A. (a)—(c) Counts of HXR
photons in different energy ranges, (d) central line-averaged density,
(e) magnetic probe signal, (f) spectrogram of magnetic probe
signal. Reprinted (figure) with permission from [637], Copyright
(2010) by the American Physical Society.

in mixed hydrogen-deuterium plasmas as in deuterium plas-
mas; however, with hydrogen NBIs, BAEs are stable [636].
In HL-2A, modes were more readily excited in low-density
plasmas [633] but the density dependence is relatively weak
in DIII-D.

The e-BAEs were first observed on HL-2A [637]. They can
be excited in both Ohmic and ECRF-heated plasmas with low
densities (figure 35). Since these modes appear in plasmas with
low ion temperatures, the mode frequencies are always lower
than for i-BAEs and range from 10 to 30kHz. The e-BAEs
are driven unstable by barely circulating or deeply trapped
particles. The mode characteristics are affected not only by
the population of the energetic electrons, but also by their
energies and pitch angles. Theoretical analysis further indic-
ates that the frequency and growth rate are sensitive to the
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energetic electron temperature, and there exists a maximum
growth rate [638]. Moreover, the growth rates, the mode width
and its radial asymmetry can be affected by the energetic elec-
tron density [472].

The BAEs occurring in the presence of magnetic islands
(m-BAE) were first reported on FTU [639] and subsequently
found on HL-2A [640] and EAST [641]. The m-BAE is a
mode formed when counter-propagating Alfvén waves form
a standing-wave structure within a magnetic island [642]. The
m-BAEs can be driven only when the magnetic islands width
exceeds a threshold, and then they appear in pairs. Two m-
BAEs usually propagate in different diamagnetic drift direc-
tions, and their mode numbers are m/n = 2/1 and —2/—1
for modes propagating in ion or electron diamagnetic drift
directions.

The BAE dispersion relation and the related global modes
as obtained by kinetic models [26, 451, 454, 469, 556,
644-648] could be clearly linked to experimental observa-
tions [469, 476, 483, 635, 648—-651]. Alternative interpreta-
tions as Alfvén-acoustic modes [466] seem less likely, given
that a clear relation to rational surfaces is observed experi-
mentally [483, 635, 651], and that all branches with predomin-
antly acoustic or mixed Alfvén-acoustic polarization are gen-
erally very strongly ion Landau-damped, as demonstrated in
direct MHD-gyrokinetic comparisons [652].

6.6.2. BAAEsand LFAMs. As for the BAE frequency range,
it has been recognized [29, 653] that kinetic theory is needed
to describe modes in the BAAE frequency regime, because
the mode frequencies become comparable to diamagnetic fre-
quencies, and ion Landau damping is very effective. Modes
with frequencies below the BAE frequency are observed on
DIII-D and NSTX [643, 653] and have been initially dubbed
BAAEs. However, experiments at ASDEX-Upgrade [469,
476, 483, 650] and DIII-D [643] show a clear connection
of the observed instabilities to the evolution of rational sur-
faces, which contradicts the interpretation as Alfvén-acoustic
gap modes. Accordingly, these modes were dubbed LFAMs.
Figure 36 shows a typical example of LFAMs on DIII-D [643].
LFAMs appear in ascending patterns in plasmas with EPs and
high electron temperature but modest beta. The mode fre-
quencies are in the diamagnetic frequency range, and the tor-
oidal mode numbers are in the range n=3-12. The mode
occurrence is correlated with rational values of the safety
factor g. The gyrokinetic dispersion relation [454, 469, 472,
654] was successfully applied to interpret the experimental
frequency and mode number patterns of LFAMs and their
connection to the kinetic ballooning branch [29, 464, 476,
654]. Extensions including the trapped particle response [462]
are needed for accurate quantitative analysis. The excita-
tion mechanisms were further investigated [464, 477, 654—
656], demonstrating that EPs are not necessary to destabil-
ize LFAMs (as reported in DIII-D experiments [643]), i.e. the
drive can be provided by the thermal background pressure
gradients (~w,;). The modes exhibit a predominantly Alfvénic
polarization, are favored by high 7, and can have a reactive
character. LFAMs are often observed at low S [643], which
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can be understood from the coupling of Alfvénic, diamagnetic
and acoustic branches [29, 462, 464]. The same type of ana-
lysis also demonstrates that for increasing 5 the BAE branch
is favored over the LFAM branch which leads to the con-
clusion that no strong EP transport is expected from LFAMs
under reactor-relevant conditions. Modes with similar prop-
erties, but at higher thermal ion beta and w,; than in DIII-D,
have been recently reported at JET [570]. Additionally, modes
between the BAE and TAE frequencies at JET have been inter-
preted as global perturbations within higher-order geodesic
Alfvén-acoustic gaps [463].

Due to different interpretations as BAAEs or LFAMSs in
the literature, simulated mode properties need to be care-
fully analyzed when comparing to the experiment. However,
for most typical experimental conditions, the BAAE branch
is always more stable than the LFAM/KBM branch [654].
Recent global gyrokinetic simulations [656] find that the
LFAM mode structure and many of its parametric dependen-
cies are consistent with the theoretical expectations and the
experimental observations: the linear growth rate increases
rapidly with increasing electron temperature; the LFAM can
be excited without EPs and has a frequency in the BAAE
gap; an antenna scan confirms that it is not the conventional
BAAE. Instead, the LFAM is an interchange-like electromag-
netic mode excited by non-resonant drive of pressure gradi-
ents. Trapped electrons and equilibrium current have modest
effects on the LFAM [656]. Recent polarization measurements
on DIII-D show that LFAMs exhibit a fast changing mixed
Alfvén-acoustic polarization during their lifetime, indicating
that LFAMs indeed consist of a mainly Alfvénic component
and electrostatic sidebands. While the location of the rational
surface evolves, the measurements pick up a rapidly varying
mix of electrostatic and electromagnetic components [491].

In the BAE/BAAE frequency range, there are two other
instabilities, i.e. KBMs (typically at high #) due to finite dia-
magnetic drifts [657] and AITG modes due to kinetic thermal
ion compressibility and wave-particle resonance [658, 659].
The AITG mode, a branch connecting KBM and BAE modes,
was first experimentally identified in Ohmic plasmas on HL-
2A [660], see figure 37. These modes appear in plasmas with
peaked density profiles and weak magnetic shear, which indic-
ates that corresponding instabilities are excited by pressure
gradients. The time trace of the fluctuation spectrogram is
either a frequency staircase with different modes excited at
different times, or multiple modes may simultaneously coex-
ist. AITG-like modes that trigger disruptions are also observed
in high ion temperature (>10 keV) plasmas [661].

6.6.3. EGAMs. EGAMs are similar to the standard
GAMs [456], and as for standard GAMs, their existence is
based on the geodesic curvature of the magnetic field lines.
The main difference with respect to the standard GAMs is that
they are driven by the EP population and therefore the EGAM
frequency and radial structure depend on the EP distribution.
EGAMs have been described analytically [443, 662—-673] and
have been observed on DIII-D [674-676], LHD [677-679],
HL-2A [680, 681] and AUG [682, 683]. Similar modes were
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Figure 38. Calculated m = 1 poloidal structure of a DIII-D EGAM.
Reprinted (figure) with permission from [674], Copyright (2008) by

the A i Physical Society.
also observed on JET as GGAMs [684, 685]. EGAMs have © Ametican Fhysical Sociely

also been studied in a series of numerical gyrokinetic sim-

ulations using GYSELA [665, 686—-688], ORB5 [666, 689,

690], GENE [691] and GTC [692], as well as in kinetic-MHD  was imaged in [693], the potential in [679], and the radially
simulations using MEGA [351, 549, 565]. broad E, structure was measured in [676].

EGAMs are axisymmetric oscillations (n = 0) of the elec- EGAMSs on LHD have been found to contribute to nonlin-
trostatic potential, density, pressure and magnetic perturb- ear destabilization of a subcritical mode (figure 39). Moreover,
ations. The latter have been measured, for example, at the EGAMs may couple with turbulence and significantly
LHD [679], HL-2A [680], DIII-D [676] and AUG [682]. Their  degrade the plasma confinement [686, 687]. Theoretical ana-
location, mode structure and non-linear mode structure evol-  lysis reveals that EGAMs can be regarded as a potential energy
ution has been measured by SXR e.g. in HL-2A [680] and channel to transfer the fusion-born alpha energy to the ther-
AUG [682]. The electrostatic potential is dominated by azonal monuclear plasma, referred to as GAM channeling [664].
structure (m = 0), the density and pressure exhibit a poloidally ~ Such effects will be discussed in section 9. EGAMs are in
up-down asymmetric structure (with m = 1), as illustrated in some cases accompanied by strong bursting and frequency
figure 38, and the magnetic perturbation is characterized by chirping. Also, significant density perturbations and large
m =2 structure. The expected m =1 structure of the density drops in neutron emission can be observed in the presence of
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Figure 39. EGAM observed on LHD: spectrograms of (a) magnetic
field fluctuations and (d) electric potential fluctuations; waveforms
extracted by bandpass filters with a passband of 25-55 kHz ((b), (e))
and 58-92kHz ((¢), (f)), respectively. The bold curves show the
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EGAMs [674, 675], which suggests EP losses, as corroborated
by modeling [675, 688].

Since EGAMs are axisymmetric, they are linearly driven
by positive gradients in velocity space. The EGAM linear dis-
persion relation D (2) = 0 has been derived in several works
making various assumptions for the equilibrium distribution
function of EPs. For instance, in a kinetic-MHD approach the
thermal plasma is modeled as a fluid, and the response of EPs
is computed using the perturbed distribution function obtained
from the drift kinetic equation [443, 663].

A kinetic approach for both the thermal plasma and the
EPs [665-667] can explain the existence of two types of
EGAMs, as illustrated in figure 40, where the zeros of the
dispersion relation are represented in the complex plane.
Solving the kinetic dispersion relation of the standard GAM
(without EPs) results in a branch of highly Landau damped
modes (Im (w) < 0) and in a mode marginally stable (Im (w) ~
0), which is the so-called GAM. When EPs are introduced,
the distribution of zeros in the complex plane is modified.
Depending on the conditions of the plasma (safety factor,
energy and mass of EPs) the driven mode can originate either
from the standard GAM (top panel of figure 40) or from the
Landau branch (bottom panel of figure 40). In the figure, the
thick black solid lines with arrows represent the evolution of
the excited mode when the density of EPs is increased. The
dashed lines represent the evolution of a secondary mode get-
ting closer to marginal stability. These two types of EGAM
were found in gyrokinetic simulations using the ORBS5 [660]
and the GYSELA [688] codes, which were in very good quant-
itative agreement. Moreover, using a kinetic approach, other
branches can be found depending on the resonance between
characteristic EP frequencies and the mode, e.g. due to the res-
onance between EPs and the magnetic drift frequency [669]

wa = kaam (Rwe) ™" (v +12./2) sino, (66)
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Figure 40. Evolution of the zeros of the dispersion relation
(represented by thick black solid lines) in the complex plane for an
increasing EP density. The top panel corresponds to the case where
the EGAM is excited from the standard GAM and the bottom panel
corresponds to the case where the EGAM is excited from the
Landau branch. Reprinted from [667], with the permission of AIP
Publishing.

with kgam the GAM radial wavenumber, R the major radius,
wyi the IC frequency and 6 the poloidal angle.

Finally, in a fluid approach [668], the EPs are modeled by a
distribution with a narrow width in energy, leading to the excit-
ation of a reactive branch. Since the frequency is determined
by EP kinetic effects, the EGAM is qualitatively different from
the pure MHD mode GGAM observed in JET [662, 685]. The
radial structure is determined by the EP drift orbit width [443,
663]. The effect of the elongation of the plasma on the linear
excitation of EGAMs has been studied in a joint investigation
with GENE and ORBS5 [691].

The linear excitation of EGAMs has been extensively
studied in numerical simulations in different frameworks.
Depending on the framework, different strategies can be
employed to model EPs. In full-F global gyrokinetic simu-
lations like GYSELA [695] or ORBS5 [696], an initial value
problem can be solved. In that case, EPs are initialized using
a distribution function which depends on the motion invari-
ants [665, 666, 688, 689]. Alternatively, an external source can
be used to force the distribution function to be as close as pos-
sible to a distribution required to excite EGAMs [686, 687],
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which is useful to excite EGAMs in the presence of turbulence.
On the other hand, one can use dF codes such as GENE [697],
where an equilibrium distribution function is imposed and
does not evolve.

6.7 Linear stability of EPMs

The frequencies and eigenfunctions of the EP-driven AEs dis-
cussed so far are determined by the bulk plasma, almost unaf-
fected by the presence of EPs, but the EPs usually provide the
drive through gradients in the distribution function. These EP-
driven AEs are usually described by a perturbative approach.
New types of modes, the EPMs appear when the EP pressure is
similar to the bulk plasma pressure, such that the EPs signific-
antly influence the dielectric response of the plasma. The EPs
then affect the very existence of the mode and not just the mode
growth rate. To describe EPMs, for example fishbones, we
need the more sophisticated non-perturbative approach [496].
Due to the larger EP pressure, the EP drive is often strong
enough to overcome continuum damping, and so EPMs can
exist at frequencies in the Alfvén continuum, and their fre-
quencies and drive depends strongly on EP distribution. The
frequencies of EPMs are those maximizing the power transfer
of the interaction between the EPs and the wave and are often
given by the characteristic EP drift orbit frequencies discussed
in section 2.

One of the technical difficulties, associated with the EPMs
requiring a non-perturbative approach, is that their spatial
structure and frequency can change significantly and rapidly in
the nonlinear phase of the instability. Rapidly changing mode
frequency on short timescales relative to the timescales for
changes to equilibrium parameters, often on the order of mil-
liseconds, is referred to as chirping.

Chirping events are routinely observed [698, 699], and their
salient features have been reproduced qualitatively using the-
oretical models [700-704]. EPMs can be driven by REs [705]
as well as fast ions. A quantitative understanding of experi-
ments requires detailed numerical modeling which is challen-
ging but should be a feasible task to be discussed in section 7.

Experimental studies of the stability of EPMs range
from parametric studies of the presence of chirping modes
(e.g. [698]), direct measurements of mode growth rates based
on growth and decay rates of bursting modes (e.g. [627]), and
indirect measures of mode growth rates (e.g. [592]) based on
theoretical frequency-chirping rates [700, 701]. Finally, the-
oretical predictions of methods to reduce the size of mode
bursts and frequency chirps by scattering resonant particles
have been tested experimentally [706-709].

Estimates of growth rates based on the frequency chirping
of EP-driven instabilities and their related EPM branches have
been made for TAEs [710-712], GAEs [592], and ICE [627].
The correlation of mode amplitude and chirping rate has been
studied on START, MAST and NSTX [704, 710, 713]. The
parameter dependence of chirping TAEs has been charac-
terized on NSTX [710]. The TAE instability is excited by
the free energy in the EP distribution present in gradients in
radius or energy. Flattening the EP distribution, e.g. by off-
axis NBI, is often considered a method to suppress TAEs.
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However, experiments have found that far off-axis co-current
NBI, that is when creating a hollow EP profile, can destabil-
ize counter-propagating TAEs [714, 715]. More generally, it
is shown in [716, 717] that especially in situations with large
orbit width, the mode drive (equation (45)) needs to be eval-
uated carefully, as even non-inverted EP profiles may lead to
the destabilization of counter-propagation TAEs.

Similarly, on AUG, off-axis NBI heating without any cent-
ral NBI heating leads to a hollow EP profile with large ratios
of Bxgi/ B ~ 1 and Exgi/Ti e ~ 100. In this regime, nonlinear
coupling signatures between co- and counter-propagating AEs
and their corresponding EPM branches have been observed
in the ramp-up and flat-top phases, as well as the coupling of
zonal modes (EGAMs) and AEs/EPMs [682, 683, 714, 715].
Linear and nonlinear modeling and code validation efforts are
ongoing [569, 690, 718, 719].

6.8. Impact of anisotropy and toroidal flows

The introduction of auxiliary heating in tokamak plasmas can
introduce toroidal and poloidal flows and pressure anisotropy
as well as change the magnetic configuration. In this sub-
section, we discuss how these effects can change the linear
MHD stability of the plasma. Since NBI and ICRF heating
generate highly anisotropic EP distribution function with a
kinetic EP pressure comparable to the bulk plasma pressure,
the total plasma pressure can become anisotropic. NBI heat-
ing in MAST can cause anisotropy up to p /p = 1.7 [721],
and ICRF heating in JET can cause anisotropy up to p1 /p|| =
2.5 [722], where p|| and p are the parallel and perpendic-
ular pressures. At AUG, the anisotropy was inferred to be
p1/p| = 1.2in an NBI heated plasma based on velocity-space
tomography [723]. However, most MHD equilibrium codes do
not account for anisotropy and solve the usual static isotropic
Grad—Shafranov equation. MHD equilibria with anisotropy
and flows are described by the generalized Grad—Shafranov
equation, written as (e.g. [724] and references therein)

1-A)V
g 0=2)v
F)F (1)
<l )+ 7 () + R0 ) - (51 ]
(67)

where five constraints are used: F(v)), Q(v), H(¢), T (1), and
©(1). Here, the anisotropy is reflected in the flux function
O(y)=B(1/T —1/T, ), where T and T, the parallel and
perpendicular temperatures of a plasma with a bi-Maxwellian
velocity distribution function [725].

Several studies have examined the impact of anisotropy and
flows on the plasma equilibrium (for an analytic approach,
see [726]). For MAST equilibria, the Jy contribution can
reach 20% of the total current for p\|/PL = 1.5 [720]. This
is significant as it results in a 10% change in the current
profile and consequently the g-profile, which influences the
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from [724]. © EURATOM 2020. All rights reserved.

plasma stability. Figure 41 shows the differences in the equi-
librium reconstruction using the EFIT TENSOR code for
MAST.

EFIT TENSOR [727] solves the generalized Grad—
Shafranov equation, equation (67) using magnetic and kin-
etic constraints. The unique solution to the generalized Grad—
Shafranov equation is determined by the plasma bound-
ary contour Cx(R,Z) and the profiles of the flux functions
{F(1),Q2(v),H(%), T (1),0(x)) }. A recent study examined
the impact of toroidal flow and anisotropy for the same mag-
netic configuration (g-profile) and plasma stored energy [724]
using the fixed boundary solver HELENA+ATF [720]. As the
anisotropy is varied for a constant g-profile, the most strik-
ing observation of the equilibrium profiles are that contours
of constant p, ,p| and p shift outboard of the magnetic axis
for T, > T and inboard of the magnetic axis for 7, < 1.
Figure 42 shows this shift as a function of © = 1 — T} /T

A recent study [728] extends pressure anisotropy and tor-
oidal flow equilibrium models to include the EP orbit width.
An equilibrium model with g-solver constraint enabled a wider
systematic study of the parametric dependencies for the same
g-profile. The addition of finite orbit width effects reduces the
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Figure 43. Compressional Alfvén continuum for n =1 with
Ty/T. =0.8 (blue) and T} /T, = 1.2 (red). Reproduced
from [724]. © EURATOM 2020. All rights reserved.

shift in magnetic axis, reducing the change in the TAE gap fre-
quency from the center of the gap, reducing continuum damp-
ing and thereby destabilizing the TAE.

The impact of pressure anisotropy can be investigated using
kinetic energy principles [729, 730]. CGL [731] introduced
the now widespread form of the pressure tensor and derived
the double-adiabatic CGL closure. The corresponding energy
principle was later derived and studied [729, 732, 733]. CGL
ignores the heat flow when the mode frequency is compar-
able to or smaller than the particle streaming frequency, espe-
cially in the vicinity of marginal stability boundary [734].
Alternative fluid closures without this drawback are, e.g. the
double polytropic closure, a higher-order-momentum closure,
and, recently, the single adiabatic closure [727] which pro-
duces the same result as MHD for an isotropic equilibrium.

MHD linear stability was computed [724] using MISHKA-
AD [730], which uses the CGL closure and the single adiabatic
closure [727]. As the g-profile remains unchanged, the shear
AC, the gap modes and the gap frequencies remain largely
unchanged. However, the compressional continuum changes
significantly. Figure 43 illustrates this change by plotting the
continuum for 7 /T, =0.8,1.2.
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The equilibrium and stability of n=1 TAE modes in
MAST were computed using EFIT-TENSOR and MISHKA-
AD [735], and here substantial changes in the equilibrium
compared to the isotropic EFIT were found, and consequently
the stability was significantly affected. The anisotropic solu-
tion had a g-profile with reversed shear, the n =1 shear AC
gap opening near the core, and the core safety factor lower-
ing, resulting in a broader TAE mode. Mode drive was com-
puted the wave-particle interaction code HAGIS [584]. The
resonant regions of phase space were significantly modi-
fied between the isotropic and anisotropic cases. The aniso-
tropic / = 1 bounce resonance shifted radially inward for given
particle energy relative to the isotropic case. The linear growth
rate in the anisotropic case was 35% larger than in the isotropic
case (see figure 44), and the saturation amplitude in the aniso-
tropic case was 18% smaller than in the isotropic case. The lin-
ear growth rate was larger in the anisotropic case because the
radial gradient of the distribution function at resonance was
larger. The saturation amplitude in the anisotropic case was
slightly smaller, despite the larger linear growth rate. This may
be caused by the differences in the safety factor and magnetic
shear affecting the nonlinear bounce frequency.

Recently, the impact of anisotropy on the stability of
infernal modes, driven when g~ 1 over a wide region, was
studied [736]. Infernal instabilities are instabilities in plasmas
with weak shear, such that bands of unstable n-values can
form, even when standard ballooning theory predicts stabil-
ity. The guiding center plasma motion was described by fluid
equations, whereas the motion parallel to the magnetic field
was described by a collisionless kinematic equation. In this
model, the plasma anisotropy enters through a modification to
the magnetic well, yielding better stability for tangential injec-
tion. A stability criterion for the linear stability of plasma equi-
libria with incompressible flow parallel to the magnetic field,
constant mass density and constant oy = pio(P|| — P )/B? can
be found in [737].

In all cases studied, the change in equilibrium affects the
change in plasma stability. In ITER, strong flows or anisotropy
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are not anticipated to have a significant effect on the equi-
librium reconstruction, and uncertainty in the experimental
inputs to the equilibrium reconstruction will likely predomin-
ate. Nevertheless, such effects may play a role in other burning
plasma devices.

7. Nonlinear mode evolution, theory and simulation

This section describes progress made in the field of nonlin-
ear EP physics since the topical review in the Progress of
the ITER Physics Basis [20]. The build-up of the EP pop-
ulation in fusion plasmas is typically slow compared to the
growth times of EP-driven instabilities. This scale separation
suggests that we need nonlinear studies of unstable waves in
the near-threshold regimes. We need to characterize the long-
time behavior of the waves and resonant particles in the pres-
ence of particle sources and sinks. In some observations of
EP-driven instabilities and EPMs, the unstable modes grow to
a level at which they enhance transport and cause anomalous
losses of the EPs. In other observations, the losses are small,
but the modes exhibit an complex nonlinear behavior, such as
the generation of sidebands, quasi-periodic bursts, or changing
mode frequencies. The fishbone instability exhibits such fea-
tures, which we will describe in the following section 7.1. This
section presents a first-principles physics basis for modeling
these phenomena as well as reduced models.

As explained in section 2, the resonance condition for inter-
action of EPs with AEs in a tokamak is

w—nwe (E,11,Py) — lwe (€, 11,Pg ) = 0. (68)
Here we state the arguments of the toroidal and poloidal fre-
quencies wg (€, 4,Py) and we(E, 1, Py ) of the unperturbed
ion motion explicitly to highlight that equation (68) selects
a surface in the 3D phase space (&, p,Py). A single reson-
ance in (€, u, Py ) thus covers a relatively thin region of phase
space, and it causes transport only across this thin surface,
which can flatten the distribution function only locally. But
when the phase space is covered by overlapping resonances,
there can be a significant transport of particles via stochastic
diffusion [738].

The nonlinear simulation of EP-driven modes remains a
significant challenge for future devices. In these systems it is
expected that a dominant component of alpha particle trans-
port will be driven by interactions with various instabilit-
ies rather than classical orbit losses. There are several issues
that make modeling the fusion reactor regime difficult. These
include the large timescale separation between the instabilit-
ies (on the order of microseconds) and the alpha slowing-down
times (on the order of a second). Next, disparate spatial scales
are involved ranging from the ion gyroradius, (on the order of
0.01 meter) to the device size, (on the order of several meters).
Finally, there are no existing experiments that operate in the
reactor parameter regime, so there is no possibility for model
validation until DT operations in ITER or elsewhere.

These challenges have resulted in a variety of approaches,
ranging from global full-f gyrokinetic, fluid-kinetic, gyrofluid,
quasilinear, as well as various semi-analytic approaches. Some
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of the physics issues that must be addressed include: mode-
coupling (wave—wave) nonlinearities vs. wave-particle non-
linearities, global vs. local (flux tube), interaction of alpha
particles with both Alfvén instabilities and core microturbu-
lence, inclusion of multiple fast ion species (beams, ICRF,
alphas), roles of ZFs and currents, perturbative quasilinear
vs. non-perturbative nonlinear, collisionless vs. collisional,
absence vs. presence of external sources and sinks, and lin-
ear critical gradient profiles vs. nonlinearly flattened profiles.
Currently, there is no single approach that includes all known
relevant effects and is sufficiently computationally efficient
and robust to run for even a small fraction of an alpha slowing
down time. All of them involve some degree of simplification,
but each tries to address at least some of the above challenges
in ways that should be complementary to the others.

In this section some of the nonlinear simulation mod-
els currently in use will be reviewed. We will start with a
description of fishbones, which is a prominent example of an
instability requiring a nonlinear description. We will then pro-
gress from gyrokinetic theory and simulations, which is the
most fundamental description, to reduced descriptions requir-
ing an increasing amount of modeling. We will review non-
linear gyrokinetic theory of wave-particle and wave—wave
interaction, discuss progress in nonlinear gyrokinetic simu-
lation, nonlinear kinetic-MHD simulations, gyrofluid model
simulations, and nonlinear simulations with reduced models.
Development is continuing, and it is expected that increasingly
comprehensive and sophisticated simulations will be available
by the time of ITER DT.

71. Fishbones

Historically, the so-called fishbone was the first EPM observed
experimentally. It was discovered in experiments with NBI
heating on the PDX tokamak [739] and then found in most
tokamaks with EP populations (either ions or electrons).
Figure 45 shows how this perturbation appears on a Mirnov
coil measurement; the similarity to a fish skeleton for mul-
tiple bursts resulted in the name ‘fishbones’. Such bursts can
enhance EP losses [22, 739, 740], as also observed for fusion
alphas in the recent DT experiments and JET [47], and deteri-
orate the confinement of the thermal plasma via triggering kink
modes and NTMs (see section 5) [590, 741-745].

Fishbones are an EPM that has the mode structure of an
(m/n) = (1/1) internal kink. They are usually observed in a
repetitive bursting cycle when the central safety factor ¢(0)
has fallen below unity when, in the absence of EPs, the MHD
internal kink growth rate yypgp drives instability. As dis-
cussed in section 5.2 and [372], because the EP precession
frequency is large compared to the MHD mode frequency,
EPs on trapped-particle orbits stabilize the internal kink that
triggers the sawtooth crash. However, when the EP popula-
tion becomes too large, the EPs destabilize a new branch of
the internal kink, the fishbone (figure 46(a)). In present-day
tokamaks with so-called ‘hybrid’ scenarios of improved per-
formance [748], fishbones often appear when ¢(0) = 1.
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Figure 45. Oscillations of the perturbed magnetic field time
derivative during a fishbone burst (JET discharge #16 341). The
gradual lengthening of the period associated with frequency
chirping is visible to the eye. Reproduced from [746]. © 1991
IAEA, Vienna. All rights reserved.

The fishbone bursts involve oscillations with a time-
dependent frequency, as seen in figure 45. A qualitative phys-
ics explanation of the downward frequency chirping for fish-
bones has been given in [28]. There are two kinds of internal-
kink fishbone instability. The first are the so-called ‘preces-
sional’ fishbones [749] appearing when the mode frequency
w resonates with the bounce-averaged precession frequency
of the trapped EPs, wg, and it is much greater than the
thermal ion diamagnetic frequency, w.;. The precessing EPs
then destabilize the (1/1) mode in the Alfvén continuum. At
the onset of the fishbone pulse, the drive from the EPs is
almost balanced by the continuum damping coming from two
Alfvén resonances near the g = 1 surface: w = £k (ra)va(ra)
(see section 6). To overcome strong continuum damping, the
precessional fishbones require relatively high values of the EP
pressure. The fluid nonlinearity at the Alfvén resonances tends
to reduce the continuum damping. This is the dominant non-
linear effect at the onset of the fishbone pulse. It leads to an
explosive growth of the pulse so that the precessional fish-
bones follow a hard excitation scenario [750].

The second kind of fishbones are those with w =~ w,; [751,
752]. This mode lies in a low-frequency gap in the shear
Alfvén continuum and consequently is not damped by con-
tinuum damping. These fishbones are one of the two oscillat-
ory kink modes stabilized by FLR effects. These modes are
unstable within the framework of ideal MHD [753].

The explosive growth of the fishbone oscillations and
the significant change of the oscillation frequency call for
a systematic nonlinear description of fishbones with a self-
consistent treatment of kinetic and MHD nonlinearities [750].
This is a challenging technical issue for numerical modeling.
One of the difficulties here comes from the need to incorporate
an accurate description of the narrow phase-space resonances
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Figure 46. Schematic stability diagram for (a) classic fishbones and () off-axis fishbones. The abscissa is the EP density ngp and the
ordinate represents the MHD drive ymup of the (a) internal kink or (b) resistive wall mode. Moderate EP density stabilizes the MHD-driven
instability but, when ngp grows too large, the fishbone EPM is destabilized. Reprinted from [747], with the permission of AIP Publishing.

into global MHD simulations. For linear problems, this diffi-
culty is only a moderate obstacle since the resonant response of
the system is insensitive to the width of the resonance and can
be treated in terms of Landau damping. In contrast, nonlinear
problems typically need much better resolution to calculate the
resonant response appropriately, which is very demanding for
the existing global codes. Several attempts have been made to
address this issue. The full-geometry M3D and MEGA codes
have both nonlinear MHD and nonlinear EPs [355, 754], but
they still face the challenge of overcoming the resolution issue
at the fluid resonance because of the unphysical numerical vis-
cosity. This need is particularly evident for precessional fish-
bones. Nevertheless, simulations that reproduce many experi-
mental features for internal-kink fishbones have been repor-
ted [755, 756]. Recently, gyrokinetic GTC simulation of a
DIII-D plasma found that nonlinear saturation of the fishbone
instability is dominated by self-generated ZFs, which could
induce the formation of an ITBs in this experiment [757]. An
additional open issue for fishbones is quantitative modeling of
recurrent pulses in the presence of EP sources and sinks. This
problem is more demanding computationally than the descrip-
tion of a single fishbone pulse because of the multiple times-
cales that are involved. We expect future theoretical studies
of fishbones to provide a more complete picture of the near-
threshold regime for fishbones with an interplay between the
kinetic and fluid nonlinearities.

A second type of EPM, known as ‘EP-driven wall mode
(EWM)’ or ‘off-axis fishbones’, has many similarities to the
‘classic’ internal-kink fishbone described above (figure 46(b)).
In this case, the mode structure is an (m/n) = (2/1) internal
kink. The low-frequency mode that is stabilized by trapped
EPs is the RWM that was discussed in section 5.4. However, as
with the classic fishbone, when the EP population becomes too
large, a new higher-frequency branch appears at the trapped EP
precession frequency, the off-axis fishbone [758, 759].

Off-axis fishbones occur in wall-stabilized plasmas with
large normalized beta [y (figure 47) in a regime associated
with ‘advanced tokamak’ operation in future devices. In ITER,
they may be observed in a high Oy steady-state scenario that
has a large trapped alpha population near the g =2 surface.

Off-axis fishbones have been thoroughly character-
ized [761]. Like classic fishbones, they occur in repetitive
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Figure 47. EWM stability domain vs. normalized beta and plasma
inductance in JT-60U. The modes occur in the parameter space
associated with resistive wall modes. Reprinted (figure) with
permission from [760], Copyright (2009) by the American Physical
Society.

bursts and chirp downward in frequency but, while the classic
fishbone waveform retains approximately sinusoidal shape
throughout the burst (figure 45), the waveform of the off-axis
fishbone becomes highly distorted (figure 48). Both types
of fishbones are driven by trapped EPs. Both classic fish-
bones [762] and off-axis fishbones [761] convectively expel
trapped EPs in a concentrated ‘beacon’ when the E x B phase
of the oscillation pushes EPs radially outward. As expected
for convective transport, EP losses scale linearly with mode
amplitude for both [761, 763]. The non-ambipolar EP loss
causes a coincident, rapid change in radial electric field [761].

MEGA simulations that treat the EPs kinetically and the
bulk plasma with resistive MHD have successfully reproduced
an off-axis fishbone burst [764] and the nonlinear distortion of
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Figure 48. (a) Magnetic probe and (b) neutron signals during an
off-axis fishbone in DIII-D. As with the classic fishbone of

figure 45, the gradual lengthening of the period associated with
frequency chirping is evident to the eye but, unlike the classic
fishbone, the magnetic waveform becomes increasingly distorted by
higher frequency harmonics as the burst evolves. The coincident
drop in neutron rate is caused by ejection of trapped EPs.
Reproduced from [761]. © IOP Publishing Ltd. All rights reserved.

the waveform caused by coupling to higher harmonics [765].
In both theory [766] and experiment [767, 768], transport of
EPs by off-axis fishbones can trigger ELMs.

72. Nonlinear gyrokinetic theory

Nonlinear gyrokinetics [769-771] provides the most compre-
hensive framework for addressing EP physics in reactor rel-
evant fusion plasmas. It accounts for the resonant excitations
of instabilities, the ensuing transport processes as well as the
broad range of spatio-temporal scales associated with their
nonlinear dynamics. Employing gyrokinetic theory is not only
necessary for the correct assessment of wave-particle reson-
ant interactions, which provide crucial driving and damping
mechanisms, but is also mandatory for dealing with the short
scales that are spontaneously produced by the spatial phase
mixing of the SAW continuous spectrum [772]. KAWs [500,
773], excited by mode conversion at resonances with the
SAW continuum, enhance nonlinear wave—wave couplings
and modify the spectral features of the fluctuation spectrum
qualitatively and quantitatively [774-776].

Nonlinear gyrokinetics is the foundation of the unified and
self-contained theoretical framework describing these phys-
ics, as discussed in a recent review [37]. The self-consistent
theory treats the fluctuation spectrum evolution and EP trans-
port on the same footing. The first aspect is dealt with by
the so-called general fishbone-like dispersion relation [632,
777], which consists of the weak formulation of nonlinear
gyrokinetic quasi-neutrality and vorticity equations. This can
be seen as a gyrokinetic energy principle, valid in a wide fre-
quency interval, ranging from the low-frequency MHD up
to the Alfvén wave frequencies. It has been systematically
verified numerically and validated experimentally [37, 632,
777]. In the high-n (toroidal mode number) limit, the general
fishbone-like dispersion relation has the form

iA(w,r) =W (w,r, k) + Wi (w,r,k;) | (69)
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where A(w,r) is the generalized inertia, depending on the
mode frequency and the radial coordinate. §Wy(w,r,k,) and
SWi(w, r,k,) are the fluid and kinetic potential energies, which
also depend on the radial wave vector. Equation (69) can
be cast as a nonlinear Schrodinger-like equation, describ-
ing the amplitude evolution of short wavelength Alfvénic
fluctuations [778]. The EP transport description is based on
the derivation of the renormalized EP response, i.e. the EP
distribution function in the presence of a finite fluctuation
level [779-781]. The evolution equation for the renormal-
ized EP response self-consistently accounts for EP trans-
port in phase space and is cast in the form of a Dyson-like
equation [779]. Summarizing, a key point is that there are
two ‘routes’ to nonlinear dynamics of EP-driven Alfvénic
fluctuations in magnetized fusion plasmas [37]; i.e. nonlin-
ear wave—wave and wave-particle interactions [775]. Each of
these routes is discussed in the following two sub-sections.

72.1. Nonlinear wave-wave interactions. ~ Nonlinear wave—
wave interactions have been first addressed by Alfvén [782],
who demonstrated that, in uniform, incompressible ideal
MHD plasmas, SAWSs can exist in the pure ‘Alfvénic state’,
independently of their amplitude, due to the cancellation of the
Reynolds and Maxwell stresses [783, 784]. The pure ‘Alfvénic
state’ is closely linked, in realistic nonuniform plasmas, with
the existence of the SAW continuum spectrum (section 6). As
a consequence, the equilibrium magnetic field geometry and
the plasma nonuniformity play crucial roles in the nonlinear
dynamic evolution of the system [37] along with previously
mentioned short-scale kinetic effects, plasma compressibility
as well as deviation of the Alfvén eigenmode frequency from
the local continuum [775, 785, 786]. Therefore, the nonlin-
ear gyrokinetic approach is crucial to qualitatively and quant-
itatively assess the nonlinear wave—wave coupling process. In
fact, it may also be applied to the polarization nonlinearity at
long wavelengths as well as to Reynolds and Maxwell stresses
in the short wavelength kinetic regime [774, 775]. Among
the various nonlinear wave—wave interactions, excitation of
ZFSs [778,787] and frequency cascading via ion induced scat-
tering [788, 789] are two channels expected to significantly
influence the SAW instability nonlinear dynamics in fusion
plasmas. These physics have been analyzed taking TAEs [790]
as an example. That general approach, developed for TAEs,
can be applied to other SAW instabilities based on their cor-
responding linear properties [791-793].

ZFs are toroidally and predominantly poloidally symmet-
ric variations of scalar and parallel vector potentials and are
connected with the radial corrugations of the equilibrium pro-
files such as ZFs and fields/currents (ZF & ZC) [794, 795];
in other words, ZF and fields/currents are low-frequency n =
0 and predominantly m = 0 structures characterized by appre-
ciable radial wavenumber k,. ZFs may regulate fluctuations by
radial mode structure shearing and scattering the fluctuations
into the short-wavelength stable domain, as typically occurs
for drift wave turbulence [795]. In reactor relevant fusion plas-
mas, EPs dominate the local power balance and, thus, play a
unique role as mediators of cross-scale couplings [796] as they
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may linearly and nonlinearly excite ZFs, acting, thereby, as
generators of nonlinear equilibria, or ZSs, that generally
evolve on the same timescale as the underlying fluctu-
ations [779-781, 796].

Nonlinear excitation of zero frequency ZFs by TAEs was
investigated in [787], which found that both electrostatic ZFs
and electromagnetic ZC can be excited. The former results
from non-cancellation of Reynolds and Maxwell stresses due
to toroidicity, while the latter is related to dynamo effects. The
condition for the spontaneous excitation of ZFSs is more easily
satisfied when the neoclassical polarizability enhancement by
trapped particles is properly accounted for [797], causing the
ZC to be preferentially excited with a much smaller threshold
on the TAE amplitude being |§B,/Bo| ~ O(10~*), compatible
with the fluctuation amplitude in tokamak experiments [798].

Due to the typically weak ballooning feature of SAW
instabilities, ZFSs excited by TAEs have a fine radial scale
structure [791, 799], in addition to the usual well-known meso-
scale structures. This additional fine radial structure may lead
to enhanced nonlinear coupling and a corresponding much
lower TAE saturation level. It was further demonstrated that
the nonlinear contribution of resonant EPs to plasma com-
pressibility may dominate the thermal plasma contribution to
the Reynolds and Maxwell stresses. In that case, ZFs may be
forced driven [791, 800] rather than spontaneously excited by
finite amplitude TAEs, with the ZF growth rate being twice
of the instantaneous TAE growth rate [800], as observed in
kinetic-MHD [801] as well a PIC simulations [802]. A thor-
ough discussion of ZFSs generation by TAEs is given in [799],
with emphasis on the various underlying physics, e.g. ZF vs.
ZC generation, the roles of fine- vs. mesoscale structures, as
well as spontaneous decay vs. forced driven processes. Further
important applications of the same theoretical framework to,
e.g. ZF generation by BAEs [698, 791, 803] as well as finite
frequency GAM [456] generation by TAEs [804-806] have
also been investigated. Simulations find that ZFs and currents
play an important role in the saturation of AEs are discussed
further in section 7.3.1.

Another important channel of wave-wave coupling is
TAE frequency cascading via thermal-ion induced scattering,
also called nonlinear ion Landau damping [807]. In reactor-
relevant realistic geometry, there exists O(n*q) TAEs, with
n 2 O(10) [808] (section 6). Thus, many TAEs with over-
lapping radial structures and slightly different frequencies co-
exist. The TAE spectral cascading was first investigated using
a drift kinetic theory [788], and then generalized using a non-
linear gyrokinetic approach [789]. In a single process, a test
TAE couples with a counter-propagating fluctuation of the
TAE spectrum with slightly lower frequency and generates a
low frequency ion-sound-wave quasi-mode, with ion Compton
scattering and shielded-ion scattering contributing to the pro-
cess on the same footing. The nonlinear evolution of the TAE
spectrum can then be cast as wave-kinetic equation by sum-
ming all the strongly interacting background TAEs in the con-
tinuum limit. This describes the downward spectral energy
transfer and TAE saturation due to enhanced continuum damp-
ing. The nonlinearly saturated TAE spectrum can be derived
from the wave-kinetic equation, which yields the estimated
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TAE saturation amplitude as [0B,/By| < O(107%); i.e. typic-
ally one order of magnitude smaller than that in the MHD
limit [788] due to enhanced nonlinear coupling in the kin-
etic regime [775]. The resulting transport of circulating EPs
can be derived from quasi-linear transport theory [809], and
be estimated in the range of ~1-10m?s~! for typical reactor
parameters [789]. The resulting bulk ion heating rate can also
be derived [810]. Specific applications to ITER to quantitat-
ively assess the impact of wave—wave interactions on AE sat-
uration and ensuing EP transport will require dedicated numer-
ical simulations accounting for all the various nonlinear pro-
cesses mentioned above, since they all compete on the same
footing and estimating their effect independently would pro-
duce an incorrect prediction.

72.2. Nonlinear wave-particle interactions. Nonlinear
wave-particle interactions between Alfvénic fluctuations and
EPs are an essential element for the assessment of EP trans-
port in fusion plasmas. The theoretical framework discussed
in [37] suggests that burning plasmas in ITER will require
lifting the transport description to phase space in order to
capture the complex nonlinear behaviors due to the many
interacting degrees of freedom [779, 796]. A new approach
has been recently proposed within this framework [780, 781]
to effectively compute the self-consistent evolution of plasma
equilibria and fluctuation spectra on the energy confinement
time scale. This approach is consistent with the general non-
linear gyrokinetic description and is verified and validated in
a number of proof-of-principle cases. First results are briefly
discussed in the following, showing that they provide a prac-
tical tool to make feasible predictions in realistic ITER plasma
conditions [811, 812] (see also section 6 for recent results
on ITER simulations). A hierarchy of reduced models with
verifiable fidelity can be constructed which should lead to
applications of increasingly higher sophistication and reliabil-
ity before ITER operations, using numerical simulation tools
that are integrated within the IMAS framework.
Wave-particle interactions must be described in phase
space, where resonant processes dominate due to the relat-
ively small fluctuation levels (|6B,/B| < 10~%). For the proper
definition of nonlinear EP equilibrium evolving on the spatio-
temporal mesoscales, the concept of phase-space zonal struc-
tures (PSZSs) has been introduced [37, 779, 781, 796], that is,
the part of the distribution function remaining undamped by
collisionless processes on the characteristic nonlinear times-
cale. The PSZS, accounting for the ‘renormalized’ (nonlin-
ear/evolving) equilibrium distribution function, depend only
on the invariants of motion, F,0(&, i1, Py;1)* Introducing the
magnetic-drift/banana center pull-back operator e =<, with
Q.= g()(v)/Q)k./(dy/dr) and k, = —i0, the ZFSs radial
wave-number, the evolution equation for the PSZSs is given

30 The COMs are here defined per unit mass, ie. &=1*/2, p~
vi /2By the leading order expression of the magnetic moment and P, =~
(e/c) (g(z/))(vH/Q) — 1) = —(e/c)w the leading order toroidal canonical
angular momentum, where g(1)) = RB; is the covariant component of the tor-
oidal magnetic field and 2 = eB/(mc) is the cyclotron frequency.
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by [778, 780, 781]

90 Fy = —eiQZ%ﬁ))& (0A)g). ai)/)FO
+Wg+8]_ le% [Tbm}
- Tib% [meia€5F] (70)
Here, 7, denotes bounce/transit time?!, ﬁ denotes

bounce/transit averaging and, thus, ei:[...] denotes orbit
averaging [778]. The first term on the right hand side rep-
resents the nonlinear equilibrium change associated with
the ZFSs due to the gyro-averaged parallel vector poten-
tial, (0A|,) . d-quantities stand for fluctuations, while C,
and S on the right hand side represent gyro-center collision
and source terms [8§13-816]. Equation (70) can generate all
spatio-temporal scales, from micro- via meso- to macroscales.
For the sake of convenience and numerical implementation,
it is often useful to separate slow meso- and macroscale vari-
ations, which define the mean equilibrium evolution, from
the fast scales that describe the ZS deviations about it, as dis-
cussed above in section 7.2.1 [778, 780, 781]. In addition, it
serves as fundamental equation defining EP transport in the
phase space. It provides the basis for any reduced approach
that seeks to describe EP dynamics over transport timescales
(for a practical implementation see e.g. [811, 812]). In these
works, various simplifying assumptions can be adopted in the
quantitative evaluation of the phase space fluxes on the RHS.
The crucial element is that all these models can be readily
verified/falsified within a unified theoretical framework [37,
781] by means of nonlinear GK codes that incorporate spe-
cialized diagnostics, as demonstrated by the work of [817].
Meanwhile, verification/falsification is based on comparisons
of fluctuation spectra as well as the corresponding phase space
fluxes, which provide a credible assessment of the predictive
capability of self-consistent evolution of fluctuation spectra
and equilibrium profiles.

The approach based on equation (70) and the self-consistent
solution of the Alfvénic fluctuation spectrum allow describing
the non-perturbative dynamics of EP nonlinear equilibria that
generally evolve on the same timescale 7, of the underlying
fluctuations; i.e. Y7 ~ wpTNL ~ O(1), with ~ the instantan-
eous (nonlinear) growth rate and wp the wave-particle trapping
frequency. By construction, thus, this approach can handle
both weak and strong drive regimes and naturally recovers the
approaches that assume wg7ny > 1 near marginal stability, as
shown in [37, 779, 818].

Equation (70) reduces to the quasilinear diffusion equation
for a broad spectrum of overlapping resonances [819,
820]. More generally, for a narrow spectrum of quasi-
coherent fluctuations, it describes a broader class of transport

31 The bounce/transit time 7y, is the same as T defined in section 2; we name
it 7, here to comply with the cited references.
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processes [821, 822] and can be cast into the form of a Dyson-
like equation, which accounts for convective transport and
avalanches in the EP phase space [37, 779]. A particular
application of practical interest of the Dyson-like equation,
coupled with the nonlinear Schrédinger-like equation for
the self-consistent description of the fluctuation amplitude
(section 7.2), is the nonlinear dynamics of the EPMs [421],
(section 6) which is shown to yield convective amplification of
the EPM wave packet as a soliton leading to an EP avalanche.
This case was discussed earlier in [20], while the EPM chirp-
ing rate, w ~ w3, and the radial structure of the EPM wave
packet are analyzed in [37, 779]. Extensive verifications of
the linear scaling of chirping rate with the mode frequency
have been recently reported in [823, 824]. In particular, it
can be shown that the self-similar shape of the EPM envel-
ope, A(r,t) = U(€)el 77 with € = knp(r—ro — ["vedr),
knr. the EPM nonlinear wave number, ry the location of the
linear instability, and v, the EPM group velocity, obeys the
nonlinear equation [37]

QU= \U-2iU|U|*, (71)
with A = —+/2/3 4 i(4/3), which is a particular case of the
complex Ginzburg-Landau equation [37]. In this case, the lin-
ear scaling of the theoretical prediction of frequency chirp-
ing [37, 779], which can be cast as

1
W iiwé (72)
OWres OWres | | Va - Vo
2 res res d
wg = |en P, w 9E " ‘ (73)

Here, wr is the wave particle resonance frequency and d¢
is the EPM scalar potential fluctuation, while (7) indicates
equilibrium orbit averaging as defined above [781]. The =+
sign shows that both up- and downward chirping are possible,
although the downward chirping is the most typical case due to
equilibrium non uniformity [37]. Another successful applica-
tion of the Dyson-like equation is the fishbone burst cycle [37],
which is consistent with recent nonlinear kinetic-MHD sim-
ulation results [825, 826] and proves the secular loss mech-
anism conjectured by [827], reducing, in the proper limit, to
the model equations originally introduced by Chen—White—
Rosenbluth [749]. This fundamental understanding of the sec-
ular loss of EP to be expected in ITER and reactor relevant
fusion plasmas imposes the necessity of identifying opera-
tion regimes where these phenomena are mitigated in suitably
designed operation scenarios and/or, possibly, even controlled
by means of the interplay of ZFs and PSZS [757]. In this case,
the fishbone downward frequency chirping can be obtained by
the same expression given above, with a proper extension to
take the effect of ZF decorrelation properly into account [828].

The Dyson-like equation approach to self-consistently
compute the EP response is not restricted to the strong EP
drive case, but it properly recovers the weak EP drive in the
relevant limit [37, 779]. One of such limiting cases is invest-
igated in [829] and applied to the fishbone chirping where it
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was interpreted as a Doppler shift, which is self-generated by
the fluctuation itself. In the light of equation (70), this high-
lights the importance of self-interactions in the plasma non-
linear dynamic evolution [37, 779, 781, 796].

73. Nonlinear gyrokinetic simulations of EP-driven
instabilities and EPMs

Effects of collective EP instabilities (AE/EPM) on the EP
confinement depend ultimately on the self-consistent non-
linear evolution of the fluctuation spectrum. More precisely,
this self-consistent evolution will be reflected by the proper-
ties of the ZS, introduced above, which consists of the ZFs
and corresponding PSZS, which depend critically on the non-
linear phase-space dynamics of EPs as well as on the non-
linear mode—mode couplings among the multiple EP-driven
modes, which are mesoscale (defined as fast ion gyroradius
pLr) with intermediate toroidal mode numbers, typically n ~
(10,40) in ITER plasmas [32, 574]. Both nonlinear effects,
in turn, depend on the global features of wave-particle res-
onances and mode structures whose description requires to
accurately account for kinetic effects of thermal particles;
e.g. the existence of kinetic Alfvén waves. Furthermore, wave—
wave interaction and resonance overlap in EP phase space
will induce cross-scale coupling between AE/EPM and mac-
roscopic MHD modes such as the n=1 fishbone instabil-
ity. Finally also, the coupling between EP-driven turbulence
and the ubiquitous drift-Alfvén wave turbulence driven by
thermal particles, which are micro-scale (defined as thermal
ion gyroradius pr;) with high toroidal mode numbers, typ-
ically n ~ (100,200) in ITER [580] needs to be retained. A
unified simulation model treating consistently macro-, meso-
and microturbulence is needed to explore new physics fronti-
ers associated with the complex dynamics of cross-scale coup-
lings (see section 7.2) [37].

For fully self-consistent simulations, we highlight that
they therefore must incorporate three physics elements: kin-
etic effects of thermal particles, nonlinear interactions of
many mesoscale modes, and cross-scale couplings of macro-
meso-microturbulence. The large dynamical ranges of spatial-
temporal processes further require global simulation codes
that are efficient in utilizing massively parallel computers at
the exascale. Global gyrokinetic simulation [771, 830] is a
suitable approach. Since the publication of the EP chapter in
the Progress in the ITER Physics Basis [20], several gyrokin-
etic codes with comprehensive physics and realistic geometry
have been developed, verified, and partially validated [554,
559, 583, 697, 831-834]. In particular, for PIC codes these
advances were facilitated by the development and imple-
mentation of advanced noise control [835] and ‘pull-back’
schemes [831, 836—838]. These nonlinear gyrokinetic simu-
lations are providing more complete physics insights on non-
linear dynamics of EP instabilities regarding their saturation
by ZF, regulation of EP-driven turbulence by microturbu-
lence, and fast frequency chirping. Improved understanding
from gyrokinetic simulations provides physics foundation for
reduced EP transport models. For example, effects of ZFs have
been incorporated in the CGM and RBQ models [573] and
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effects of microturbulence have been implemented in the RBQ
model [839].

73.1. Saturation of EP instabilities by wave-particle and wave-
wave nonlinearities.  Since EP nonlinear dynamics depends
linearly on the wave amplitude while nonlinear wave—wave
coupling depends on the wave intensity, it is generally believed
that wave-particle nonlinearity dominates over wave—wave
nonlinearity near marginality where the wave amplitude is
low. Consequently, the saturation mechanism for the EP
instability near marginality has been attributed to the nonlin-
ear wave-particle trapping [840], a 1D model [700] that has
been successfully utilized to explain many simulation results
and experimental observations near marginality. In this clas-
sic view, an EP instability saturates when the nonlinear trap-
ping frequency equals the linear growth rate. In the presence
of multiple resonances, overlap of phase space islands leads
to EP diffusion and associated flattening of the EP distribution
function at resonance, which diminishes the instability drive.
Another mechanism of wave damping is the resonance broad-
ening which arises from EP scattering by an ensemble of non-
interacting waves.

Far away from marginality, wave—wave coupling could
become the dominant nonlinear process. The transition from
wave-particle to wave—wave nonlinearity needs to be quant-
itatively determined by gyrokinetic simulations. Gyrokinetic
simulations with the GEM code [842] show that when the
RSAE growth rate v > 0.03w, (here w, is real frequency),
wave-wave nonlinearity becomes important. In the wave-
dominated weak turbulence, unstable modes can saturate
through energy transfer to damped modes in a three-wave
coupling process. A nonlinearly-generated ZF often plays an
important role in the saturation of the instability in the toroidal
geometry. The ZF is associated with the perturbed distribution
function (called zonal structure) [779] averaged over the flux-
surface, i.e. the n = m = 0 component of the perturbed dens-
ity and flows that generate ZF such as ZFs and ZCs. ZFs have
been found to often dominate the nonlinear saturation of the
toroidal drift wave instability [843, 844]. On the other hand,
nonlinear toroidal coupling is sub-dominant, but can lead to
an inverse cascade to the lower toroidal mode number n at a
longer timescale [845].

ZFs and PSZS have been shown to be generated by, and
in turn, suppress AEs in global simulations using gyrokin-
etic codes GTC [556, 841, 846], GEM [842], ORBS5 [648],
and kinetic-MHD codes TAEFL [847], FAR3D [848], and
MEGA [801]. Effects of ZFs are typically stronger than that of
the ZCs, but zonal structures have also been reported to dom-
inate the AE saturation [842]. Local gyrokinetic GYRO simu-
lations [849] found that strong ZFs generated by microturbu-
lence are needed to saturate RSAE. Global gyrokinetic GTC
simulations using realistic plasma profiles and geometry of
DIII-D experiments [655] found that ZFs dominate the nonlin-
ear RSAE saturation even in the presence of multiple unstable
modes (n=3-9) [850]. These results suggest that effects of
ZFs and PSZS on EP instabilities are universal and could play
an important role in EP transport.
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Figure 49. Time history of the zonal flow shearing rate wg /~4, electron density perturbation dne /n.(%), and effective EP diffusivity D¢
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Society.

73.2. Regulation of mode saturation by microturbulence.

An outstanding issue in global simulations of mesoscale EP
instabilities is the absence of a steady state EP-driven turbu-
lence and related transport. The nonlinear dynamic of a huge
initial burst followed by a quickly diminished AE amplitude
and EP transport is a common phenomenon in global gyrokin-
etic [802, 842] and kinetic-MHD [801, 847, 851] simulations,
where quasi-steady state EP transport can only be sustained
by artificially large dissipation due to, e.g. resistivity or scat-
tering by Coulomb collisions. However, collisions are found
to have negligible effects on EP turbulence when using real-
istic experimental parameters. This issue has recently been
addressed in global gyrokinetic simulations coupling meso-
scale AE turbulence and microturbulence, where microtur-
bulence is found to regulate EP-driven modes, resulting in a
quasi-steady state EP transport [841, 846]. In this work, lar-
ger EP transport has been found for stronger microturbulence
even though the microturbulence directly drives little EP trans-
port due to gyro-averaging effects, as expected by conven-
tional wisdom [852—-854]. When background microturbulence
is artificially suppressed in the simulation, the RSAE amp-
litude and EP transport are much higher than experimental
levels at nonlinear saturation, but quickly diminish to very low
levels after the saturation (figure 49(a)). In contrast, in simula-
tions coupling micro-mesoscales, the RSAE amplitude and EP
transport decrease drastically at the initial saturation but later
increase to the experimental levels in the quasi-steady state
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with bursty dynamics due to regulation by thermal ion tem-
perature gradient (ITG) microturbulence (figure 49(b)). The
RSAE amplitude in the quasi-steady state mediated by ITG-
RSAE turbulence agree well with experimental measurements
(figure 49(c)). When the thermal ion temperature gradient is
increased, owing to the stronger microturbulence, the quasi-
steady state EP transport is larger (figure 49(d)).

Pressure gradients of thermal particles excite various
drift-wave instabilities, leading to ubiquitous microturbulence
responsible for turbulent transport of thermal plasmas. Despite
the separation in the spatial and temporal scales, there can
be strong cross-scale coupling between AEs and microturbu-
lence. ZFs can be nonlinearly generated by AEs, and in turn,
suppress both AEs and microturbulence. Microturbulence can
dampen the ZFs and zonal structures generated by the AEs. EP
scattering by the microturbulence [855] can affect the phase
space dynamics in nonlinear AE-EP interactions [856]. Drift
waves and AEs can also nonlinearly interact through wave—
wave coupling. Furthermore, mesoscale EP turbulence can
also drive significant thermal transport as shown in recent
gyrokinetic ORBS simulations that find large electron heat
fluxes driven by BAEs excited by EPs [802].

73.3. Fast frequency chirping in gyrokinetic simulations.
Increased EP transport by AEs has been correlated with a
fast frequency oscillation (chirping) with a sub-millisecond
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period that has been observed in many experiments. An ana-
Iytic model for the chirping based on the 1D nonlinear wave-
particle interaction near marginal stability has been construc-
ted, and single [857] and repetitive [858] bursts of chirping
have been observed in kinetic MHD simulations with sources
and sinks. Global gyrokinetic GTC simulations [859] of BAEs
found fast and repetitive frequency chirping without sources
and sinks. The wave frequency exhibits a fast, repetitive and
mostly downward chirping with a sub-millisecond period and
a 90° phase shift from the amplitude oscillation (figure 50).
The frequency chirping is induced by the evolution of coher-
ent structures in the EP phase space. The dynamics of the
coherent structures is controlled by the competition between
the phase-space island formation due to the nonlinear particle
trapping and the island destruction due to the free streaming
process, an intrinsically 2D dynamics in toroidal and radial
directions [859, 860].

74. Nonlinear kinetic-MHD simulations of EP-driven modes

Kinetic-MHD simulations for EPs interacting with an MHD
fluid have now become irreplaceable for understanding and
predicting EP behavior [355, 826, 861-870]. In kinetic-MHD
models, the bulk plasma is described as an MHD fluid, and
a particle simulation method is applied to EPs. The MHD
fluid and the EPs are coupled through EP pressure or EP cur-
rent in the MHD momentum balance equation. Both the MHD
nonlinearity and the nonlinear EP dynamics are included in
the simulations. Nonlinear dynamics of EPs interacting with
MHD waves is also studied in reduced simulations [584, 838,
871] and in gyrokinetic simulations [648, 853, 872, 873].
Gyro-Landau closure models such as FAR3d [848] and TGLF-
EP [874] constitute a further type of kinetic-MHD hybrid
model and are described in the next section. The reduced sim-
ulations are computationally more efficient, but they can be
sensitive to simplifying assumptions and are less detailed in
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predictions. The gyrokinetic codes, on the other hand, offer
more complete description of the bulk plasma but they are
computationally more demanding than the kinetic-MHD sim-
ulations. One of the most capable kinetic-MHD codes is the
MEGA code. It uses a multi-phase simulation method of
the classical collisional processes and EP interactions with
an MHD fluid. This approach makes it possible to simu-
late a population of EPs taking into account the injection of
a neutral beam, collisional drag, pitch-angle scattering and
energy diffusion, beam losses and transport processes due to
MHD waves with the effects of MHD nonlinearity and EP
FLR [754]. We present some examples of the MEGA mod-
eling. In DIII-D experiments with NBI, there was a signific-
ant flattening of the EP profile during AE activity as shown in
figure 51 [798].

In these experiments, there was a rich spectrum of TAEs
and RSAEs during the current ramp-up phase with reversed
magnetic shear [482, 484, 798, 875, 876]. The ORBIT code
calculations of the EP for the measured mode amplitudes [877,
878] have shown that the profiles of NBI-produced EPs flat-
ten, consistent with the measurements. These calculations also
reveal that resonance overlap of multiple AEs is essential for
EP transport. The multi-phase MEGA simulation of DIII-D
discharge #142 111 with a self-consistent calculation of the
mode amplitudes has demonstrated that the simulated flattened
EP pressure profile matches with the experimental profile
within the error bars (see figure 52) [493].

The simulated temperature fluctuation profiles were quant-
itatively compared with the ECE measurements, and they, as
well as phase profiles, showed good agreement with the meas-
urements. Additionally, the saturated AE amplitudes were
0B/B ~ 10~*, which is within a factor of 2 of those meas-
ured. [877, 878]. Experiments in DIII-D also show that EP
transport suddenly becomes ‘stiff” above a critical threshold
in the presence of many overlapping small-amplitude AEs (see
figure 53) [879-881].

The EP profile is regarded as ‘stiff” when the increase of
the EP profile gradient above a critical value is lower than
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Figure 52. Comparison of an EP pressure profile for DIII-D
discharge #142 111: a multi-phase MEGA simulation (circles), a
classical simulation (triangles), and experiment (squares), also
showing an error bar. Reproduced from [493]. © 2015 IAEA,
Vienna. All rights reserved.
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(a)). Reprinted (figure) with permission from [879], Copyright
(2016) by the American Physical Society.

the proportional increase to the beam power. The threshold
is phase-space dependent and occurs when particle orbits
become stochastic due to resonances with AEs. The multi-
phase MEGA simulations predict the EP pressure profile and
the EP transport flux for different beam power levels [882].
They show stiffness and a monotonic degradation of EP
confinement with increasing beam power. The confinement
degradation and profile stiffness are due to the presence of
multiple AEs when the EP pressure gradients exceeds a crit-
ical value. The critical pressure gradient and the correspond-
ing beam power depend on radial location. The EP pressure
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gradient stays moderately above the critical value, and the pro-
files of the EP pressure and EP transport flux spread radially
outward from the inner region, where the beam is injected.
The resonance regions in the EP phase space have been ana-
lyzed for the eigenmodes observed in the MEGA simulations.
Figure 54 shows the particle trajectories in the phase space
of normalized major radius and energy with the AEs present
in the simulations for DIII-D experiments for different beam
deposition power levels [882]. With increasing beam power,
the resonance regions broaden due to the larger amplitude of
eigenmodes leading to the overlapping.

This analysis verifies that the overlap of multiple reson-
ances is the underlying reason for the sudden increase in
EP transport with increasing beam power. The multi-phase
MEGA simulations [883] of the TAE bursts and EP losses in
TFTR have reproduced the observed synchronized bursts of
multiple TAEs and the corresponding variations of the stored
beam energy with regular time intervals close to the experi-
mental value, as shown in figure 55.

The mode saturation amplitude is now lower than in the
earlier reduced simulations with a linearized description of
the bulk plasma [884]. The inclusion of nonlinear MHD
effects [785, 801, 847] in MEGA prevents the AE amplitude
from excessive growth.

In experiments with super-Alfvénic beam ions, repetit-
ive bursting events consisting of multiple AEs or EPMs are
observed. In JT-60U, negative-ion beams drove a series of
repetitive bursts dubbed ‘fast frequency sweeping modes’ that
culminated in an ‘abrupt large event’ (ALE) [885]. Similarly,
in NSTX, a sequence of bursting AEs often culminated in a
larger burst with multiple harmonic content dubbed an ‘ava-
lanche’ [886, 887]. The avalanche events caused substantial
drops in neutron [886, 888] and FIDA signals [887, 889].
Many features of the JT-60U ALE [858, 890, 891] and NSTX
avalanche [892] are reproduced by simulations, including the
entire repetitive burst cycle in simulations with MEGA [858].

The EP-driven AEs and EP transport in ITER plasmas have
been studied numerically in [32, 572, 577, 579, 874, 893]. It
was found that the EP drive of AEs can overcome the thermal
ion Landau damping only in the outer half of the plasma, and
AE-induced redistribution is not expected to affect the fusion
burn in the ITER 15 MA baseline scenario [32]. For the steady-
state scenario with 9 MA plasma current, BAEs with low tor-
oidal mode number were found to dominate in the nonlinear
phase although many TAEs with n ~ 15 are more unstable in
the linear MEGA simulations [572].

75. Nonlinear kinetic-MHD simulations of dynamics and
frequency chirping of single-n Alfvén modes

The nonlinear dynamics of a single toroidal Alfvén mode and,
in particular, the saturation mechanisms have been invest-
igated by particle-in-cell simulations performed with the
gyrokinetic-MHD code XHMGC [864, 894, 895] and the so-
called Hamiltonian-mapping technique [896], both for con-
stant and chirping frequencies. This technique samples the
regions of phase space that provide the most important con-
tribution to the growth or damping of modes by means of
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tesg= 480.60

Figure 56. Hamiltonian mapping of test-particle markers in the
(©,r) plane in the nonlinear stage. Each marker is colored
according to the birth r value of the particle. The formation of an
island-like structure around the resonance radius, including the
trajectories of particles trapped in the potential well of the wave, is
clearly seen. Reproduced from [823]. CC BY 4.0.

a population of test particles evolving in the electromag-
netic fields obtained from self-consistent particle simulations.
Wave-trapped particles form an island structure, around the
resonance radius, in the 2D space (©,r), with O being the
wave phase seen by the particle and r its radial coordinate
(figure 56). This yields a density flattening delimited by a suf-
ficiently steep negative density gradient. In general, mode sat-
uration occurs as the flattening region extends over the whole
radial region where the mode-particle power transfer can take
place [868, 896]. A variety of phase space diagnostics can be
used to characterize the trapping-detrapping process by mul-
tiple resonances, see e.g. [823, 824, 897, 898].

In the constant-frequency case, two regimes can be dis-
tinguished. In the first regime, the power-transfer region is
mainly limited by the need to satisfy the resonance condition
|w — Wres ()| < v, Where wyes(r) is the resonance frequency at
radius r, and + is the linear growth rate of the mode. This is
the case occurring for low values of the growth rate, sharp pro-
files of the resonance frequency or extended mode structure.
The second regime, occurring in the opposite limits, sees the
power-transfer region limited by the finite radial width of the
mode structure. The two different regimes correspond to dif-
ferent scalings of the saturation mode amplitude with the linear
growth rate: the former (resonance detuning regime) exhibits
a quadratic scaling; the latter (radial decoupling regime), a lin-
ear scaling; this is shown in figure 57 [868].

In the case of chirping frequency, the dynamics, in a first
nonlinear stage, is analogous to that analyzed in the constant-
frequency case. If the frequency is allowed to change, how-
ever, the resonance region may move such that the coverage
of the power-transfer region by the density-flattening region is
delayed and the mode can extract more power from the reson-
ant particles. In turn, the island and, then, the density-flattening
region reconstitute around the new resonance radius, counter-
acting this retarding effect. This process goes on until a fur-
ther change in frequency becomes unable to produce a signific-
ant displacement of the resonance region. To further grow, the
mode has to tap a different resonant structure, possibly making
use of additional frequency variations. The phenomenology
described above has been observed in simulations referring to
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Figure 57. Scaling of the saturation amplitude of the scalar potential
(defined as the radial peak, in arbitrary units, of the dominant
poloidal harmonic) versus the linear growth rate v for XHMGC
simulations. The reference quadratic and linear v scalings
associated with the resonance-detuning and radial-decoupling
regimes are also shown. Reproduced from [868]. © 2017
Associazione Euratom-ENEA sulla Fusione. All rights reserved.

a variety of physical situations, ranging from AE modes driven
unstable by EPs (both fusion alphas [896] and EPs from auxil-
iary heating [823, 868, 8§99, 900])as well as energetic electrons
(as in the case of electron fishbones [825]).

76. Nonlinear gyrofluid simulations of EP-driven instabilities

Gyrofluid models are a further step in the evolution of the
MHD-kinetic hybrid paradigm for EP instability analysis. This
approach is motivated by the fact that all gyrokinetic mod-
els must communicate kinetic information to field equations
through some form of moments integral (e.g. charge/current
density, pressure, etc). Since these low order moment integ-
rals will inherently average away some of the fine struc-
ture of the kinetic distribution function, this motivated repla-
cing the kinetic component with a hierarchy of moment
equations. The advantages of this approach are: a signific-
ant dimensionality reduction from 5D/6D to 3D, leading to
fewer degrees of freedom and high computational efficiencys;
no discrete particle noise; no issues with time-evolving uneven
particle phase space densities (cavitation); and a mathemat-
ical structure that is compatible with direct eigenmode solv-
ers. While moments hierarchy or MHD models have been
developed and applied for many years in plasma physics, they
were not capable addressing the phase-mixing and instabil-
ity feedback effects associated with wave-particle resonant
phenomena, such as Landau damping/growth until the devel-
opment of gyro-Landau closure methods. These new forms
of moments closures, developed originally by Hammett and
Perkins [901] demonstrated that Landau resonance phenom-
ena could be included in fluid-like equations. This approach
has been adapted to the analysis of EP instabilities through
models such as TAEFL [863], FAR3d [902], MAS [903] and
TGLF-EP [904, 905], which use closure relations optimized
for Alfvénic instabilities. FLR stabilization effects are also
included. FAR3d and TAEFL were based on coupling a set
of EP gyrofluid equations to an existing global reduced MHD
model. MAS [903] is also a global Landau closure model that
has been tested in the linear regime for drift waves (ITG and
KBM), internal kinks, and Alfvén instabilities (KAW, TAE and
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Figure 58. (a) Time evolution of poloidal magnetic field
component at p/pegge = 0.2, 6 = 0, ¢ = 0, (b) spectrogram of
magnetic field signal in (a), with the dominant mode indicated at
~100 kHz. Reproduced from [848]. © 2021 The Author(s).
Published on behalf of IAEA by IOP Publishing Ltd. CC BY 4.0.

RSAE). TGLF-EP was developed starting from the flux-tube
model TGLF [906] that incorporated gyro fluid closures for
the modeling of drift waves.

The global EP gyrofluid model, FAR3d has been used to
model a variety of EP instability observations in both toka-
maks and stellarators [907]. It includes both linear and nonlin-
ear options. The nonlinear saturated state is achieved through
the inclusion of convective and J x B nonlinearities [848, 908,
909]. This model has been used for the long-time scale simula-
tion of nonlinearly saturated AE modes observed in the DIII-D
experiment, and has shown reasonable agreement. An example
of the simulated poloidal magnetic field fluctuations and their
associated spectrogram is shown in figure 58 [848]. In the EP
density evolution equation the convective nonlinearity drives
flattening of the fast ion profile in the region where the EP
instability amplitude is strongest; EP transport fluxes can be
derived from these profile changes. 2D ZF and current gen-
eration effects also are present and play a role in regulating
the nonlinear state. Mode coupling effects are well-resolved
in this model and indicate that for the case of simulations with
multiple toroidal modes, linear growth rates can be strongly
altered by nonlinear mode coupling effects.

The TGLF-EP model [904, 905] provides a rapid method
to evaluate local EP instability properties and has mostly been
used for linear stability evaluations. TGLF-EP goes higher
in the moments hierarchy than FAR3d and includes trapped
particle and drift effects in the resonance conditions, in addi-
tion to the usual passing particle resonance. This model has
been particularly useful in the development of CGMs for EP
transport. Local variations in the EP density gradient drive
are made until a local marginal stability state is achieved. By
repeating this process over the full range of flux surfaces, a
marginal stability EP density profile can be reconstructed and
EP transport rates inferred from the profile flattening effects.
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77 Nonlinear simulations of EP-driven modes with reduced
models

Apart from the cutting-edge numerical models aimed at rig-
orous first principle coverage of all known essential phys-
ics effects, there has been significant progress in less rigor-
ous but fast modeling that involves some phenomenological
assumptions and free input parameters. Less accurate quantit-
ative interpretation of wave-particle phenomena can be expec-
ted from such an approach with respect to first principle codes,
especially for predictive simulations that are not constrained
by experimental data. Nonetheless, these simplified models
allow inexpensive scans across multiple discharges for a quick
assessment of the relative role of instabilities in EP transport
and losses. Such reduced models distill information from the-
ory and first-principles codes and implement efficient numer-
ical methods to cover EP transport in long-timescale integrated
simulations [910-912].

The degree of model reduction determines which physics
aspects are retained and to which degree of fidelity. The most
common simplifications are assumptions about the instabil-
ity spectrum and the transport mechanisms, a simplified rep-
resentation of the EP population, and simple ad-hoc trans-
port coefficients. When a Monte Carlo approach is used to
simulate the EP evolution, such as in the NUBEAM mod-
ule of TRANSP [913, 914], EP transport coefficients can be
represented by matrices that describe the impact of modes
on EP orbits as kicks in EP variables during the simulation.
This EP kick model [915, 916] has been implemented in
NUBEAM. The kick matrices are defined for the EP COM
(E,u,Py) [917]), see section 2. For each (&, i, Py) region
(or bin), a 2D matrix represents the conditional probability
P(AE, APy |E, 1, Py ) of correlated kicks in £ and Py res-
ulting from EP interaction with instabilities. The kick mat-
rix comes from particle following codes such as ORBIT [916,
917]. For Alfvénic modes, MHD codes such as NOVA [918]
provide a radial mode structure to use in ORBIT. Analytic
representations can also be used to represent kink modes,
fishbones, and NTMs. Kick amplitudes in NUBEAM are
time-dependent according to a user-supplied waveform. If the
mode damping rate is known, the model can adjust the amp-
litude accordingly [916]. The kick model has been applied
to several experiments to study EP transport by Alfvénic
modes [232, 880, 916, 919], NTMs [232, 317, 369, 920] and
internal kinks [392, 396, 399], including scenarios with mul-
tiple instabilities present simultaneously [335, 341]. By retain-
ing full phase-space details and realistic EP distribution func-
tions from NUBEAM, the model is suitable for detailed com-
parisons between simulation results and EP diagnostics [232,
317, 369, 392, 396] via synthetic diagnostic codes such as
FIDASIM [921, 922]. Application of the kick model to ITER
requires more work to meet the remaining challenges. Work is
in progress to extend and validate the model to multi-species
plasmas (D, T, or fusion products) [46, 923, 924], leveraging
new data from the recent JET D-T campaign [50, 51]. Also,
depending on the granularity of (£, i1, Pg) bins, matrices can
be memory-consuming, and the model requires amendments
to cover multiple modes.
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For multiple Alfvénic modes, in scenarios with either isol-
ated or overlapping resonances, a resonance-broadened quasi-
linear theory, originally proposed in [925], provides a way to
reduce the dimensionality of the problem while still capturing
the essential dynamics in the EP diffusive regime [926]. The
Resonance Broadening Quasi-linear model RBQ [839, 927]
computes the diffusion coefficients to relax the distribution
function of EPs while simultaneously evolving the amplitudes
of multiple modes. The model, originally developed to account
for diffusion along Py only [839, 927], has recently been
upgraded to resolve the (£,Py4) correlation (equation (13))
for resonant interactions, APy /AE =n/w [928]. RBQ has
motivated recent basic analytic work on the formulation of
quasilinear theory in a broad sense. For instance, sufficiently
close to marginal stability, collisions regulate the wave evol-
ution, phase memory is poorly retained and the EP dynamics
becomes time-local [929, 930]. This understanding led to the
formulation of a self-consistent quasi-linear theory [931, 932]
that recovers the exact saturation level of the more complex
nonlinear theory [933], while being considerably less com-
putationally demanding. An essential ingredient of the the-
ory, the shape of the resonance (window) function, previously
employed with an arbitrary ad-hoc shape, emerges spontan-
eously in the self-consistent derivation [931, 932]. This self-
consistent window function is used in RBQ [856], yielding
better agreement when compared with the nonlinear Vlasov
code BOT [934]. Verification of the width of the wave-particle
interaction has been performed using the guiding center fol-
lowing code ORBIT [935]. The model can be used to find
the relaxed EP profile with self-consistent mode amplitudes,
based on AE structure and spectrum from MHD codes such
as NOVA [918] or LIGKA [529], and the EP drive calcu-
lated for an analytic slowing down distribution. RBQ has been
used to assess NBI ion transport by AEs on DIII-D [936].
At present, RBQ communicates with TRANSP/NUBEAM via
the same 5D transport matrix formalism as the kick model.
The RBQ diffusion coefficients provides Gaussian probabil-
ities for (AE, APy4). Work is in progress to provide a direct
interface and reduce the memory usage with respect to the
kick model. Further heuristic elements lead to CGMs such
as TGLF-EP [874, 904, 937] and CGM [938], which seek a
solution for the EP radial flux such that the EP drive balances
the mode damping at each radial location. The radial diffusion
coefficient computed from the EP flux can be used as an input
for TRANSP.

As mentioned above in section 7.4, the TGLF-EP reduced
model [904, 905] provides an additional method for evaluat-
ing nonlinear Alfvén instability driven EP transport using an
approach known as a CGM. TGLF-EP uses the TGLF [906]
local flux tube gyro-Landau closure model to evaluate AE
instability growth rates on each flux surface in the ballooning
limit and find the marginal stability point (or point where the
growth rate is below some minimum level) by varying the EP
gradient drive. Under the assumption of stiff transport (i.e. rap-
idly increasing transport as AE modes destabilize), a steady-
state solution of the EP continuity equation (including beam/
fusion source, slowing-down sink, and diffusive AE flux)
gives the marginally stable EP density profile. The underlying
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stiff-transport assumption has been checked [849, 905] against
simulations using the gyrokinetic code GYRO [939]. The cal-
culated effective diffusivity can be coupled into integrated
simulations. This model has been confirmed with EP profiles
measured on DIII-D from FIDA measurements and neutron
deficit data [562, 879, 940]. It has also been applied to cases
from ITER [874].

Finally, reduced modeling can also lead to simulations of
the EP distribution function fast enough to allow real-time con-
trol of discharges. The RABBIT code is such a model allow-
ing very fast computations of the NBI distribution functions
[941-943].

78. Strengths and weaknesses of nonlinear simulation
approaches

Here we attempt to summarize typical strengths and weak-
nesses of various nonlinear simulation approaches treated
in the previous subsections: gyrokinetic simulations, kinetic-
MHD simulations, gyrofluid simulations, and ad hoc reduced
model simulations, e.g. the kick model implemented in
TRANSP. For each simulation approach, several codes are
available with developed or developing user communities.
Naturally, it is hardly possible to provide fully correct lists
encompassing all codes of their category. Particular codes
might have overcome some of the typical weaknesses of their
category, or not fully exploit typical strengths. Nevertheless,
we can provide a starting point for further investigation.
In addition to the typical strengths and weaknesses pointed
out below, numerical aspects should be considered, such as
particle sampling noise or the need to introduce hyperviscos-
ity or time step restrictions due to numerical stability. Since
these numerical issues depend on the implementation, we will
not list them here.

Gyrokinetic simulations—strengths:

o They currently provide the most complete EP physics model
available. Highest fidelity.

e They can take into account the detailed phase-space struc-
ture of the distribution function and finite orbit width effects.

o Efficient CPU/GPU parallelization is achieved with particle
and domain decompositions.

e They can analyze coupled EP instability/core microturbu-
lence effects.

o Both linear and nonlinear options available.

Gyrokinetic simulations—weaknesses:

e Gyro-motion is averaged out.

e Typically only a subset of E- and B-field components are
included. For a detailed recent discussion in the framework
of gyrokinetic field theory, see [944].

e Heavy computational requirements for nonlinear full-f runs
(significant CPUs/GPUs + lengthy run times).

e Methods have not been developed to insure evenly distrib-
uted phase space densities through the simulation—may
limit simulation time.
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Kinetic-MHD simulations—strengths

e Relative to gyrokinetic, this is the next best level of com-
pleteness in terms of the physical model.

o Guiding-center orbit width effects are taken into account,
and most models can utilize a range of EP distribution
functions.

o The full set of E- and B-field-field components are typically
included.

e Can be run in hybrid mode (i.e. alternate between nonlinear
instability and classical collisional physics to achieve long
simulation times).

o Efficient CPU/GPU parallelization is achieved with particle
decomposition.

e Both linear and nonlinear options are available.

Kinetic-MHD simulations—weaknesses

e Gyro motion is averaged out.

e Heavy computational requirements for nonlinear runs (sig-
nificant CPUs/GPUs + lengthy run times)

The thermal plasma is generally treated in the fluid approx-
imation so coupled EP instability/core microturbulence
effects cannot be modeled.

Some damping mechanisms of EP-driven modes such as
radiative damping and thermal ion Landau damping are
missing while continuum damping is retained.

E|-effects are not treated consistently, as the electron
dynamics is missing.

Methods not used to insure evenly distributed phase space
densities through the simulation—may limit simulation
time.

Gyrofluid simulations—strengths

e Fast execution speed.

o These are continuum models. Relatively accurate treatment

of mode-coupling effects is achieved—important for ZF

effects.

Both initial value and eigenmode options available for linear

stability analysis.

Includes approximations for FLR effects and finite orbit

width effects.

e Both linear and nonlinear options are available.

e CPU/GPU parallelization via domain decomposition—
nonlinear runs can be lengthy, but do not require as many
computational nodes as gyrokinetic or kinetic-MHD

Gyrofluid simulations—weaknesses

e Limited flexibility with respect to EP distribution function
model (mostly near Maxwellian models are used, but may
be extended by including higher order moments).

e Full field components are not included, most models are
based on reduced MHD.
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e Some damping mechanisms of EP driven modes such as
radiative damping and thermal ion Landau damping are
included via perturbative approximations while continuum
damping is retained.

. EH-effects are not treated consistently, as the electron
dynamics is missing.

e Nonlinear wave-particle trapping which plays an essential
role in the saturation process of EP driven modes is not
present per se, but modeled by convective cell trapping of
fast ion density.

e Developed from gyrokinetic models that average over
gyromotion.

Ad hoc reduced model simulations—strengths

e Large user community, e.g. the kick model implemented in
TRANSP.

e Fast execution time.

e They provide answers for transport rates and profile flatten-
ing that can readily be incorporated into integrated models.

Ad hoc reduced model simulations—weaknesses

o Lowest physics fidelity

e Models are based on many simplifying assumptions that
may not apply to all regimes, in addition to gyroaveraging.

e Ranges of applicability not always well known.

e Do not include mode coupling effects, ZFs, and currents.

e Reduced models generally give asymptotic states (e.g. crit-
ical gradient profiles) based on linear theory with not much
information on the time intervals to get to such states.

Besides these ad hoc reduced models, recent studies have sug-
gested approaches for developing reduced descriptions based
on first principle theory derivations with different levels of
approximations that are justified with assumptions, which can
be checked at each level of the hierarchical approach (cf
section 7.2 and [37]). The feasibility of the corresponding
workflow has recently been demonstrated [811].

79. Application of nonlinear simulation models to ITER

The parameters of ITER introduce new regimes for nonlinear
Alfvén turbulence with unstable modes extending to higher
toroidal mode numbers (i.e. smaller pr¢/a allows instability
at higher wavenumbers before FLR stabilization becomes act-
ive). This results in many interacting modes and closely spaced
Alfvén gap locations. As described above, there are a variety of
models now under development to address the nonlinear phys-
ics of ITER burning plasma scenarios. A recent collaboration
of nonlinear EP models focused on simulating these effects as
part of an ITPA joint simulation activity [586]. Both an ITER
pre-fusion baseline scenario case (#101 006) and a steady-state
case (#131 041) with areversed shear g-profile [945] were con-
sidered. The pre-fusion baseline case indicated that a weak
fishbone instability was present, but that Alfvén modes were
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stable; only weak neutral beam ion redistribution was pre-
dicted. The steady-state case (in the DT phase) contained both
anisotropic neutral beam ions and isotropic alpha particles.
Due to the stronger drive and reversed g-profile, it showed
stronger Alfvénic growth rates than for cases with monotonic
g-profiles. The global nonlinear models applied to this case
included GTC, MEGA, FAR3d, M3D-C1 [586, 946]. Also, the
reduced RBQ and TGLF-EP models [947] were applied in this
study. The most unstable modes were BAEs and RSAEs and
were located near the g, surface. All models [586] indicated
high levels of transport (50 to 70m?s~') both for the beams
and alphas. The simulations were limited to relatively short
time intervals (~0.25 ms). In contrast, NBI-driven cases from
DIII-D with similar g-profiles only resulted in a few unstable
AEs. If this level of transport extrapolates to longer timescales,
it would be difficult to sustain a steady-state burning plasma. In
particular, the maintenance of reversed shear g-profiles will be
important to achieve non-inductive (bootstrap current aligned)
steady-state operation. Future directions for this type of mod-
eling should include longer timescale integrated simulations
that include cross-scale coupling between MHD, AEs, micro-
turbulence and the self-consistent effects of alpha and beam
source functions.

710. Soft and hard nonlinearities of near-threshold
instabilities

The advent of burning plasmas might suggest an increase focus
on alpha-driven instabilities in burning plasmas. However, a
large part of the underlying physics is generic and understand-
able at a very basic level within properly idealized models of
wave-particle interaction. Even though the EP pressure can be
comparable to the bulk plasma pressure, the EP density is usu-
ally much smaller than the bulk particle density. EPs hence
interact mainly with the bulk plasma rather than among each
other. EPs have, by definition, a non-Maxwellian distribution
which has free energy available to excite waves via wave-
particle resonances. Depending on the problem of interest,
the free energy can come either from inverted velocity-space
gradients, anisotropy, or from spatial gradients of the EP dis-
tribution function (section 6).

EP instabilities have typically much shorter intrinsic
timescales than the particle or energy confinement time.
Consequently, linear stability analysis of a given initial con-
figuration does not cover how the instability saturates in the
presence of particle sources and the slow collisional relaxation
processes. To address saturation in general, the theory must
be nonlinear, which is still a challenge. However, given the
difference in timescales and given that the system is weakly
driven, the instability should occur in a near-threshold regime,
and then the nonlinear stage is often tractable analytically.

There are two basic sources of nonlinearity: the nonlinear-
ity of the EP motion in the field of the excited waves and the
nonlinearity of the bulk plasma. In each of these two cases,
it is critical to determine whether the near-threshold instabil-
ity exhibits a soft or a hard nonlinear regime, i.e. whether
it can be stabilized by weak nonlinearity or not. First, the
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Figure 59. Unstable bump-on-tail distribution function with a
positive gradient at the resonant velocity.

soft or hard regime require different theoretical and numerical
tools to describe the system, and second, there are immediate
experimental implications. In particular, the fishbone instabil-
ity [739] generally requires treatment of wave-particle reson-
ances and bulk plasma nonlinearities. For AEs, the nonlinear
interaction of EPs with linear waves dominates the problem.
In what follows, we first present a theory of single resonance
phenomena, and then discuss particle transport in the presence
of multiple modes.

711. Weakly nonlinear near-threshold dynamics

The interplay of the key ingredients in the problem of wave-
particle interaction can be understood within a simple electro-
static bump-on-tail model that exhibits the characteristic non-
linear scenarios. Within this model, the bulk plasma is repres-
ented by cold electrons, and we assume that there are sources
and sinks that create an unstable energetic electron tail. The
tail provides an instability drive ~yqve due to a positive gradi-
ent of the velocity distribution function F' (see figure 59).

The unstable mode in this case is a plasma wave, and its
eigenfrequency, wpe, is the cold-electron plasma frequency.
The cold-electron collision frequency v,oq provides a linear
damping rate Ygamp = Veold /2 of the mode that determines the
minimum slope of Fy(u) needed to excite a mode, i.e. the
instability threshold. The spectrum of EP-driven modes in a
tokamak is generally discrete due to periodicity in the tor-
oidal and poloidal directions and the radial boundary condi-
tions (section 6). To take that into account in the bump-on-tail
model, we consider a single electrostatic mode with a given
wavelength )\ and wavenumber k = 27 /\. The electric field
of the mode can then be written as

E= % [0E () exp (ikx — iwpet) +c.c.], (74)

where JE(7) is a slowly varying complex amplitude and c.c.
denotes the c.c. The basic equations for the bump-on-tail prob-
lem are the kinetic equation for the energetic electrons and the
wave evolution equation
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%tE = —4%77@/ (Fexp (—ikx + iwpet)) dit — YaampOE,

(76)

where (...) denotes averaging over wavelength. The right-
hand side of the kinetic equation describes three different col-
lision models for the resonant tail electrons: velocity-space
diffusion, drag, and Krook-type collisions [948]. The char-
acteristic rates for these collisions are characterized by the
quantities v (velocity-space diffusion), « (collisional drag),
and 3 (Krook model collisions), respectively (note that these
specific meanings for v, a, f are specific for this subsec-
tion and do not apply in other parts of this paper). The col-
lision operator also includes the source and sink terms writ-

v 9 o)
ten as (72 o Tk ou

distribution function F in the absence of the wave field. The
appropriate collision operator for the problem is determined
by what collisional process is dominant at the wave-particle
resonance in phase space. For EPs in a tokamak, Coulomb col-
lisions can be described as a combination of pitch angle scat-
tering and electron drag (section 2) [78, 949]. The former can
be represented by a diffusive operator, while the latter intro-
duces a slowing-down operator to the kinetic equation. The
near-threshold regime of wave excitation makes it possible to
expand the perturbed distribution function F in powers of the
wave amplitude 0F and solve the kinetic equation iteratively.
The actual expansion parameter is wgt, where

B) Fy, which sets up an equilibrium

wp = (k|0E|e/m)"? (77)

is the bounce frequency of the resonant particles trapped in
the wave, and ¢ is the time interval of interest. The first term
in the power series for F' gives the linear instability drive
YariveOE in the wave equation (76). The difference between
Varive and “Ygamp is small in the near-threshold limit, which
allows the lowest order nonlinear correction to compete with
this difference. It follows from the expansion procedure that
the nonlinear correction to the wave growth rate scales as
Yarive (wpt)* whereas the linear growth rate itself is Ygrive —
Yaamp <K Ydrive- Consequently, the lowest order nonlinearity
becomes important when (wg?)* & (Varive — Ydamp )/ Vdrive <
1. At this level, the next-order nonlinear term, Yyrive (wp?)®, is
still negligible. Thus, the inequality (Yarive — Ydamp)/ Ydrive <
(wpt)* < 1 defines a window in which the dynamics are
already nonlinear, but the nonlinearity can still be treated per-
turbatively. The ensuing relation between the perturbed distri-
bution function and the wave field involves a sequence of time
integrations. Once this relation is used in equation (76), we
obtain a cubic integro-differential equation for the wave amp-
litude, which can be written in the following dimensionless
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form:
T/2
dA 1 2
i (1) 3 /dzz (t—2)

0
—2:

.
>< /
0

XA(T—7—x)A" (T —27—x).

dxexp [—ﬁ3zz (22/3+x) = B(2z+x) —ic’z(z+ x)}

(78)

The dimensionless amplitude A in this equation is defined as

“Ydrive

—1/2
- 1> (Vdrive - ’Ydamp)izu (79)
“Ydamp

A = (k6Ee/m) (

the dimensionless time is 7 = (Yarive — Ydamp)? and the nor-
malized relaxation rates are defined as o = v/ (Yarive — Ydamp)>
a= a/(’Ydrive - ’Ydamp), and 3 = B/('Vdrive - ’Ydamp)- The cubic
nonlinear equation (78) was originally derived in [933, 950]
for the diffusive and Krook-type collisions, and it has been
generalized in [951] to include the effect of drag. According
to equation (78), the initial linear instability can develop into
a soft or hard nonlinear regime. In the soft case, the amplitude
A saturates at a finite level. In the hard case, the solution for
the amplitude A rapidly grows in a finite time. Without drag
(& = 0), a saturated solution of equation (78) is

—1

(oo}
2
d 7 . ~
|14|2 =2 /VB_Z;'_Z’;ZZ exXp (—21/323/3 — 2BZ) (80)
0

for 7 — oo. If the annihilation rate B and/or diffusion rate  are
above some threshold, the amplitude approaches that solution.
However, if B and ¥ are below this threshold, the steady sat-
urated solution is unstable. The solution then has a character-
istic ‘pitchfork splitting’, a periodic limit-cycle behavior. An
experimental example of pitchfork splitting driven by ICRF-
accelerated tail ions appears in figure 60 [952].

A further reduction in relaxation rates leads to period doub-
ling bifurcations, resulting in a chaotic mode amplitude evol-
ution and explosive growth of the mode [952-954]. The cubic
nonlinear term in equation (78) destabilizes the mode for
pure drag (where B =1 =0), so the mode is then explos-
ive. Then there are no saturated solutions for equation (78),
and the mode amplitude grows beyond the applicability range
of equation (78). When both drag and diffusion are present,
steady saturated solutions are only prohibited when the integ-
ral in equation (78) has a negative real part for 7 — oo. This
occurs when /& < 1.043 (dashed line in figure 61). However,
some of the formal steady solutions for /& > 1.043 have
been shown to be unstable [951]. The solid line in figure 61
represents the stability boundary between stable and unstable
steady solutions. Recent work shows that, in contrast to diffu-
sion, drag fundamentally shifts the resonance condition in the
quasilinear regime, producing shifts and splitting of the reson-
ance lines that alter the saturated amplitude [932].

The explosive growth described by equation (78) allows the
growing wave to reach the level of resonant particle trapping
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Figure 60. Nonlinear splitting of AEs in JET [952, 953]. Reprinted
(figure) with permission from [952], Copyright (1998) by the
American Physical Society.
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Figure 61. The boundaries in parameter space that give stable,
unstable and no steady state solutions to equation (78). The unstable
solution lies in between the solid and dashed lines. Reprinted
(figure) with permission from [951], Copyright (2009) by the
American Physical Society.

by the wave. One might, therefore, expect that particle trap-
ping will flatten the distribution function near the resonance
and eliminate the instability drive, after which the wave will
decay quickly because of the background damping. However,
the solution of equations (75) and (76) reveals a remarkably
different behavior. It exhibits formation of long-living coher-
ent structures with time-dependent frequencies, as discussed
next.

712. Spontaneous frequency sweeping, phase-space holes
and clumps

The tendency for the mode frequency to change in the strongly
nonlinear regime is already seen in the explosive solution of
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Figure 62. Evolution of the particle distribution function and wave
spectrum after explosive formation of holes and clumps in the hard
nonlinear regime of near-threshold instability. Reprinted from [701],
with the permission of AIP Publishing.

the reduced cubic equation (78). The explosive solution is in
fact oscillatory, and the period of oscillations in the wave amp-
litude A shortens as the solution approaches the singularity.
These oscillations indicate that the wave tends to split into
the upshifted and downshifted sidebands. The fully nonlinear
set of equations (75) and (76) prevents the mode from grow-
ing indefinitely. However, the trend for frequency sweeping
continues, as found numerically in [700, 701] and shown in
figure 62.

The time-dependent wave spectrum (lower plot in
figure 62) correlates perfectly with the evolution of the spa-
tially averaged particle distribution function (upper plot). The
latter exhibits an upward moving depletion (hole) and a down-
ward moving protrusion (clump). The hole and clump contain
particles trapped in the upshifted and downshifted waves,
respectively. Unlike the fast explosive onset of holes and
clumps, the evolution shown in figure 62 takes place over
many bounce periods of the particles that are trapped in the
wave, so that these particles respond to the wave field adia-
batically. Conservation of the adiabatic invariant preserves
the values of the particle distribution function within the
trapped particle areas of phase space. The reasons for fre-
quency sweeping shown in figure 62 are the presence of dis-
sipation in the bulk plasma and the availability of free energy
in the EP distribution.

A schematic snapshot of the distribution function in
figure 63 shows that the particle kinetic energy decreases when
the hole and clump move away from the original resonance
with the constant values of the distribution function at the bot-
tom of the hole and the top of the clump. This energy release
balances the dissipation in the background plasma to allow the
wave to last over hundreds of linear damping times. As shown
in [700], each hole and clump represent a nonlinearly saturated
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Figure 63. Adiabatic motion of hole and clump releases kinetic
energy of the EPs. The increased slope of the distribution function
in the wake (thick line) facilitates formation of subsequent holes and
clumps. Reprinted from [934], with the permission of AIP
Publishing.

wave with

wp = (16/377) Yarive- (81)

Calculation of the power release via frequency sweep-
ing relies on the knowledge that the distribution function of
passing particles is smooth around holes and clumps. This cal-
culation gives the following square root time-dependence for
the frequency shift in the absence of EP collisions [700]:

0w = (16/37T2) 'Ydrive\/m.

The results shown in figure 62 are consistent with this rela-
tion. More recent simulations with improved computational
accuracy [934] reveal that holes and clumps are produced con-
tinuously in the collisionless case. This can be understood by
noting that the slope of the distribution function at the ori-
ginal resonance steepens somewhat after the hole and clump
move away from it. There is, therefore, a tendency for a recur-
rent instability. The presence of drag and velocity space dif-
fusion adds interesting new features to the behavior of holes
and clumps [934]. The drag alone breaks the symmetry of the
sweeping pattern, as demonstrated in figure 64.

The source term in the drag collision operator acts to
enhance a phase space hole and weaken, or even suppress,
a phase space clump. Also, the combined effect of drag and
velocity space diffusion can produce the repetitive pattern of
hook-shaped frequency chirping events shown in figure 65.

(82)

713. Long-range sweeping

The initial theory for phase space holes and clumps was lim-
ited to the case of small frequency deviations from the bulk
plasma eigenfrequency [700, 701]. However, there are mul-
tiple experimental observations of frequency sweeping events
in which the change in frequency is comparable to the fre-
quency itself [592, 707, 713]. Figure 66 shows examples of
that. A non-perturbative theoretical formalism [955] is needed
to interpret such a long-range frequency sweeping event.
Since the EPs typically have a much lower density than
the bulk plasma, at first sight it seems unlikely that they
can change the Alfvén eigenmode frequency significantly.
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Figure 64. Effect of drag on holes and clumps. The plots show an
asymmetric frequency spectrum and two snapshots of the particle
distribution in phase space. Reprinted from [934], with the
permission of AIP Publishing.
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Figure 65. Hooked frequency spectrum of holes and clumps
represents interplay of drag and diffusive collisions. Reprinted
from [934], with the permission of AIP Publishing.

However, a small but coherent group of EPs can generate a
detectable signal at a different frequency than the bulk plasma
eigenfrequency. Consider, for example, a modulated beam in a
plasma. The initial modulation occurs spontaneously because
of instability at the plasma eigenmode frequency.

However, as the coherent structure evolves due to dissipa-
tion, the trapped EPs gradually decelerate while maintaining
their coherency. Consequently, the resulting frequency under-
goes a significant shift from the initial frequency. This can be
described as a nonlinear BGK mode [956]. A solution of this
type was obtained for a 1D bump-on-tail model with immobile
ions. The perturbed electrostatic potential ¢ takes the form

ﬁU(xfs(t),t).

¢=- (83)

The electron potential energy U is a periodic function of its
first argument (x — s(¢)) and a slowly varying function of the
second argument 7. Additionally, the wave phase velocity 5§ =
ds(r)/dt is a slowly varying function of time, characterized by
a sweeping rate s.
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Figure 66. Typical examples of non-perturbative modes on MAST
(a) and (b) and START (c). Reproduced from [713]. © 2006 IAEA,
Vienna. All rights reserved.

For small deviations of § from §y (early phase of frequency
sweeping), a sinusoidal mode with constant amplitude occurs
at the beginning of frequency sweeping [700, 955]. For large
deviations of § from §y, the amplitude and the mode struc-
ture change significantly. Figure 67 illustrates the separatrix
between the passing and trapped particles which changes its
shape.

While the separatrix shrinks, some of the originally trapped
EPs now become passing particles. The EPs that remain
trapped decelerate to lower velocities and supply their energy
to the wave. The power extracted from the EP population
balances the power dissipated in the bulk plasma, and thus
determines the rate of sweeping needed to compensate for
collisional dissipation of the BGK-mode. This power bal-
ance condition reproduces the square root scaling of fre-
quency sweeping during the initial phase of the sweep [700].
Later on, the mode phase velocity § deviates gradually from
this square root scaling. This process is interpreted as a
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Figure 67. Evolution of the phase-space bucket during sweeping
event. The plot shows the initial separatrix (upper shaded area) and
the shrunken separatrix at half of the initial mode phase velocity
(lower shaded area). Reproduced from [28]. © IOP Publishing Ltd.
All rights reserved.

transformation of the initial plasma wave into a nonlinear
EPM. EPMs might be generated by Alfvén wave instabilities
in an analogous way [421, 496, 957]. Such a nonlinear modi-
fication of the mode structure appears to be essential to gener-
ate EPMs from AEs.

The analysis of the 1D electrostatic bump-on-tail problem
leads to an analogous approach for understanding frequency-
sweeping phenomena in tokamaks. In experiments, these
events can be linked to the resonant excitation of TAEs. For
a linear mode, the resonance condition is

W — NWey (P¢,P9,Pw)—ILUQ(P¢,P9,P1/,):0, (84)
where w is the mode frequency, wg(Pg,Py,Py) and
we(Pg,Pg, Py ) are the toroidal and poloidal transit frequen-
cies, and n and [ are integers. The canonical action-angle
variable pairs (P, ¢), (Pg,0), and (P, 1) describe the integ-
rable unperturbed motion. However, (P, ,%) describes the
Larmor radius gyration which is much faster than the wave
period, so that gyration does not resonate with shear Alfvénic
perturbations. For an isolated linear resonance, the perturbed
particle Hamiltonian is a sinusoidal function of wt — n¢ — 6.
The transition to the nonlinear case now generalizes the
Hamiltonian to

t
H=Hy+U /w(T)dT—n(b—lH,t ,
0

(85)

where the function U to be determined numerically is a not
necessarily sinusoidal but still periodic function of its first
argument. Note that Py, and P =[P4 — nPy are COM and that
since the function U evolves slowly, it should preserve an adia-
batic invariant for trapped particles. These three conservation
laws suggest a relationship between the trapped particle distri-
butions at any two locations of the resonance as illustrated in
figure 68.

The macroscopic quantities, like the perturbed EP pressure,
now become known functions of the potential energy profile U
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Figure 68. Transport of resonant particles during frequency
sweeping. The shaded areas are snapshots of the moving resonant
region in the momentum space. The shades of grey mark different
values of the particle distribution function. The trapped resonant
particles form a locally flat distribution across the resonance and
preserve the value of their distribution function when the resonance
carries them along the dotted lines. Reproduced from [28]. © IOP
Publishing Ltd. All rights reserved.

and the unperturbed distribution. To determine the wave pro-
file U, we can now solve a set of linear MHD equations for the
bulk plasma response with an analytic nonlinear source from
the EPs. The frequency sweeping rate can then be obtained
from the power balance condition.

714. Multiple modes and global transport of EPs

A single unstable Alfvén mode tends to be benign in terms of
global losses of EPs. The fundamental reason for this is that the
resonances associated with a single mode occupy only a small
fraction of the particle phase space. Many modes are usually
needed to achieve resonance overlap in a large part of phase
space and thereby produce global diffusion. When more than
one unstable mode is present in the system, these modes are
basically independent if their wave-particle resonances do not
overlap. Then the waves should flatten the particle distribu-
tion function locally near each resonance. However, when the
resonances overlap, the particle motion becomes stochastic,
which allows individual particles to diffuse in phase space
over many resonances and flatten the distribution function over
a larger phase space area. This stochastic motion gives rise
to both the velocity space transport and real space transport.
The relative importance of the two is different for different
instabilities but the mathematical description of the resulting
transport is essentially the same from the technical standpoint.
Particle diffusion over a set of overlapping resonances can
be described by quasilinear theory. The COM (&, Py, 1) of
unperturbed particle orbits are no longer guaranteed to be con-
stant if there are overlapping resonances. However, the particle
magnetic moment ; remains almost constant for wave-particle
interaction with AEs since the wave frequency is much smaller
than the cyclotron frequency. In addition, the particle energy
remains almost constant if the wave frequency is much smaller
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than the other two terms in the resonance condition

w—nwg (E,Py, 1) —lwg (E,Py, 1) =0, (86)
which consequently almost balance each other. The waves
then affect mostly the toroidal canonical angular momentum
P and hence the radial position of the particle orbit described
by the flux surface in the poloidal cross-section of the toka-
mak. The width of the resonance (86) in P, can roughly be

estimated from

OPy 31(1 (w—nwy (E,Py, 1) — lwp (E,Py, 1)) = wp. (87)
Here, wy, is the nonlinear bounce frequency for a resonant
particle in the wave field. Whereas wpg in section 7.11 repres-
ents an electrostatic mode, wy, represents the perturbed mag-
netic field of an electromagnetic mode. Both wp and wy are
proportional to the square root of the mode amplitude.

The 1D quasilinear diffusion equation in Py is

o 9 o

ot 9Py Py

v(f—fo)- (88)

D is the diffusion coefficient, which is proportional to the wave
of

intensity and is given by
(Cl 8P¢ - ’Ydamp) D.

The damping rate Ygamp Sets an instability threshold and is
assumed to be smaller than . fj is a classical equilibrium dis-
tribution function, and the Krook-type relaxation —v (f — fp)
drives the distribution towards this equilibrium distribution.
The gradient of this equilibrium distribution in P4 can drive
the waves unstable with a linear growth rate vy = aa%. The
factor a depends on the modes that resonate with the particles
for a given value of Py.

If there are no waves, the distribution function f will con-
verge to f = fo ~ 2P, . But if waves are present, the steady-
state solution of (88) and (89) gives f = @Rﬁ < fo,1.e. smal-
ler than f. The diffusion coefficient can then be estimated as

 _,

ot (89)

a

~
~

D P2

l/foP¢ ~ UV

(90)

’Ydamp ﬁYdamp

To obtain the resonance overlap constraint on the steady
regime, we consider a set of barely overlapping resonances
for which the correlation time is the inverse of the bounce fre-
quency 1 /wy, and the diffusion coefficient is

D=~ wb(5P¢ )2
¥

. 20
{58 =y (P ) — g (€,P4, )] }

~
~

oD

which can be written as

s 9

D~ (5P¢) 8P¢

[LU7}’IOJ¢ (€,P¢,,U,) — lwyg (€,P¢,,LL)}.
92)
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If there are N resonant modes in the full range of Py, then the
overlap condition becomes

o> (

Equations (90) and (93) suggest that the resonance overlap
condition requires a source strength at least given by

Py

3
e
2 ) o b= 1 (6P~ L (€. 0]

93)

0
7 [(.L)*I/lw(z) (gap(bv.u) 71"‘}9 (57P¢7.u’)]
%94)

If the source strength is weaker than that, the global transport
completely terminates, or it becomes intermittent if the indi-
vidual modes can reach the overlap condition somewhere dur-
ing their nonlinear evolution.

If there is no resonance overlap, the EPs are not transported
from one resonance to the next, i.e. they do not move across
the KAM surfaces between the resonances. If such transport
barriers can be created on purpose, especially at the plasma
edge, they may lead to good global confinement of EPs even
if there is a local instability in the core.

We may also obtain an overlap condition for indi-
vidually saturated modes, which follows immediately from
equation (87) and the estimate for the nonlinear bounce fre-
quency obtained in [958],

This overlap condition for individually saturated modes is

W)

1
0P,

14

Wp &0 (1 4 (95)

PYdamp

“Ydamp

> —P
N

[w—nwg (E,Pg, 1) —lwg (E,Py,1t)], (96)
which is much more restrictive than equation (94). The sub-
stantial difference between equations (94) and (96) for large N
arises from the enhanced energy release per mode for overlap-
ping resonances compared to isolated modes. Consequently,
even if neighboring modes are linearly stable, an overlap of
two closely spaced resonances could couple the neighboring
modes and trigger an avalanche-type relaxation event.

During such an event, rapid quasilinear diffusion can
decrease the EP density to a subcritical value below the linear
instability threshold. This process is illustrated in figure 69.
Subsequently, the waves will decay within a linear damping
time, and the system will be quiescent until a particle source
makes the EP population unstable again, triggering the next
avalanche.

In intermittent diffusion, the bursts of different modes are
synchronized due to the triggering effect. Due to these bursts,
the EP population is close to the marginally stable level, in
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Figure 69. Cartoon illustrating intermittent quasilinear relaxation
due to resonance overlap in the multi-mode regime. The resonances
broaden and eventually overlap as the modes grow above the
instability threshold. The EP population drops to subcritical values
and then is replenished by the source to a metastable level that
exceeds the linear threshold level due to separation of neighboring
linear resonances. Reproduced from [28]. © IOP Publishing Ltd. All
rights reserved.

the steady as well as the intermittent quasilinear regimes.
The primary difference lies in the time behavior of the tur-
bulence level. The profile stiffness resulting from this mar-
ginal stability condition causes the turbulence level to self-
adjust, maintaining a similar profile regardless of the strength
of the particle source. The time-averaged transport coefficients
are given by the injection rate and gradients of the margin-
ally stable profile. However, the turbulence responsible for
enhanced transport is caused by the small deviations away
from marginal stability. Predicting the turbulence level based
on a few macroscopic parameters such as the EP pressure or
density gradient becomes challenging but might turn out to
be unnecessary. Instead, a better route for theory-experiment
comparison might be to examine marginal stability constraints
and resonance overlap criteria. This requires numerical tools
for linear stability assessments for realistic magnetic configur-
ations and plasma parameters.

8. 3D effects on EP confinement and losses

3D effects are unavoidably present in all toroidal magnetic
fusion devices due to a variety of sources: the discreteness
of TF coils, 3D ferritic inserts, externally applied 3D fields
for plasma control, internal MHD perturbation developed by
the plasma itself or, in ITER, TBMs. In an idealized, perfectly
axisymmetric tokamak, the EPs move along their drift orbits
which form closed loops in the poloidal plane and guarantee
optimal confinement (section 2). In actual tokamaks, internal
and external perturbations break the perfect axisymmetry and
deteriorate the confinement. Energetic ions are particularly
vulnerable to enhanced cross-field transport from symmetry
breaking due to their large velocities and, consequently, wide
orbits and low collisionalities. The 3D effects on energetic ion
confinement have to be understood and mitigated to ensure
good performance. Transport in 3D fields is further discussed
in chapter 2 of this volume [14].



Nucl. Fusion 65 (2025) 043002

M. Salewski et al

\

INBI

port| | Module Insert

Figure 70. Illustration of spatial location of symmetry-breaking elements in ITER: finite TF coils (white), ferritic inserts (light grey), NBI
ports (no color) and test blanket modules (light grey). Reprinted from [960], Copyright (2015), with permission from Elsevier.

8.1. Introduction to 3D perturbations

ITER has 18 TF coils which leads to a non-axisymmetric geo-
metry. The resulting TF ripple in the magnetic field is larger
than 1% in the plasma periphery in standard full-field scen-
arios. Such a magnetic ripple causes stochastic diffusion since
the drift orbits no longer close upon themselves in the poloidal
plane. For deeply trapped ions, it even leads to direct losses
due to VB-drift, leading to localized power loads on plasma-
facing components that need to avoided. Ferritic steel inserts
placed between the TF coils and the plasma reduce the peak
TF field at the plasma edge near the TF coil. The optimized
ferritic inserts were developed and demonstrated to reduce the
TF ripple by a factor of 4 at JT-60U [959].

However, experiments at JFT-2M have shown that ferritic
inserts must be carefully designed to avoid enhanced transport
from higher harmonics of the ripple [959, 962]. Additional
geometrical constraints, such as the toroidal distribution of
ports, may hamper the ferritic insert design and optimization,
possibly leading to localized enhanced losses.

Since the unmitigated TF ripple in ITER is unacceptably
strong, ITER is equipped with ferritic inserts at each coil as
illustrated in figure 70. In the 15 MA baseline scenario, the
optimized ferritic inserts reduce the TF ripple substantially, see
figure 71: the TF ripple at the outboard midplane separatrix is
mitigated to 0.3% except for near the NBI ports where it is
mitigated to 0.6%.

ITER will be the first tokamak to study tritium breeding,
a critical technology for the production of tritium fuel to sus-
tain operation of a fusion power plant. It is planned to test a
range of design concepts for TBMs in the equatorial port plugs.
The TBMs will be fabricated using ferritic steels and will con-
sequently affect the edge magnetic field. Two pairs of TBMs,
at different toroidal locations, are available in ITER for test-
ing tritium breeding, producing localized perturbations of the
magnetic field. Like the TF ripple, these symmetry-breaking
fields could deteriorate the confinement of energetic ions. It
is also expected that structural components of future reactor
systems will predominantly utilize martensitic stainless steels,
which are ferritic and may induce symmetry-breaking effects.

Since ITER is foreseen to operate in H-mode, ELMs are
expected and must be mitigated. External coils are widely used
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Figure 71. The toroidal field strength at the outer midplane at ITER,
near the separatrix, as a function of toroidal angle showing the cases
without (blue) and with (red) ferritic inserts. The ferritic inserts are
found to be very effective in mitigating the TF ripple down to 0.3%,
but around the neutral beam ports, ¢ =~ 60°-80°, the mitigation is
incomplete at around 0.6%. At about ¢ ~ 30°,310° and 350°, the
influence of the three pairs of TBMs is visible. Later, the number of
pairs of TBMs has been reduced to two. Reproduced from [961]. ©
2016 EURATOM. All rights reserved.

in present devices to suppress ELMs by means of externally
applied RMPs. In most present tokamaks, RMPs are gener-
ated by two or three toroidal rows of window-frame coils.
The current flowing through the coils is modulated toroid-
ally, and the relative toroidal phase between the waveforms
can be adjusted to vary its effect on the plasma. The relative
toroidal phase between toroidal rows is thus used to modify
the poloidal mode spectrum of the perturbation; this has been
observed to affect the plasma stability in several experiments
such as MAST [963], AUG [964] and DIII-D [965]. Further
information on the interaction of ELMs and RMPs are found
in chapters 3 and 5 of this volume [15, 17].

Furthermore, an efficient coupling between internal MHD
fluctuations and externally applied 3D fields via particle
transport, finite orbit width effects and mode couplings can
lead to synergistic effects on EP transport with unexpected
consequences. Recent advances in diagnostics and model-
ing techniques together with collaborative efforts between the
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Figure 72. Infrared measurements of heat flux on DIII-D graphite
tiles with TBM simulation coil turned off and on. Reproduced
from [979]. © 2013 IAEA, Vienna. All rights reserved.

tokamak and stellarator communities have led to significant
progress in understanding the effects that symmetry breaking
3D effects have on tokamak plasma stability and related EP
transport and losses [966]. In the following, the current state
of experimental observations and modeling will be presented.

8.2. Experiments

8.2.1. TF coil ripple.  Extensive experimental efforts carried
out at JT-60U [967], JET [373, 968], TFTR [24, 969-971],
JFT-2M [959, 972, 973] and Tore Supra [974, 975] have led
to a solid understanding, allowing us to keep ripple losses at
acceptable levels in present tokamaks as well as to make robust
predictions for future devices. For a given device, ripple losses
are numerically predictable but highly dependent on the EP
population and the g-profiles. The TF ripple can cause rapid
losses of deeply trapped particles at the edge. These losses are
usually lower for low-g, monotonic g-profiles than for high-g,
reversed g-profiles, such as those used in ‘advanced tokamak’
scenarios [24, 969-971, 976, 977]. Optimized ferritic inserts
have successfully reduced the measured ripple losses at JT-
60U [959] and EAST [978].

8.2.2. TBMs. The effect of TBM-like perturbations was
studied using error fields produced by an external coil system
at DIII-D [980]. The features of the ITER TBM perturbation
were mimicked as closely as possible, but the magnitude of the
perturbation was significantly larger. Heating was observed on
the protective tiles of the TBM mock-up surface when NBIs
and the TBM fields were engaged (figure 72). The EP core
confinement was not significantly affected. Different orbit-
following codes predicted the formation of a hot spot on the
TBM mock-up surface arising from beam ions deposited near
the edge of the plasma [979, 981]. The codes are in good agree-
ment on the total power deposited at the hot spot, predicting
an increase in power with decreasing separation between the
plasma edge and the TBM surface.

Simulations carried out for the TBM parameters in ITER
full-field, standard scenarios indicate that the TBM-induced
losses can be kept below 1% for alphas, below 2% for NBI
ions, and below 3% for ICRF ions [961, 982]. However, in
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Figure 73. Midplane FILD signal showing modulation of EP loss
correlated with rotating n = 2 field in DIII-D discharge #146121.
Reproduced from [983]. © 2015 IAEA, Vienna. All rights reserved.

reduced magnetic field scenarios, alpha losses can be up to
10% and NBI losses can be up to 3%.

8.2.3. ELM mitigation coils. ~ Application of the RMP coils
has been observed to cause significant EP losses at AUG [983,
984], DIII-D [983] and KSTAR [391]. Figure 73 shows the
measured losses at DIII-D with modulated perturbation amp-
litude for a counter-current and a co-current NBI. The meas-
ured power load due to the EP losses on a FILD detector
head reaches up to 2MWm™2 as figure 74 shows [984].
However, the measured losses depend strongly on the exist-
ing EP distribution and on the poloidal and toroidal spectra of
the applied perturbation. At AUG, striking differences in the
velocity space of the EP losses have been measured by FILD
systems for different NBI geometries (figure 75). Dedicated
experiments and numerical simulations have revealed that
the observed EP losses in the presence of externally applied
RMPs are produced by an ERTL with a high density of lin-
ear and nonlinear resonances between the EPs and the extern-
ally applied static 3D fields [985]. In AUG [986] and DIII-
D [987], the EP displacement during a single pass through the
RMP-induced fields was measured using the ‘light-ion beam
probe’ [988, 989] technique. For comparison with theory, the
plasma response was calculated by MARS-F and M3D-Cl1,
respectively. In both studies, the EP displacement depends
sensitively on the poloidal mode spectrum. In DIII-D, the dis-
placement also depends sensitively on the normalized beta
BN, since this parameter impacts the plasma response to the
perturbation.

8.2.4. Synergistic effects between internal MHD fluctuations
and external 3D fields.  Externally produced 3D perturb-
ations predominately affect only the edge EP population.
However, if an efficient coupling to the edge exists, internal
MHD fluctuations that otherwise would cause only a minor
particle redistribution, could now cause significant losses.
DIII-D experiments explored the synergy between EP trans-
port caused by the simulated test blanket model of figure 72
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Figure 74. AUG discharge #28 061. (a) Time trace of the heat load
on the detector aperture. (b) 2D image of heat load due to ELM
mitigation coils on FILD detector head. (c) 2D image of detector
head temperature. Reproduced from [984]. © IOP Publishing Ltd.
All rights reserved.
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Figure 75. AUG discharge #28 061. Velocity-space of escaping
ions measured by FILD1 with RMP coils off, (a), (c) and (e) and
with RMP coils on, (), (d) and (f). Reproduced from [984]. © IOP
Publishing Ltd. All rights reserved.

and NTMs, AEs, sawteeth, and RMP fields. A definitive syn-
ergistic effect was observed at sawtooth crashes where, in
the presence of the TBM, the localized heat flux at a burst
increased from 0.36+£0.27MWm~2 to 2.6 +0.5MW m >
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Figure 76. Measured heat flux near the TBM mockup coil (dashed
rectangle) in a sawtoothing DIII-D discharge before (left) and after
(right) application of the TBM field. Reproduced from [993]. ©
2015 TAEA, Vienna. All rights reserved.

(figure 76). Similarly, AUG experiments show that, under cer-
tain conditions, the ERTL produced by RMPs can couple to
NTMe-induced EP losses to channel particles from the core
of the plasma to the wall. NTM induced EP losses were
measured with FILD systems only when the RMP was active
(figure 77) [984]. This effect must be taken into account when
applying external RMPs in future devices.

Experiments at NSTX have shown that RMPs can also be
used to control AEs modifying the resonant EP distribution.
RMPs were observed to reduce the amplitude and frequency
chirp of global Alfvén eigenmodes and to increase the burst-
ing frequency [990]. More recently, experiments at AUG have
shown that RMPs can be used to not only mitigate TAEs but
also to excite them by modifying the gradients in the EP dis-
tribution that drive the modes unstable [991] (figure 78). To
optimize the control capabilities of the externally applied 3D
fields at certain plasma locations and to minimize any losses
that may be caused by the same symmetry-breaking fields,
the location of the geometrical resonances, the targeted fast-
ion phase-space volume, and the transport properties can be
varied by means of the applied 3D fields spectrum and initial
phase [985, 992].

8.3. Modeling of 3D equilibria, stability and EP confinement

In the following, we will review the modeling tools available
for 3D magnetic field effects on equilibrium, EP confinement,
and stability. The efforts in modeling 3D effects have been
increasing with the advent of large stellarator experiments.
The same tools developed for stellarators can often be used
to also model tokamak equilibria, EP confinement and stabil-
ity, accounting for the 3D perturbation fields due e.g. TF coils,
ferritic inserts, TBMs and ELM control coils.

8.3.1. Modeling of 3D equilibria. ~ In non-axisymmetric
devices, 3D equilibria with closed, nested flux surfaces are
not guaranteed to exist. Magnetic islands can appear where the
rotational transform, ¢, is a rational number, which can deteri-
orate the confinement. The VMEC code [345, 994] solves the
equilibrium problem in general geometry by minimizing the
plasma energy, assuming closed, nested flux surfaces. VMEC
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Figure 77. AUG discharge #28 061. Spectrogram of () magnetic
pick-up coil and (b) EP losses measured by FILD1. Reproduced
from [441]. © 2013 IAEA, Vienna. All rights reserved.

has proven useful for the computation of 3D tokamak equi-
libria with applied RMPs [995-1007] as well as 3D equilib-
ria in ITER [1008]. In plasmas with a large EP population,
anisotropic 3D equilibria can be calculated using energy prin-
ciples [1009-1011]. The 3D equilibrium models HINT [1012—
1015], PIES [1016-1018], and SIESTA [1019-1021] do not
need the assumption of closed, nested flux surfaces, allow-
ing magnetic islands to form. 3D equilibrium effects can also
be addressed using linear and nonlinear time-dependent MHD
models, which are useful to study time-dependent effects such
as time-varying RMP fields [991, 1022, 1023].

The simplest approach to generate the 3D magnetic fields
in tokamaks for the purpose of studying EP confinement (see
next subsection) is to calculate the 3D perturbations from
vacuum solutions and superimpose these on a 2D Grad—
Shafranov equilibrium [982]. At the next level, VMEC can
provide a self-consistent, finite 3 plasma response to the
external fields [1008, 1024]. For time-dependent external 3D
fields, such as from ELM coils, the plasma response becomes
dynamic, which has been computed in [983, 1025].

8.3.2. EP confinement in tokamaks with 3D fields.  Particle
orbits in 3D fields, such as in realistic, non-axisymmetric toka-
maks or stellarators, are more complicated than in idealized,
axisymmetric tokamaks in several important ways. Trapped
orbits may no longer remain centered on a fixed flux surface.
As the magnetic field varies along the toroidal direction, the
EPs may move radially. EPs with a small pitch may become
trapped in the local ripple wells and drift out of the plasma.
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Figure 78. Magnetic spectrograms showing the TAE activity in two
AUG discharges with RMP-induced TAE mitigation/suppression (a)
and excitation (b). The RMP time traces are over-plotted in white.
The bottom panel shows the temporal evolution of the EP losses
measured with the FILD system. Reprinted (figure) with permission
from [991], Copyright (2023) by the American Physical Society.

Passing orbits are not as directly affected by 3D perturbations
as trapped orbits. However, over many toroidal turns, passing
orbits can trace out drift surface islands, leading to enhanced
radial transport [1026].

An important 3D effect compromising EP confinement is
that of ERTLs, as found for AUG [985]. The plasma response
to the 3D field perturbation was calculated with the MARS-F
code, and the EP orbits were followed using ASCOT [1027].
The computed change of the canonical toroidal momentum
(0Py) of NBI particles was used to quantify their trans-
port. The maxima of the computed change in (§P) are well
aligned with resonances between drift and bounce motion of
the particles [985] (see figure 79). Exploiting ERTLs may lead
to scenarios where optimized RMP fields could be used to min-
imize the EP losses.

The 3D field effects on alpha and NBI ion confinement
were assessed in the major ITER scenarios (15 MA baseline,
12.5 MA hybrid, 9 MA ‘advanced tokamak’, and 7.5 MA half-
field) [982, 1028], including ferritic inserts, TF coil ripple,
TBMs and ELM control coils, using the OFMC code [1029,
1030] and ASCOT. The effect of the plasma responses to
ferritic inserts and TBM perturbations was also assessed
in [1031]. No significant deterioration of EP confinement due
to the error fields from the TF coil ripple, ferritic inserts and
TBMs were found in these studies. The key factors influen-
cing the confinement were found to be the edge source rate, the
plasma/first wall gap, and the plasma current [961], although
for the 15 MA scenario part of load on the target plates in the
divertor was found to be shifted to the divertor dome [1032].
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However, the ELM control coil perturbation resulted in
orders-of-magnitude increases in the power load on the wall up
to the MW-range. This was attributed to the field line stochasti-
city penetrating deeper into the pedestal top, leading to an
increase of losses. The mechanism for this large increase in
EP transport was found to be a new loss channel for margin-
ally trapped particles caused by a strong toroidal variation of
the poloidal field near the X-point, leading to a displacement
of banana tips and collisionless transport [1033].

The effect of the ERTLs on the confinement of NBI ions
in ITER has been investigated as function of the applied
RMP spectrum using ASCOT [1034]. The total EP losses
depend on the poloidal spectra of the applied n =3 RMP
as well as on the absolute toroidal phase of the applied
perturbation with respect to the NBI birth distribution. The
absolute toroidal phase of the RMP perturbation does not
affect the ELM control capabilities, leading to an expecta-
tion that it could be used for NBI confinement optimization in
ITER.

8.3.3. Stability of 3D MHD equilibria. ~ As in axisymmetric
toroidal equilibria (see section 6), the gaps in the Alfvén con-
tinuum indicate the frequency ranges where weakly damped
AEs reside. These modes are expected in the gaps or above
or below flat branches of the continuum (e.g. in [612]).
There are several numerical implementations for 3D equilib-
ria available [1035-1037], including the coupled Alfvén and
sound continuum [1038]. For weak 3D error fields, the Alfvén
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continuum structure changes only mildly. For example, small
open gaps driven by TF ripple couplings from discrete coils in
the case of DIII-D have been identified [1024]. Also, structures
known as continuum crossing gaps can be present in configur-
ations with 3D perturbations [1039]; these were also identified
in the DIII-D case with field ripple [1024]. For strong 3D error
fields, new classes of Alfvén gaps appear. Helical variations in
the magnetic field strength produce HAEs and toroidal vari-
ations lead to MAEs.

Most of the existing nonlinear MHD implementations
were initially developed for axisymmetric equilibria [865,
1040], but have now been extended to full 3D configura-
tions [862, 1041-1044]. They can either consider equilibria
with islands [1015, 1041] or with nested flux surfaces from
VMEC [1042, 1045]. Nonlinear 3D models using reduced
MHD have been developed [1006, 1046—-1048].

The interaction of MHD eigenmodes with EP populations
has an approximate analytic solution [1049] in 3D configur-
ations, as for idealized tokamaks [478]. This solution is local
on a flux surface and allows the determination of the resonance
velocity of passing particles with fluctuations such as AEs in
a 3D magnetic topology.

In 3D tokamaks and stellarators, there is not only a larger
spectrum of eigenmodes, but also a larger number of wave-
particle resonances. This is partly due to the more complic-
ated particle orbit topologies [1050] as can be confirmed either
analytically [1049] or numerically [1051, 1052] by coupling
a drift kinetic equation perturbatively with a 3D ideal MHD
stability model [1053, 1054]. The additional resonances may



Nucl. Fusion 65 (2025) 043002

M. Salewski et a/

also lead to a destabilization of AEs by interaction with the
bulk plasma species [1052, 1055].

As for 2D fields, models ranging from full gyrokinetic,
kinetic-MHD and reduced models have been used to eval-
uate the effect of 3D perturbations on AEs. These mod-
els originated from modeling either axisymmetric toka-
maks or stellarators, but can now be used to describe 3D
tokamaks.

8.3.4. Gyrokinetic and kinetic-MHD simulation with 3D
fields and reduced models.  The most complete descrip-
tion of wave-particle interaction is gyrokinetic simulations
(section 7), in which all species can be handled on the same
footing. A few codes provide the capabilities to perform
global electromagnetic calculations in 3D geometries [1056—
1059]. Most of the numerical approaches use PIC paradigms
to solve the gyrokinetic equation in a of-formulation. The
electron dynamics is often solved iteratively starting with a
fluid model [1060] or using a pullback scheme [831, 836,
837, 1061], a control variate scheme [1062, 1063], or a fluid
electron model.

Recently, progress has been made using a grid-based
method for the global electromagnetic calculation of ITG
modes in W7-X [1059]. It showed that turbulence suppres-
sion by EPs stemming from ICRF heating, which has been
observed for tokamaks [1064], can also be achieved in optim-
ized stellarators [1065]. EP simulations have been performed
for an LHD equilibrium with low mode numbers, and a suc-
cessful benchmark with a kinetic-MHD model has been car-
ried out [1066]. More recently, this approach has been exten-
ded to the full LHD radial and poloidal range [1067, 1068].
Fully gyrokinetic models have also been used to calculate drift
Alfvén waves in LHD [831].

3D kinetic-MHD models have been successfully applied to
study EP effects on MHD modes in tokamaks [1069, 1070],
and stellarators [1067, 1068]. Global gyrofluid models have
also been developed for 3D systems. This approach is based
on the Landau closure [901] which provides an efficient treat-
ment of the effect of parallel resonances. In the FAR3d [902]
and TAEFL [1071] models, moment equations of the EP dens-
ity and parallel velocity have been coupled to a nonlinear
reduced resistive MHD model for the bulk plasma. The closure
for the fluid equations includes the linear wave-particle reson-
ance effects required for Landau damping/growth. The speed
advantage of this model has allowed rapid parameter scans
as recently demonstrated for LHD [1072] and TJ-II [1073]
plasmas.

For 3D plasma equilibria including magnetic islands, a
fully nonlinear resistive MHD model [865] has been coupled
to a gyro- or drift kinetic equation for the EPs in the MEGA
model [1041, 1074]. Investigations for TAEs in LHD have
been made in [1041]. Later, the experimentally observed
EGAMs in LHD have been explained and the energy trans-
fer between the bulk plasma and the EPs has been calcu-
lated [1075, 1076]. More recently, AE bursts in LHD have
been investigated [1077]. Also, orbit-following codes for EPs
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have been added to a nonlinear resistive MHD model [1046]
and successfully benchmarked [1078].

Finally, it has been shown that reduced MHD models are
a reliable tool for modeling stable global Alfvén waves in 3D
systems and can be used with wave-particle interaction mod-
els to assess EP stability [838, 1079, 1080], including FLR
and finite £, effects [1080]. The continuum damping of global
modes in 3D has been quantified [1081, 1082].

Stability calculations for ITER including a realistic wall are
found in [1083]. A resistive MHD stability model for toka-
maks [1084] has been generalized to 3D and could also be
applied to an AUG equilibrium with a helical core [1085].

9. Multiscale synergistic interactions between EPs,
thermal-plasma- and EP-driven instabilities, and
turbulence

This section describes the multiscale interplay between EPs
and perturbations, both electrostatic and electromagnetic, ran-
ging from large-scale to small-scale perturbations and includ-
ing microturbulence. Firstly, we will deal with interactions
between EPs, tornado modes, and sawteeth. Secondly, we will
deal with the nonlinear wave-particle interactions between
EPs and EGAMs (including the EGAM channeling and the
EP transport induced by EGAMs) and wave—wave interaction
between NTMs and EP-driven AEs and EGAMs; an overview
is given of synergistic effects in nonlinear simulations and
experiments. Thirdly, the interplay between turbulence and
EPs is reviewed. This includes the EP-turbulence interaction
mediated by EGAMs and the mechanisms of microturbulence
stabilization by EPs (dilution effect, linear stabilization and
nonlinear electromagnetic stabilization). We then review the
possible role of microturbulence on EP transport, including
synergistic effects. An example is the impact of the pitch-angle
scattering rate on the nonlinear evolution of AEs, mediated by
ICRF heating and microturbulence. In particular, a 2D (tor-
oidal momentum and energy) quasi-linear model implemen-
ted in the RBQ code computes the EP distribution function in
the presence of AE-induced diffusion, Coulomb collisions and
anomalous scattering due to microturbulence.

9.1. Interactions between EPs, tornado modes, and sawteeth

A synergistic effect observed in present-day tokamak exper-
iments with significant populations of EPs is an interplay
between EPs, sawtooth instability [372, 1086], and high-
frequency TAEs excited by the EPs inside the ¢ = 1 magnetic
flux surface, called fornado modes [373, 1087-1090]. The
sawtooth and tornado instabilities are very different in their
nature, but they are both affected by EPs and by temporal evol-
ution of the safety factor ¢(r), so they become coupled through
these two essential elements they share.

As already discussed in section 5, the sawtooth [1086] is
a global thermal-plasma instability driven by plasma current,
and it is associated with the ¢ = 1 magnetic flux surface. The
high-frequency tornado modes are localized in the plasma core
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Figure 80. Comparison of two JT-60U discharges showing (left) low-n TAE modes outside the g = 1 surface and (right) high-n» multiple
TAE modes inside the g = 1 surface (tornado modes). Both discharges have almost the same plasma conditions except for the start time of
ICRF and NBI heating. Reproduced from [1088]. © IOP Publishing Ltd. All rights reserved.

inside the g = 1 surface. They appear one-by-one with decreas-
ing toroidal mode numbers when the on-axis safety factor
q(0) decreases through the relevant TAE safety factors of ¢ =
(m+ 1/2)/n after the sawtooth crash. The tornado modes are
excited via resonant interaction with EPs inside the g =1 sur-
face. These modes were first observed at TFTR [1087] and
then at JT-60U [1088], where they were nick-named tornado
modes due to the temporal evolution of their frequencies.

Figure 80 shows typical magnetic spectrograms and main
plasma parameters in JT-60U discharges with both the usual
global TAEs localized outside the ¢ =1 radius (left panel)
and with the core-localized tornado modes and sawteeth (right
panel). Note that the frequencies of the tornado modes change
on a rather short timescale compared to the Alfvén scaling
f~ B/n'/? of global TAEs. Note also from the right panel of
figure 80 that the tornado modes (top panel) appear just before
sawtooth crashes, which suggests a possible role of tornado
modes as precursors to sawtooth crashes.

The role of TAE modes in redistributing EPs and caus-
ing sawtooth crashes was investigated first on DIII-D [1089].
However, the location of the TAEs could not be identified,
leaving open questions. It was shown later for a TFTR dis-
charge [1090] that when the amplitudes of tornado modes
excited by EPs become sufficiently high, a significant radial
re-distribution of the EPs occurs from inside the ¢ = 1 radius
to outside. This depletion of EPs inside the g = 1 radius takes
away the stabilizing effect of EPs on sawteeth, which leads to
the sawtooth crash. In this way, a relatively minor local redis-
tribution of EPs away from the plasma core can trigger a saw-
tooth crash, causing global transport with significant modific-
ation of the thermal plasma profiles.

Similar studies were performed later on JET confirming the
synergistic character of the interaction between sawteeth and
tornado modes coupled through the EP population [373, 1091,
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1092]. Core TAEs inside the g =1 surface were also implic-
ated in DIII-D monster sawteeth [1093]. This synergy between
sawteeth, tornado modes and EP-driven modes has yet to be
simulated, so we are lacking a prediction for this phenomenon
in ITER. Based on the possible occurrence of tornado modes
and sawteeth in ITER, this synergy is likely to occur.

9.2. Interactions involving EPs and EGAMs

Linear stability of EGAMs was discussed in section 6.6.3.
Here we deal with the nonlinear regime of EGAMS, with the
possibility to couple energy from EPs to EGAMs to eventually
heat the thermal ions instead of the electrons (dubbed EGAM
channeling), and with interactions between EPs, EGAMs and
other modes.

9.2.1. Nonlinear regime of EGAMs and EGAM channeling.
The nonlinear regime of EGAMs has been analyzed since
the observation of the n=0 chirping mode in JET [684,
685]. It has been shown that kinetic effects are essential for
the generation of second harmonics in the density perturba-
tion [1094]. In nonlinear simulations of non-chirping EGAMs
using GYSELA [665], the distribution function was found
to flatten during the mode saturation. Such a flattening of
the distribution function was also observed in kinetic-MHD
MEGA simulations [351], including the formation of holes
and clumps [700, 701] at the start of the chirping [549], as
anticipated in [684]. Further detailed analysis of the wave-
particle nonlinearity effect on the saturation of EGAM includ-
ing the nonlinear time evolution of the frequency was reported
in [1095].

An important aspect of EGAMs is the possible transfer
of energy from EPs to thermal ions mediated by the EGAM
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Figure 81. Top panel: the solid lines represent the time evolution of
the energy exchange between EGAM and both EP (A& rans) and
thermal ions (A& wans). The energy transfer efficiency from EPs to
thermal ions mediated by EGAM is measured as

A& rans / Ak trans = 0.47. The curve for EPs (dashed line) is scaled
to show that the energy transfer efficiency from EPs to thermal ions
is constant. Bottom panel: time trace of the poloidal velocity,
representing the excitation and nonlinear saturation of the EGAM.
Reproduced from [565]. © 2020 IAEA, Vienna. All rights reserved.

in collisionless regimes [665, 674]. Although energy trans-
fer appears already in linear regimes [666], the nonlinear
transfer from high- to low-u (magnetic moment) particles
was confirmed from realistic simulations of LHD plasmas,
which opened the possibility for EGAM channeling [1076].
Finally, the nonlinear generation of higher harmonics has been
observed to play an important role in the EGAM channeling
in GYSELA simulations [688] as well as in realistic kinetic-
MHD MEGA simulation of LHD discharges [565, 1076].
Figure 81 shows an example of the energy exchange between
EPs and thermal ions mediated by EGAMs. The solid lines in
the top panel represent the time traces of the energy exchanged
between EGAM and both ion species, measured as A& yrans =
fot dt’ [ J, - EAV, with s the species (either EP or thermal ions),
Js the current density of species s, and E the electric field.
The dashed line represents the curve for EPs scaled by a
factor k =0.47. Therefore, in this example, the efficiency of
the energy exchange i8 A& grans/ A&t trans =~ 0.47, i.e. 47% of
the energy transferred from EPs to EGAM is subsequently
transferred to thermal ions. The bottom panel of figure 81 rep-
resents the time trace of the EGAM poloidal velocity, show-
ing a good correlation between the onset of the nonlinear sat-
uration and the exchange of energy between EPs and thermal
ions. In that example, the power transferred to the thermal ions
through the EGAM was estimated to be ~3.4 kWm—3 [1076].
The energy transfer efficiency depends on S5; [565]. In partic-
ular, it can reach values up to 60% for ;= 0.08%. EGAM
channeling could be an option for the idea of alpha channeling
to optimize burning fusion plasmas (see section 10.4).

9.2.2. EGAM-induced EP transport. ~ Since an EGAM is an
axisymmetric mode with n = 0, it does not change the toroidal
canonical angular momentum P of particles (nAE = wAP )
and therefore it has long been believed to have little effect
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represented in the background. Reproduced from [675]. © 2012
IAEA, Vienna. All rights reserved.

on the transport of EPs. Yet, since Py depends on both the
poloidal flux W and the parallel velocity v), wave-particle
interactions can result in EP transport [447] and even losses
when the orbits of counter-passing particles are changed into
unconfined trapped particle orbits that intercept the wall [674].
Such a mechanism was corroborated in [675], where the
orbits of lost EP detected by FILD were followed (in reverse)
using the orbit-following SPIRAL code. Figure 82 illustrates
a trajectory calculated using SPIRAL. The initially confined
counter-passing particle interacts with the EGAM electric
field, becomes trapped and is lost. Further analysis of the
EGAM-induced EP transport was given in [1096], where it
was shown that resonances of the form equation (86) can also
occur when /is fractional. Such transport induced by fractional
resonances is in principle only possible for a large amplitude of
the perturbations. Later, nonlinear studies of EGAM-induced
EP transport were performed in [688] using the EGAM poten-
tial self-consistently computed using the GYSELA code.
Integer and fractional resonances were found, as well as a
chaotic separatrix interacting with the trapped-passing bound-
ary. The losses modulated at the EGAM frequency and the
class of trajectories of lost particles (counter-passing) agreed
with observations [675]. The existence of the chaotic sep-
aratrix motivated studies of the EGAM-induced EP transport
in the radial direction, which was found to be non-diffusive.
This non-diffusive radial transport was linked to a super-
diffusive poloidal transport governed by rare events called
Lévy flights [1097]. The original papers on Lévy processes
are [1098, 1099], but we recommend the more recent [1100]
for an overview.
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9.2.3. Interactions between EPs, EGAMs, NTMs and AEs.
Another topic of concern is the interaction between NTMs
and other EP-driven modes [1101]. NTMs change the Alfvén
continuum and transport EPs, which has immediate con-
sequences for the AE stability. Several examples of such dir-
ect interactions in plasmas without EPs have been found.
Pairs of BAEs are sometimes found in the presence of mag-
netic islands [334, 639, 1102, 1103]. Destabilization of BAEs
has been attributed to the interaction between TMs and
GAMs [1104]. A strong interaction between TMs and TAEs
has also been found in simulations and experiments [633,
1105]. These interactions could enhance the transport and loss
of EPs. Also TAE wave-wave coupling has been observed
experimentally [1106].

Evidence indicates that nonlinear wave—wave interaction
among TMs and m-BAEs leads to generation of GAMs
induced by energetic electrons (eEGAMs) [509], as shown in
figure 83. The m-BAE is a standing-wave structure formed
by counter-propagating Alfvén waves within a magnetic
island [642], when the island is above a certain threshold,
see also section 6. The EGAMs are localized in the core
plasma with a broad radial structure measured by several dia-
gnostics, such as Mirnov probes, SXR arrays and Doppler
reflectometers. The n=0 mode can only be observed in
plasmas with line averaged densities n, < 0.5 x 10" m~—3
but the threshold can be increased by auxiliary heating.
The squared bicoherence indicates that EGAMs are driven
by three-wave resonance among m-BAEs and TMs. The
radial structures of EGAMs and BAEs have been found to
overlap. Therefore, AEs can propagate poloidally into the
region of ZFs, then interact with GAMSs/ZFs, and finally
result in wave energy transfer between the GAMs and
AEs.
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9.3. Interactions between EPs and turbulence

On the route towards the steady-state production of energy
in future fusion devices, understanding and controlling turbu-
lent transport is of prime importance because turbulence limits
the confinement of energy and particles. Indeed, experiment-
ally measured diffusivities [1107] are largely above those pre-
dicted by neoclassical theory and in good agreement with the
diffusivities computed in gyrofluid and gyrokinetic turbulent
simulations [844], i.e. Xsim ~ Xexp ~ 1m2s~!. Since EPs are
ubiquitous in current fusion devices and are a key ingredient
to achieve good plasma performance, understanding and pre-
dicting the mutual interplay between microturbulence and EPs
is an active research topic. It is especially important to assess
whether the presence of EPs will have a significant impact on
the dynamics of microturbulence or not. In typical conditions
of present tokamaks, turbulent transport in the plasma core is
dominated by ITG driven instabilities for relatively flat plasma
density profiles [1108]. Hence most studies have focused on
the interaction between EPs and ITG turbulence.

9.3.1. Energy transfer from EPs to microturbulence mediated
by EGAMs and AEs. 'When GAMs were excited by EPs at
JET for the first time, the possibility to use them as a knob
to control turbulence became appealing [684, 685], especially
because GAMs are interpreted as the oscillatory component
of ZFs, which are known to play a crucial role in the self-
regulation of turbulence [795, 843]. In that context, gyrokin-
etic electrostatic simulations using GYSELA were performed
to study the possibility of controlling turbulence by means of
a source of EPs that can drive EGAMs unstable [686]. The
EP source in this study accelerated thermal particles, reducing
the available energy for the linear destabilization of ITG, and
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hence reducing turbulence. This is illustrated in the top panel
of figure 84 by the solid black line, where the time evolution
of the measured E x B heat flux is plotted. As comparison, a
second source injecting the same energy, but without accel-
erating particles to supra-thermal energies was introduced. In
that case, no reduction of turbulence was observed, as shown
in figure 84 (dashed blue line). This suggests that EPs were
indeed the reason for the turbulence reduction.

Howeyver, the source of EPs resulted in the excitation of
EGAMs, and a coupling between the EGAM structure and
the ITG-avalanches was evident in the temperature gradient,
as observed in the bottom panel of figure 84. This coupling
leads to an energy channel from the inner to the outer region
of the tokamak, increasing the turbulent transport to previ-
ous levels. An explanation based on a wave-kinetic equation
was proposed in [672], suggesting that EGAMS can trap tur-
bulence clumps and carry them across the transport barrier.
Additionally, the transfer of energy from EPs to ITG turbu-
lence via EGAMs was also found to be due to a local three-
wave coupling mechanism [687]. The global and local mech-
anisms can be concomitant.

Studies were also conducted in the electromagnetic regime
using the ORBS5 code for the case of BAEs excited by
EP [802]. It was shown that the heat fluxes are gener-
ally increased, especially for electrons, first at low toroidal
mode numbers corresponding to large scales, where BAEs are
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dominant, and subsequently at high toroidal mode numbers
corresponding to smaller scales, where ITG modes are dom-
inant. However, it was also found that TAEs excited by EPs
might have a beneficial impact on the stabilization of turbu-
lence, which is discussed in the next subsection.

9.3.2. Turbulence stabilization by EPs.  Among the first
experimental indications that EPs might play a role in the sta-
bilization of turbulence was the observation that the ion stiff-
ness was mitigated at high NBI and ICRF power in hybrid
regimes [1109] with internal ion transport barriers (ITB) on
JET [1110]. The ion stiffness refers to the degree of sensit-
ivity of the ion heat flux to the mode drive, Ygrive X R/Lt, =
R% logT; [1111]. Although this enhanced confinement was
initially thought to be due to low magnetic shear and high
rotational flow shear [1112], further experiments with only
ICRF *He minority heating in deuterium plasmas have shown
that similar ITG stabilization is also obtained in the absence
of rotation [1113]. Efforts to explain the fundamental mech-
anisms underlying the observed stabilization were therefore
required.

EPs can contribute already linearly to stabilize ITG modes
and thereby reduce turbulent transport in different ways. The
first stabilization mechanism is that they dilute the main spe-
cies, and consequently the background free energy available
to drive ITG modes is reduced [1114, 1115]. It was shown
in [1115] that the formation and sustainment of an ion ITB
in AUG could not be explained by the E x B shear alone,
but required the inclusion of EPs from NBI. Moreover, the
existence of such EP-induced ITBs is limited to the thermal-
ization timescale of EPs. The second stabilization mechan-
ism is due to a modification of the resonance between the
EP frequency and the wave. For example, the increase of
as qu% affects the mode stability by changing the
wave-particle drift resonance in phase space, known as the
Shafranov-shift effect [1116—1118]. Recent analytic calcula-
tions accompanied by gyrokinetic simulations with the GENE
code [697] were reported in [834], demonstrating the pos-
sibility to stabilize ITG modes by means of the modification
of the magnetic drift resonance. Moreover, since the linear
resonant mechanism requires also that ny = dlnng/dIn T o
is larger than one, mainly EPs generated by ICRF heating
have the optimal profiles for this mechanism. Experimental
observations of these effects have been made at JET [1113]
and AUG [1119]. The third stabilization mechanism is due
to electromagnetic fluctuations. Experimental studies of the
reduction of ITG-driven turbulence were conducted at JET in
the presence of ICRF-accelerated minority energetic hydro-
gen [1120]. This study found that the increased pressure due
to EPs resulted in a transition from electrostatic ITG modes
to nearly electrostatic tearing-parity modes and that the EPs
locally modify ag in such a way that the electrostatic ITGs
are stable and the kinetic ballooning of Alfvénic modes stays
quiescent [1120].

EP-induced stabilization of turbulence has also been invest-
igated extensively in the nonlinear regime. Experimental work
on JET [1110, 1112] reported a significant reduction of ion
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Figure 85. Comparison of nonlinear GENE simulations and
experimental measurements of ion heat flux as a function of the
normalized logarithmic gradient of the ion temperature. This shows
that taking into account the EPs facilitates the agreement with
experimentally observed reduction of ion stiffness. Reprinted
(figure) with permission from [1111], Copyright (2013) by the
American Physical Society.

stiffness which might open the possibility of controlling the
onset of turbulence by means of EPs. Linear effects alone are
not enough to explain the enhanced confinement observed on
JET [1111]. This motivated further gyrokinetic simulations
with the GENE code [1111], where electromagnetic effects
resulted in the nonlinear stabilization of turbulence by EP
pressure, which helped explain the heat flux and ion stiffness
reduction observed in [1110, 1112]. Figure 85 shows a com-
parison between nonlinear GENE simulations and the exper-
iments. Nonlinear gyrokinetic simulations predicted the EP-
induced stabilization of ITG-driven turbulence in JET [1121-
1124] and AUG [1125] discharges. Comparisons of linear
and nonlinear electromagnetic gyrokinetic simulations poin-
ted out the key role of EPs generated by NBI and ICRF in
enhancing the nonlinear electromagnetic stabilization of ITG
modes [1111, 1121-1123, 1125]. The stabilizing effects of fast
ions are further enhanced at low magnetic shear [1111], and
the rotational flow shear is effective only at outer radii [1126],
in agreement with experiments [1112].

First attempts to partially explain the elusive physics behind
the enhancement of the nonlinear electromagnetic stabiliza-
tion due to EPs suggested the possible role of EPs in the
nonlinear transfer of energy from ITG modes to ZFs through
mode—mode coupling involving EP-driven marginally-stable
modes as nonlinear mediators [1127, 1128]. The experiments
at JET with deuterium plasmas with minority He [1113]
corroborated both the linear stabilization via a wave-particle
interaction and the nonlinear electromagnetic stabilization.
Furthermore, whereas most simulations showing a significant
reduction of turbulence by EPs were performed using an equi-
valent Maxwellian, it was demonstrated that a more realistic
modeling of EPs using a non-Maxwellian distribution func-
tion still stabilizes ITG turbulence, although in a less signi-
ficant manner [1129]. Recent simulations using GENE were
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performed to extend the analysis of the stabilization of tur-
bulence by EPs to other turbulent regimes such as turbulence
driven by the TEM, concluding that EPs have little impact on
TEM-induced turbulent transport [1130]. Turbulence is also
thought to be implicated in a new possibility to control the
density profile via anisotropy in the EP distribution [1131].

Recent gyrokinetic simulations of a DIII-D discharge with
the GTC code illuminate the complicated relationship between
EP-driven AEs, ZFs, and ITG turbulence [841, 846] (see
section 7.3.2). In the simulations, ITG turbulence can scat-
ter the resonant EPs that are nonlinearly trapped by the
RSAE, thereby damping the ZFs generated by the RSAE.
Simulations without coupled interactions overestimate both
EP and thermal-ion transport, but predicted transport levels are
consistent with experiment when coupling between AEs, ZFs,
and ITGs are included.

The EP-induced stabilization might be also significant in
the presence of alphas in ITER DT plasmas [1132] or in the
initial phase of ITER with He? minority ICRF heating in DT
plasmas [1127]. Since most experiments in current devices
do not produce fusion-born alpha particles, studying their
physics including their impact on turbulence is a challenging
task. In that respect, the three-ion ICRF scheme [113] with
3He traces in mixed hydrogen-deuterium plasmas can gener-
ate highly energetic (~MeV) helium ions, which can help in
addressing some aspects of the physics of fusion-born alpha
and thermal-ion turbulent-transport stabilization. This heating
scheme was recently employed in JET with the observation of
enhanced thermal-ion confinement even in the presence of lin-
early unstable EP-driven modes. Nonlinear gyrokinetic sim-
ulations corroborated the experimental evidence, explained
by the formation of zonal structures due to the excitation
of TAEs [139]. This promising result is further discussed in
chapter 2 of this volume [14]. Recent analytic and numerical
studies indicate that a phase synchronization between trapped
electrons and passing energetic ions might also result in the
total suppression of ITG-driven turbulence [1133]. Finally, itis
to be noted that a new stable impurity-free D-T plasma regime
has been recently found, exhibiting high thermal confinement
as aresult of the ZFs generated by EP-driven instabilities [52].

Although further investigation is required to provide a full
experimental picture, measurements of sheared flows using
charge exchange spectroscopy (CXS) diagnostic in the LHD
device have been recently reported [1134], indicating a strong
correlation between the maximum of the ZF and the radial
location of unstable TAEs and EPMs. All these experimental
and numerical studies suggest a possible stabilization of tur-
bulence by EPs through the excitation of ZFs.

9.3.3. Turbulence-induced EP transport.  Here, we discuss
the impact of microturbulence on the transport and confine-
ment of EPs. Since EPs can have large Larmor radii, it has
been generally believed that gyro-averaging might lead to neg-
ligible EP transport [1135]. Based on this idea, the diffusivity
is expected to decrease down to Dy ~ 0.01m?s~ !, which is
much smaller than the diffusivity of thermal particles. Recent
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advances in flux-tube gyrokinetic modeling as well as in exper-
imental measurement techniques made it possible to gain fur-
ther insight into this important research topic.

First self-consistent flux-tube gyrokinetic simulations were
performed to study the alpha particle transport induced by
microturbulence with the GYRO code [939]. It was found that
alphas might interact significantly with ITG turbulence in the
core of a fusion reactor, despite their large Larmor radius. The
simulations resulted in density modifications of the order of
15% in the presence of microturbulence [1136]. Later, sim-
ulations with the GENE code [697] suggested that the effect
observed in [1136] might occur if the Larmor radius of EPs
does not exceed the turbulence correlation length and if the
poloidal drift velocities are sufficiently small [1137]. The EP
transport in the presence of ITG turbulence was also ana-
lyzed in [855] using the GTC code [843], showing that the
probability density function of the radial excursion is close
to Gaussian, suggesting diffusive transport. The diffusivity is
found to decrease strongly with energy due to gyro-averaging,
in agreement with conventional wisdom. At the same time,
gyrokinetic simulations using the GENE code showed that
the EP diffusivities are significant for EPs with energies up
to 10 times the thermal energy. The particle diffusivity then
decreases as Dy ~ 1/&; [1138].

In addition, flux-tube gyrokinetic simulations of trans-
port of EPs as passive tracers have been reported in several
works [852, 854, 1139, 1140]. Multi-code gyrokinetic simu-
lations were performed using the GKW [1141], GYRO and
GS2 [1142, 1143] codes, which mainly focused on impur-
ity transport, but also included transport of alphas [1140]. In
these studies, only microturbulence induced by electrostatic
fluctuations was included, such as ITG- or TEM-driven turbu-
lence. Moreover, alphas were modeled as passive tracers using
a slowing-down distribution function. The derivatives of the
EP distribution function with respect to the energy and to the
radial coordinate were introduced in the gyrokinetic equation
in GS2 and GKW, but not in GYRO. The three codes agreed
well on the transport of alphas in both the linear and the non-
linear phases. It was again found that the diffusivity of alphas
decreases strongly with their energy, leading to 20 times smal-
ler diffusivity compared to thermal helium ash diffusivity in
the core of ITER. The gyrokinetic results for particle trans-
port were included in ITER transport modeling, concluding
that the electrostatic microturbulent transport of alphas occurs
on a characteristic timescale at least one order of magnitude
larger than the slowing-down time. According to this multi-
code analysis, on the timescale of the slowing-down process
of alphas, electrostatic microturbulence might not play a sig-
nificant role in the modification of the radial profiles of alphas.
Further numerical simulations with the GENE code computed
the diffusivities of EPs as passive tracers moving in fields with
both electrostatic and magnetic fluctuations [852]. Whereas
the electrostatic part indeed decreases with the energy of EPs
as 1/&, the magnetic counterpart does not and was found
to be independent of the energy. The explanation that the
gyro-averaging operation might not be valid for EPs has sub-
sequently been debated in the literature [1144, 1145]. Finally,
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flux-tube simulations with GENE using passive highly ener-
getic deuterium in ITER scenarios concluded that the EP trans-
port can be significant for intermediate energies on the order
of 100 keV, with the electrostatic fluctuations dominating over
the magnetic fluctuations [854].

From the experimental viewpoint, measurements in an
ITPA joint experiment [ 1 146] have suggested the possibility of
anomalous spatial EP transport induced by microturbulence.
Multi-machine studies with measurements of NBCD on four
different tokamaks (AUG, DIII-D, JT-60U and MAST) were
done. In particular, the measured NBCD profile with a neutral
beam injected power of 7.2 MW in the DIII-D tokamak was
compared to calculations assuming various EP diffusion coef-
ficients. As shown in figure 89, discussed in the next section,
the best fit to one measurement occurred for an assumed EP
diffusion coefficient of Dy ~ 0.3 m” s~!. A similar comparison
was reported in [1146] for AUG, but in that case the EP diffu-
sion coefficient required to obtain a match between the meas-
urements and calculations depended on the triangularity, sug-
gesting that other unexplored parameters may play a role.

FIDA measurements on DIII-D found evidence for EP
transport when the ratio of EP energy to temperature was
Er/T < 10 [1147], which seems consistent with the ordering
given by flux-tube simulations [1138]. The inferred trans-
port rates in [1147] were found to be of the same order
of magnitude as those predicted by the NUBEAM module.
However, a subsequent DIII-D study concluded that any EP
transport is dwarfed by EP transport induced by coherent fluc-
tuations [1148]. In the absence of MHD activity, the con-
finement of energetic ions was shown to be neoclassical in
plasmas characterized over a wide range of the ratio &/T.
These conclusions are consistent with the theoretical predic-
tions that no significant energetic ion transport by microtur-
bulence is expected in ITER half-field scenarios for interme-
diate energies [854]. Basic physics studies on LAPD con-
firmed the expected dependence of EP transport on finite
gyroradius [1149] and turbulence wavenumber [1150]. Studies
of cross-field EP transport in turbulent magnetized plasmas
in TORPEX [1151] concluded that transport can be super-
diffusive due to the intermittent transport of EPs mediated
by turbulent structures elongated in the parallel direction that
propagate radially (the so-called blobs). Such non-diffusivity
of EP due to rare events dominated by Lévy statistics [1098—
1100] can be concomitant with the mechanism described
in [1097].

In conclusion, the numerical and experimental studies per-
formed so far suggest that alphas and other EPs with energies
2100keV in ITER scenarios might not suffer transport due to
microturbulence alone for most of the slowing-down process.
However, further modeling is required to include global and
full-orbit effects in order to completely assess the impact of
turbulence on EP transport.

9.3.4. Interaction between EPs, turbulence and AEs.
Fusion experiments such as ITER are expected to have a
multitude of marginally unstable modes in the TAE frequency
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range [575, 578]. It has recently been shown that when pitch
angle scattering is enhanced above classical Coulomb scat-
tering levels, it will likely lead to AE amplitudes larger than
those expected in the absence of anomalous processes [856].
Therefore, any modification of the EP pitch angle scattering
rate could have an impact on the EP transport by means of
the modified AE amplitude. Here, we review two mechanisms
that are known to modify the pitch angle scattering rate: ICRF
heating and microturbulence.

The first possible mechanism has been explored in TFTR
experiments with the ICRF heating as a mediator, where the
enhanced scattering of minority energetic ions increased the
AE amplitude by an order of magnitude [1152]. However,
the effects of RF injection on the stability of AEs is still an
active research topic, especially when additional heating and
CD by RF and NBI are used simultaneously. As discussed
in section 3, ICRF can create super-Alfvénic EPs which can
easily destabilize AEs. The use of external RF injection to
alter AE mode activity has been experimentally studied on
several devices. Results vary greatly, from very weak effects
observed [708] to AE activity suppression [709]. Mixed res-
ults have been reported even from the same device and similar
plasma conditions (see figure 17 of [710]). Encouraging results
were obtained when RF fields were employed to successfully
terminate wave chirping excited by energetic electrons trapped
in a magnetic dipole field experiment [706]. Nonetheless,
more experimental and modeling work is required to fully
understand the effects of RF-accelerated EPs on AE stability,
especially when a synergy between different heating schemes
(e.g. ICRF and NBI) can be expected. This remains an open
area of research, especially considering the external heating
mix planned for ITER. More specifically, phase-space engin-
eering solutions can be employed, by exploiting the tuning of
RF resonances in such a way that it can have the effect of
decorrelating the EPs from the AE resonances, thereby extin-
guishing dangerous AE-induced transport. Guiding-center- or
full-orbit-following codes can be specially helpful for that pur-
pose, to find scenarios that maximize the RF effect.

The ability to predict, for a given plasma background, the
nature of Alfvénic oscillations (fixed-frequency, leading to dif-
fusive losses, or chirping/avalanching, leading to convective
losses) can be of considerable advantage for measures aim-
ing at the mitigation of EP transport. Spherical tokamaks tend
to exhibit Alfvénic chirping and avalanching, accompanied by
wave amplitude bursting, while conventional tokamaks tend
to have Alfvénic waves oscillating with a nearly fixed fre-
quency and a quasi-steady amplitude. To be able to explain this
puzzling observation, a criterion for the likelihood of chirp-
ing oscillations was developed based on the theory of driven,
kinetic instabilities near threshold with dissipation [951, 954]
and evaluated for a number of NSTX, DIII-D and TFTR dis-
charges [711, 926] using the stability code NOVA-K. It has
been predicted [926] and verified experimentally [474, 712,
1153, 1154] that microturbulence can be a strong mediator
between the mode transition from fixed-frequency to chirping
and vice versa, due to an enhancement of the EP stochasti-
city. In spherical tokamaks, particles spend more time on the
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good curvature region and experience higher relative rotation
shear. Therefore, spherical tokamaks naturally exhibit lower
anomalous transport compared to conventional tokamaks. For
example, on NSTX the total thermal ion diffusivity has been
found to be of order of the neoclassical level [1155]. These dis-
tinct turbulence features have been found to explain why chirp-
ing instabilities are rare in conventional tokamaks and com-
mon in spherical tokamaks. Predictions for baseline ELMy,
reversed-shear and hybrid scenarios of experiments planned
for ITER have also been recently explored [712] and shown
to be near the borderline between the fixed-frequency and
the chirping regimes when collisional and microturbulence
effects are accounted for. For scenarios in which other reson-
ance decorrelating mechanisms are important, the TAEs and
RSAEs would then be expected to exhibit a steady response
with no frequency excursions. Experiments with reduced tur-
bulence in DIII-D (using negative triangularity) [474] and
in AUG (through impurity accumulation in the core) [1153]
observed more prevalence of chirping than in usual operational
configurations. The turbulence acts to effectively increase the
scattering experienced by the resonant EPs [857] and therefore
prevents the chirping and avalanching responses, resulting in
diffusive transport. An example of the emergence of chirping
correlating with low turbulence is shown in figure 86. It was
also found recently that microturbulence may affect AE amp-
litudes [856], supported by expensive numerical simulations
which are available for estimates.

When microturbulence is accounted for, diffusive losses
can dominate the transport and quasilinear theory is expec-
ted to be sufficient to capture the essence of the self-consistent
evolution of the EP distribution function. Quasilinear frame-
works have been developed [1156] and have been applied
to Alfvénic oscillations [925, 1157, 1158]. Recently, the
quasilinear framework was extended to the case of a single
mode [931], without any resonance overlap, when stochastic
processes dominate the wave dynamics over the characteristic
wave growth time and make the dynamics increasingly more
time-local [929, 930]. The resonance (or window) function
that weights the resonance strength in the EP diffusion coef-
ficient was derived self-consistently in [931]. Such a reson-
ance function is shown in figure 87 for the cases of scattering
(blue) and Krook (red) collisions. Remarkably, the quasilinear
theory that uses the analytically derived window functions has
been demonstrated [931] to replicate the same saturation levels
of the more complex nonlinear theory near threshold [933].
The resonance function has also been extended to account for
dynamical friction [932] and has been applied to the dynamics
of self-gravitating systems [1159].

One way of prescribing the microturbulence scattering
is through the changes in ion canonical toroidal angular
momentum P through the change in the radial position of the
EP. Additionally, the classical Coulomb collisions can modify
P directly through the pitch x = v||/v. The quasilinear frame-
works of [711, 925] have been recently adopted to build a
2D realistic RBQ model with relaxation along the canonical
momentum and the energy variables [927, 936]. In a 1D case,
shown here for simplicity, RBQ evolves the EP distribution
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Figure 86. Correlation of Alfvénic chirping onset with a marked
reduction of turbulence, as inferred by the ion heat conductivity
calculated by TRANSP. Reproduced from [926]. © 2017 IAEA,
Vienna. All rights reserved.
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where the diffusion coefficients due to AEs are Dy,(Py;t) ~
6B3R (Qp) and vy, = v1 (1 — x?) for the case of Coulomb
collisions with v being the 90° scattering rate [913]. The
second term on the right-hand side of equation (97) repres-
ents pitch angle scattering due to classical Coulomb collisions
(1’ in the square brackets) and due to anomalous scattering
due to microturbulence (Rp, in the square brackets) [857].
If Rp, > 1, the diffusion is dominated by microturbulence,
and if Rp, < 1, it is dominated by collisions. The resonance
window function R (£,) prescribes the weight of the res-
onant interaction on a Py grid. In the absence of collisions
and modes, it is a delta function taken at the perturbative res-
onance, i.e. R (Qy,) — 6 (). It broadens within a certain
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Figure 87. Plots of the self-consistently derived resonance functions
‘R in quasilinear theory for the case of scattering (blue) and Krook
(red) collisions. In the absence of broadening, the resonance
function becomes simply a d-function at {2 = 0. Reprinted

from [931], with the permission of AIP Publishing.

window across the resonance with collisions and mode amp-
litude. The shape of R (,) can be analytically computed
self-consistently [931] (see also [1160]), provided that the
degree of marginality makes the resonant dynamics increas-
ingly local in time [929].

In RBQ simulations, equation (97) is supplemented by
an equation governing AE amplitude evolution dC; (¢) /dr =
2 (y2.x(t) + vax) Cs (t), where growth rates, v, « (f), are com-
puted at each time ¢ using the distribution function f, whereas
the damping rate, 4 «, is fixed in time but needs to be corrected
non-perturbatively, so the damping may change as the mode
evolves. During the development of the RBQ model, rigorous
verification studies were proposed, including the analytically
expected amplitude of a saturated mode [839], the dependence
of the mode amplitude on the effective pitch angle scattering
frequency, and computations of different marginally unstable
cases [936].

The scattering window function Ry (blue curve of
figure 87) has been shown to be critical for realistic mod-
eling of EP relaxation due to AEs. Earlier, a comparison
between the quasilinear approach in a model geometry [1158]
and the BOT code had been performed using a heuristic,
flat-top broadening function. In the BOT code, the Vlasov
equation was solved fully nonlinearly in 1D for one reson-
ance in Fourier space [934]. Although the quasilinear and
the BOT simulations can agree qualitatively fairly well, they
agree quantitatively only in a limited parameter range. RBQ
simulations employing the self-consistent resonance window
function [931] in tokamak geometry were compared with
BOT [856]. The most important difference between the two
simulations, which are qualitatively very similar, is the recov-
ery time between the peaks which is about 30%-50% larger in
RBQ than in the BOT code for the same scattering frequency.
The experimental point lies near the threshold of existence and
non-existence of steady-state regimes in both RBQ and BOT
simulations whereas the AE amplitudes are in a steady-state
regime in the DIII-D discharge of interest [879]. Figure 88
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Figure 88. AE amplitude (shown in terms of the nonlinear bounce
frequency) vs. time from RBQ1D and BOT for different levels of
collisionality, modeling a DIII-D plasma. (Top panel) BOT has the
effective frequency rates (going from the bottom figure up)
0.4941,,0.61871,,0.778~L and 0.98~L. They correspond to the RBQ
scattering rates vcol /2, Vcol, 2Vcol and 4vco; of the nominal
scattering frequency vco = 8.9s~' computed by NOVA-K (bottom
panel). Both figures have the same color coding for the
corresponding scattering frequencies, i.e. the red curve is the
nominal (collisional) scattering frequency. A much larger value of
the scattering frequency curve, 10vc,j, is added for RBQ
simulations as blue dashed like. Reprinted from [856], Copyright
(2021), with permission from Elsevier.

illustrates BOT and RBQ results where the DIII-D paramet-
ers for an RSAE mode of interest correspond to the red curve,
showing that the normalized nonlinear bounce frequency, wy,
was consistent between the RBQ and BOT simulations. Both
models agree fairly well in near-threshold regimes.

Recently, a comprehensive stability analysis of ITER
steady-state plasma was performed using the ideal MHD code
NOVA, its drift kinetic extension NOVA-C and the 2D quasi-
linear code RBQ with a novel methodology [587]. Within that
study a potentially important effect of AEs on EP confinement
was identified which is due to EP density depletion near the
plasma center. This effect is connected with the beam-ion and
alpha CD which will be also depleted near the center so that
the generation of CD is required for WDM simulations. A
self-consistent analysis of a plasma discharge including this
effect is needed to evaluate its consequences on the plasma
scenario.

The beam ions injected at 1 MeV lead to stronger AE
growth rates in comparison with fusion alpha particles, which
are born isotropically. This was not the case in earlier
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studies of ITER baseline scenario [32] where NBI injected fast
ions have much smaller (around ten times smaller) beta. On
the other hand, the background microturbulence can enhance
EP losses in ITER plasmas, which deserves careful considera-
tion. Present applications of RBQ and NUBEAM to the ITER
steady-state case have shown a weak loss of fast ions to the
wall at the level of a few percent [587].

10. EP current drive and scenario optimization by
EP phase-space control

EPs can be very attractive to enhance the performance of
fusion reactors by phase-space control and optimization. In
this section, several such phase-space control possibilities
involving EPs are discussed which have been demonstrated
either experimentally or theoretically. Here we understand the
term control to denote strategies to steer a discharge towards a
higher performance by means of actuators affecting either the
EPs directly, or indirectly by mediating EP-driven instabilities.
There are two possible avenues to suppress or mitigate such
instabilities, which both aim for separation of the mode loc-
ations and the locations with steep EP gradients: (1) modify
the EP distribution to flatten the gradients at the mode loca-
tion, and (2) modify the background plasma profiles to move
eigenmodes away from the region with steep EP gradient (or
high EP density). Both avenues have been explored in recent
years on several tokamaks and stellarators [127, 561, 1161—
1163]. Promising actuators to this end are variable NBI and
ICREF sources that change the gradients in the EP distribution,
localized ECRF heating affecting the slowing down of EPs,
localized ECCD to change the helicity of the magnetic equilib-
rium and hence the existence criteria and damping of AEs, and
externally applied 3D magnetic perturbations to change the EP
distribution and hence the wave drive [1163]. In this section,
these phase-space control schemes are considered from the
perspective of their effects on AEs and on EP confinement as
well as on the overall fusion reactor performance with the goal
to optimize plasma scenarios in burning plasma conditions.
We start by reviewing EP CD, since it can make an important
contribution to the overall CD and can be an important control
knob for scenario optimization.

10.1. EP CD

In addition to the essential role of EPs in heating burning plas-
mas, they can also generate noninductive CD [20]. Different
noninductive CD schemes have been reviewed in [1164]. Fully
noninductive discharges at high pressure are being studied
extensively at EAST [1165]. The ITER NBI system [1166] has
two heating NBIs with the possibility to add a third. Heating
NBIs also drive current and introduce plasma rotation due
to the oblique NBI beam path with respect to the magnetic
field. Additional CD schemes planned in ITER are ICCD and
ECCD.

To calculate the EP CD (NBCD or ICCD) for the purpose
of scenario optimization accurately, we need to know the EP
phase-space distribution function, which may or may not be
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Figure 89. Effects of ad hoc anomalous EP diffusion on off-axis NBCD profiles at DIII-D. The measured NBCD profile fits best with the
theoretical calculation with D, = 0 and 0.3 m? s~ ! at (a) Pxg = 5.6 MW and (b) 7.2 MW, respectively. Reprinted from [1167], with the

permission of AIP Publishing.

captured accurately in WDMs such as TRANSP. The EP CD
is found from the first moment of the phase-space distribution
function on the equilibrium timescale, which is much longer
than the timescale associated with the Alfvén wave period.
Thus, the current density is related to the phase-space distribu-
tion functions of all species in the plasma, including the EPs,
according to
2B

J= Z:Zse/ bl =g

where 2w B/+/2m3(E — uB) is the Jacobian.

The calculation of the EP CD should include the screen-
ing effect by thermal electrons which is not trivial since the
electron gyromotion needs to be resolved. For example, the
EP current screening by thermal electrons leads to so-called
Ohkawa current [1168] which depends on the effective plasma
charge Z. and modifies only the parallel component of the
EP current. However, the parallel currents do not appear in the
Grad—Shafranov equation used to calculate plasma equilibria,
and thus the Ohkawa current does not enter the calculation of
plasma equilibria explicitly.

Equation (98) suggests that the most useful and straightfor-
ward way to compute the EP CD is to compute the EP dis-
tribution function in COM space. The representation of EP
phase-space distributions in various coordinate system is not
trivial since the COM space Jacobian diverges at the trapped-
passing boundary [1169, 1170]. The CD is quite sensitive to
the details of the distribution function [1171], so it needs to be
accurate enough in at least the following three requirements.
First, the model needs to accurately represent the balance
between the passing and trapped EPs since the bounce aver-
age of the trapped-EP contribution to the parallel component
of the current is much smaller than the passing-EP contribu-
tion. Second, the model needs to accurately represent the bal-
ance between the low- and high-energy EPs, since high-energy
EPs cause more current than low-energy EPs. Third, the model
needs to accurately represent the Ohkawa current [1168] in the
calculation of the parallel component of EP CD, as already
mentioned.

dpds,  (98)
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As an example of the effects of these requirements, a recent
study fitted the radial dependence of the CD by adjusting the
radial diffusion [1167]. Although the fit only partially satis-
fies our three requirements for the diffusion coefficients, it
shows how sensitive the CD is to the magnitude of the radial
diffusion. This study varied the ad hoc diffusion coefficient,
which is fairly moderate, uniformly over velocity space for
two discharge with different NBI power levels. For the high
power discharge, anomalous diffusion at a moderate level
(Dy ~0.3m?s™") was used to fit the CD to the reconstructed
NBI current profile (figure 89(b)). The fitted diffusion mag-
nitude already provides some constraints for the choice of the
distribution function parametrization.

However, for the AE-induced relaxation of EP distribution
function and similar wave-particle interactions, the multidi-
mensionality of the problem should not be overlooked. The
CD was later simulated using the kick model which includes
both the diffusive and convective motion of all EPs in the
presence of MHD instabilities (see section 7). The internal
kink-like mode and several TAEs with mode numbers n =1
to n=06 were included. Figure 90 illustrates that the kicks
in COM space are substantially different for the kink mode
and the TAEs. The figure suggests that the uniform ad hoc
diffusion [1167] may not be appropriate to describe the CD
because a mode with a given frequency interacts differently
with the various groups of EPs, which have different charac-
teristic orbital frequencies.

An important question on the path to burning plasma
operations is how to optimize plasma discharges to achieve
optimum burning plasma conditions. The EP contribution to
this goal could be critical due to the effects of AEs and
other modes on the CD efficiency. Given the importance
of the CD for the plasma scenario and the availability of
the power from fusion products, NBI or ICRF, the benefits
of CD control could be significant for the overall reactor
performance.

The difficulty of the CD problem in the presence of EPs
lies in both its accurate diagnostic and its accurate modeling.
The EP current density in the plasma center from NBI heating
was measured by velocity-space tomography based on FIDA
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Figure 90. Illustration that EP transport in different parts of phase space depends on the instability. The probability density function

p(AE, AP;) for ‘kicks’ in energy and canonical angular momentum resulting from (a) a kink-like mode and (b) TAEs for fast particles with
energy £ =80keV, Pc =0and A = uBy/E = 0.5. (¢), (d) Root mean square of energy kicks for (c) kinks and (d) TAEs at £ = 80keV in
different parts of phase space. Reproduced from [1171]. © 2015 IAEA, Vienna. All rights reserved.

measurements at EAST [225]. The modeling tools need to
accurately resolve the EP distribution function in COM space
and in time which can be addressed by initial value simula-
tions but not necessarily by the reduced models. To a large
extent, EP CD is not properly calculated by present com-
mon models which needs to be addressed for integration into
the whole device modeling tools such as TRANSP [914]
for predictive simulations of future burning plasma
devices.

10.2. Actuators changing linear stability properties

AEs in burning plasmas could produce significant transport
of the EP population to the wall, which could degrade the
fusion performance and could cause localized heat loads from
EP impact. External actuators to control AEs in burning plas-
mas are being developed in present fusion devices to mitig-
ate this risk. These can act on the gradients in the EP dis-
tribution affecting the mode drive, or on the magnetic heli-
city affecting the Alfvén continuum damping and the exist-
ence of AEs in the Alfvén continuum. In practice, these control
strategies are interrelated and cannot be changed individually.
For example, changes in the kinetic profiles (7.,n.) directly
change both the wave drive and the damping. Changes in the
g-profile affect not only the Alfvén continuum and hence the
continuum damping but also the EP distribution and hence the
wave drive. Experiments in present tokamaks and stellarators
together with numerical simulations allow us to develop con-
trol techniques applicable to future burning plasmas, which we
will review in the following [1163]: variable ICRF and NBI,
ECRF, ECCD, and RMPs.
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10.2.1. Toroidally asymmetric ICRF waves.  As discussed in
section 2, the changes in particle toroidal canonical angular
momentum and energy of a particle interacting with an ICRF
wave are related by AP, = (n/w)AE. ICRF heating increases
the energy of EPs, so we always have AE > 0. The mode num-
ber can be large for ICRF heating (n ~ 30), and the spatial
transport can be significant despite the high wave frequency.
This allows flattening of the spatial profiles or moving steep
gradients away from the mode location. Toroidally asymmet-
ric waves can have positive or negative toroidal mode numbers
n. The particles can thus be transported either in the positive
or in the negative direction of Pg, corresponding to inward
or outward transport in the poloidal flux coordinate 1) [1172—
1174]. This control knob on the transport of ICRF-accelerated
EPs has been demonstrated on JET where the energetic *He
density profile could be modified selectively. Measured ~-
ray emission profiles showed clearly that peaked EP profiles
were obtained for ICRF waves with +90° phasing, corres-
ponding to an inward EP transport, and flattened EP profiles
were obtained for ICRF heating with —90° phasing, corres-
ponding to an outward EP transport. Toroidally asymmetric
waves can further be used to induce plasma rotation, which
may be of significant interest for scenario optimization [1175].

10.2.2. Variable NBIl.  As discussed in section 2, NBI heat-
ing generates highly anisotropic EP distributions. As the oper-
ational parameters of the various NBI sources can be con-
trolled, the EP population from NBI heating can be changed
quite substantially. This allows, e.g. changing the gradients
in the EP population or changing the EP phase-space dens-
ities at the wave-particle resonances that cause the AE drive,
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Figure 91. (a) Mirnov coil color-coded spectrogram showing
counter-propagating GAE activity at NSTX-U. Dominant modes are
n = —10 (green) and n = —11 (blue). (b) Power of on-axis (green)
and off-axis (red) NBIs. Reprinted (figure) with permission

from [619], Copyright (2017) by the American Physical Society.

which has been experimentally demonstrated by varying the
heating power, voltage, and torque [1176, 1177], the toroidal
rotation shear [1178], the energy and pitch of the injected
particles [596, 619] and the spatial gradients of the EP dis-
tribution [560, 1179].

For example, experiments in NSTX-U changed the AE
activity by using either inboard or outboard NBI heating,
significantly modifying phase-space distribution of the NBI
ions [619]. Whereas the in-board NBI heating at NSTX-U
typically excites GAEs, the outboard (more tangential) NBI
stabilizes GAEs [619] as figure 91 demonstrates. Resonant
EPs are stabilizing for k prs < 1.9 but destabilizing for 1.9 <
k1 pLs < 3.9 according to the Doppler-shifted IC resonance
model. The stabilization is thought to be due to an increase in
the phase-space density of low pitch, deeply passing particles
with small Larmor radii as suggested by analytic theory,
experiments, and kinetic-MHD simulations with the HYM
code [77]. The kinetic-MHD simulations carried out with the
HYM code [1180] suggest that stabilization is due to the
reduction of the anisotropy of the NBI ion distribution function
by the increase in the passing particle population.

10.2.3. ECCD. ECCD is a promising tool to control AEs
as it can locally change the magnetic shear and hence the AE
damping. The AE activity observed in tokamaks and stellarat-
ors depends on the Alfvén continuum with its gaps given by
the magnetic equilibrium and the thermal plasma profiles [37].
In tokamaks, TAEs do not exist if the plasma pressure gradi-
ent is larger than a threshold given by the magnetic shear S,
the aspect ratio €, and the Shafranov shift A’ according to

d
o= —Roq2£ > it = (6 +2A7) + 5% (99)

dr

The tokamak confinement principle requires large plasma
currents, which makes it rather difficult to change the local
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from [1181]. © 2015 IAEA, Vienna. All rights reserved.

magnetic shear by targeted, localized ECCD. Additionally,
ECCD also heats the plasma, and the effects of heating and
CD are difficult to distinguish. Stellarators, on the contrary,
have small plasma currents, so ECCD can generate a signi-
ficant part of the total plasma current, which makes the effect
of ECCD on AE activity readily observable. In Heliotron J,
ECCD with N = 0.15 fully suppressed GAEs driven by NBIs
as figure 92 shows [1181]. In fact, the basic physics mechan-
isms for mitigation or suppression of EP-driven modes have
been confirmed in several experiments in non-axisymmetric
devices, e.g. in TJ-1I, Heliotron J and LHD [1182-1184]. In
those studies, either NBI or ECCD were used to modify the
current profile and local pressure, shifting the mode frequen-
cies into the Alfvén continuum.

10.2.4. ECRF heating.  ECRF heating has been used to
affect AE dynamics in different ways in tokamaks [127, 309,
919, 1163]. ECREF heating is a highly localized form of heat-
ing and allows targeted heating in a narrow region around the
ECREF resonance, so individual modes can be targeted. ECRF
heating changes the kinetic plasma profiles very locally, and
many different types of interaction can be exploited. Since
AEs are highly sensitive to the g-profile, the electron density
profile and the temperature profile, ECRF has a strong impact
on the AE drive and damping and hence on the stability. This
idea was corroborated in experiments in DIII-D and AUG.
In discharges with early NBI heating and elevated, reversed
g-profiles, ECRF heating mitigated [1185] or even suppressed
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Figure 93. Windowed crosspower spectra of vertical and radial
CO2 interferometer data at DIII-D for 1.9 MW ECREF heating
deposition at (a) the plasma center #128564, (b) at gmin #128560.
Overlayed white curves are a typical RSAE and the local TAE
frequency plus toroidal rotation frequency at gmin. Reproduced
from [1185]. © IOP Publishing Ltd. All rights reserved.

RSAEs [127, 1186]. The localized ECRF power deposition
profile was varied in several otherwise nominally identical
shots to investigate the impact on the RSAE activity at DIII-D.
The power was deposited in the plasma center near the mag-
netic axis (figure 93(a)), at the g, position (figure 93(b)), or
at the outer mid-plasma radius. The AE activity was strong for
ECRF heating near the magnetic axis, whereas it was fairly
weak for ECRF heating at the g, location, and RSAEs were
almost suppressed (figure 93). The RSAEs were completely
suppressed when ECRF heating is applied at the gy, location
at AUG, in agreement with the DIII-D results.

It is important to remember that the demonstrated control
of RSAE activity by ECRF heating at AUG and DIII-D comes
from several simultaneous effects, which are interrelated. The
localized ECRF heating has an impact on the mode drive, on
the damping, and on the ideal eigenmode itself. The AE stabil-
ity depends on different damping mechanisms such as electron
collisional damping [498] and electron Landau damping [444],
as well as on continuum damping [1187] through changes to
the modes and the continuum induced by changes in the pres-
sure or plasma rotation [1178, 1188]. The mode drive is also
affected since the electron drag on EPs depends on 7., modify-
ing the gradients in the EP distribution. Finally, the AEs them-
selves are affected via coupling to sound waves due to changes
in T, or T; [1189].

In experiments at DIII-D, the ECRF power deposition,
the current ramp rate, the ECRF injection timing, and NBI
power were varied to study any changes in the RSAE activ-
ity [309]. The impact of ECRF heating on the AE activity
was found to be sensitive to all these parameters. RSAEs were
even observed to be more unstable for ECRF heating near
gmin 10 some cases, which is in contrast to the observations
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in the original experiments, where they were more unstable
for ECRF heating near the magnetic axis. The existence of
RSAEs that sweep in frequency strongly depends on the
ratio of the minimum frequency of the RSAEs (including a
pressure-dependent upshift from the GAM frequency at gum;n)
to the TAE frequency. When these frequencies are similar, no
RSAE:s are found, whereas TAEs still exist. Typical frequency-
sweeping RSAEs are highly sensitive to gradients in the
plasma pressure, and may no longer be an eigenmode of the
system. When the electron beta increases due to ECRF heat-
ing, the RSAE frequency increases and may exceed the char-
acteristic TAE frequency so that RSAEs can no longer sweep,
resulting in reduced EP transport. Finite pressure effects can
explain many of these observations [309], but they cannot
account for the strong impact of ECRF heating on NBI-driven
AEs in AUG and DIII-D.

Furthermore, additional factors are found to be import-
ant and must be experimentally characterized further. For
example, modulated ECRF heating which leads to rapid mod-
ulations of TAEs [484]. A second example is that RSAEs are
absent in a discharge after T, profiles have relaxed so that the
plasma is apparently similar to that in another discharge where
RSAEs were observed [1190].

A plasma scenario of particular interest for steady-state,
high-performance discharges is the so-called high-gmi, scen-
ario, in which the minimum safety factor profile value remains
near or above ¢min ~ 2. This prevents the development of
potentially disruptive TMs [1191]. As a downside, a higher
gmin can make the scenario more susceptible to AEs for which
the growth rate increases as ¢2,;.. Such scenarios can lead to a
deterioration of the overall plasma performance [1191, 1192].

Recent experiments on DIII-D [127, 309, 1162, 1163],
AUG [1163] and KSTAR [919, 1193] have further demon-
strated the potential of AE mitigation/suppression strategies
for improving the overall plasma performance.

As an example, low-frequency AE mitigation/suppression
schemes for plasma scenario optimization have been extens-
ively tested in DIII-D experiments [1161, 1162] (figure 94).
Yet another notable study involved scanning the ECCD loca-
tion on KSTAR, revealing that TAEs were suppressed when
ECCD was applied, as illustrated in figure 95.

Another study was aimed at developing scenarios where
the gmin location is shifted away from the core toward the
plasma mid-radius or slightly higher, e.g. using the off-axis
NBI as an external actuator to tailor the current density pro-
file [1161]. The idea in those experiments is that the unstable
modes, that are potentially detrimental for core EP confine-
ment (e.g. RSAEs), are pushed towards the plasma edge in
regions with lower EP density, which quenches the associ-
ated EP loss channel. A significant reduction in AE driven EP
transport was found and agreed with predictions of CGMs dis-
cussed in section 7 [1161].

A stabilizing effect of ECRF heating was observed on TJ-II,
which was attributed to an increased damping at higher tem-
peratures, but the reason was not obvious [1190]. Experiments
on TCV showed an increase in mode activity with increas-
ing ECRF heating and NBI [1194], which in that case was
attributed to an increase in the slowing-down time of NBI ions
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Figure 94. DIII-D scenario optimization shot to mitigate AE
excitation and improve plasma performance by applying core
ECCD, along with off-axis NBI, to move gmin inward to the location
of reduced beam pressure gradient. Reproduced with permission
from [1162].

resulting in an increase in EP density. As a general conclu-
sion, those effects are usually well captured by codes such as
TRANSP, and competition between drive and damping can be
investigated through AE stability codes.

It should be noted that ECRF heating could affect AE activ-
ity via other mechanisms. First, ECRF heating has an impact
on microturbulence which is thought to affect the AE satura-
tion and the impact on the EP profile [849]. Second, ECRF
heating can have an impact on the horizontal polarization
of flux surfaces which can form a potential hill for RSAEs,
eliminating RSAEs at fairly low ECRF power [1195, 1196].
Since the effect depends on changes in the electron distribu-
tion function, RSAE were suppressed for timescales similar to
the electron-electron collision time. Hence, the AE response
to ECRF heating modulation [484] as well as to wave polariz-
ation should be studied further.

For ITER and future fusion reactors, the feasibility of AE
control schemes through ECRF heating is intriguing. The
ITER ECRF heating system is primarily designed for heat-
ing, CD, and NTM control [1197, 1198]. At present, no active
investigations on the use of ECRF heating or ECCD for AE
mitigation control have been performed, and it is unclear if the
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and 5.5 s, resulting to suppression of TAEs after ~6.5 s. The bottom
panels show the evolution of mode amplitude for n = 1-4, with
negligible amplitude detected in the TAE frequency range after

6.5 s. Reproduced from [1193]. © 2022 TAEA, Vienna. All rights
reserved.

timescales and hardware capabilities for mirror steering of the
ECREF heating system are compatible with such demanding,
multi-task operations at ITER [1199].

10.2.5. Externally applied RMPs.  Externally applied RMPs
are routinely used in tokamaks to stabilize the plasma against
MHD activity such as ELMs [1200-1202] or RWMs [426] as
discussed in section 8. Externally applied RMPs have been
used in NSTX to mitigate TAEs and GAEs by modifying the
EP phase-space distribution [990, 1203]. Perturbations of size
0B/B = 0.01 at the plasma boundary reduced the mode amp-
litude, increased the mode bursting frequency, and decreased
the frequency chirp. Furthermore, the magnetic perturbation
can modify weakly bursting modes temporarily to a saturated
continuous mode. Figure 96 shows the impacts of RMP blips
on the GAE activity in an NBI heated discharge. Experiments
at AUG have corroborated that RMPs can be used to control
strong TAEs driven by NBIs.

10.2.6. Sensors for real-time control.  For real-time con-
trol, accurate rapid detection of AEs or fast-ion properties
are required. Various methods to detect unstable AEs have
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Figure 96. AE mitigation at NSTX via externally applied 3D fields.
(a) RMP coil current per turn, (b) D, -light, (c) SXR emission from
the plasma pedestal, (d) neutron rate, (e) spectrogram of Alfvén
activity from a magnetic pick-up coil and (f) bandpass filtered
magnetic pick-up coil signal. Reprinted (figure) with permission
from [990], Copyright (2013) by the American Physical Society.

been tested on DIII-D using ECE [1204-1206] and interfer-
ometer [1207, 1208] signals. Real-time control of neutral-
beam populations based on calculations using the RABBIT
code [941] are being developed on AUG [942, 943] and
DIII-D.

10.3. Scenario optimization exploiting low- and
high-frequency AEs

The basic relation between changes in energy and canonical
toroidal angular momentum nAE = wAPy4 suggests the we
can target transport in energy and in Py selectively through
low- or high-frequency waves. EP-driven Alfvénic instabil-
ities with frequencies well below the IC frequency transport
EPs primarily along the P direction with A€ relatively small.
For usual EP energies the magnetic flux term of P, domin-
ates, so Py oc U, suggests transport in the radial direction.
Conversely, at higher frequencies, nAE = wAP4 suggests that
A& is now large whereas the change in Py can be small for
small mode numbers .

As a result, the low-frequency AEs are mostly driven by
the EP radial density gradients whereas high-frequency AEs
are mostly driven by the EP energy gradients. Furthermore,
the low-frequency AEs lead to primarily radial redistribu-
tion of EPs, leading to relaxed EP drive from spatial gradi-
ents, whereas the high-frequency AEs lead to primarily energy
redistribution of EPs, leading to relaxed drive from energy
gradients. Nevertheless, as already discussed, asymmetric
ICRF waves with n ~ 30 can still cause significant radial trans-
port. These considerations lead to avenues of scenario optim-
ization via high- and low-frequency AEs.

The high-frequency Alfvénic modes on the order of the IC
frequency can tap into the EP energy and to a lesser extent

94

the EP toroidal momentum, which is proportional to approx-
imately the square of the minor radius of the confined ion
position. Given that both the high-frequency CAE and high-
frequency GAE type of instabilities reach primarily the EP
kinetic energy, they can provide a opportunities to improve
the plasma performance by influencing the EP velocity distri-
bution function. This in turn modifies the stability of EP-driven
modes. The linear properties of high-frequency instabilities
were discussed in section 6. High-frequency GAEs [613] and
CAE:s [1180] can channel their energy to the plasma through
the excitation of KAWSs. Such channeling is important in par-
ticular for the ICE problem, i.e. it provides an additional damp-
ing mechanism not considered earlier. KAW excitation leads
to CAE damping through the electron Landau damping by
inducing E| due to the small perpendicular wavelength of
KAWs. This particular damping mechanism is new and had not
been accounted for in ICE theory [186, 588]. However, these
mechanisms exploiting high- and low-frequency AEs need to
be better understood and verified for the active plasma optim-
ization of a fusion reactor.

10.4. Alpha channeling

Alphas are born at 3.5MeV, which is far above the critical
energy in fusion plasmas, and thus the largest part of the
fusion alpha energy heats the electrons rather than the fuel
ions, as described in section 2.4. However, the fusion react-
ivity is mostly determined by the fuel ion temperature, rather
than the electron temperature. Alpha channeling has been sug-
gested theoretically as an attractive option for directly trans-
ferring energy from alphas or other EPs to thermal ions in
fusion reactors for several decades [631, 1209]. The advant-
age is that this would be faster than the usual collisional energy
transfer mechanisms and would avoid slowing down on elec-
trons, which can add a further loss channel before transfer-
ring the energy to thermal ions. Several mechanisms have been
proposed that would facilitate alpha channeling. The simplest
involves either linear [1210] or nonlinear [1211] damping of
Alfvénic waves (driven unstable by alphas) on thermal ions.
Beyond this, a variety of wave—wave coupling schemes have
been proposed [1212—1214], some of which involve antenna
launching of external waves that would serve as catalysts for
such processes. Coupling mechanisms that rely on minority
ions have also been suggested [1215]. While some limited
attempts have been made to check for alpha channeling in
DT experiments [1213, 1216], clear evidence for significant
ion heating has not been forthcoming. However, evidence of
rapid ion heating correlated with EP driven waves in LHD has
recently been reported [1217].

Some studies based on the solution of the steady-
state Fokker—Planck equation for the alpha distribution in
slab [1218] and full toroidal [1219] geometries indicated that
significant extraction of alpha energy using alpha channel-
ing might be possible, provided there is sufficient control
over Alfvénic turbulence to remove the helium ash. However,
the practical feasibility of alpha channeling in an ITER-like
plasma is still debated [1212]. Simulations were performed
using a mode with resonances in the IC range to extract energy
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from the alphas and using either a low-frequency mode or
microturbulence for ash removal. It was found that any com-
bination of mode amplitudes and diffusion by microturbu-
lence capable of extracting energy from the alphas and ejecting
ashes also causes significant alpha energy fluxes to the walls.
Despite these discouraging results, alpha channeling remains
an intriguing subject for improving the performance of fusion
reactors, requiring further experimental and modeling work.

Alpha channeling can also be considered in a broader
sense in order to optimize plasma discharges by using the
fusion-born charged products not only for plasma heating. For
example, the alpha energy may also be used to amplify the
plasma waves that drive current. It was also suggested to use
Alfvénic instabilities to redistribute EPs in order to reduce
the central magnetic shear [1220]. In that case, the formed
steady-state ITB can be sustained as was demonstrated in DIII-
D experiments. Another possibility for alpha channeling is
EGAM channeling discussed in section 9.2.

11. EPs in ITER reduced-field scenarios before DT

The 2016 ITER baseline configuration and research plan
foresaw a fairly long operation period in hydrogen and helium
plasmas heated by NBI, ICRF and ECRF. This non-nuclear
period minimized the activation of the machine by DD fusion
neutrons in the early operational phases [4, 5]. In the new 2024
ITER baseline, this period has been significantly shortened and
only RF heating will be applied [6]. After a brief period of
hydrogen and helium operations, ITER will commence deu-
terium operations.

The new start-up phase will demonstrate L-mode operation
at full magnetic field and full current (5.3 T, 15 MA). H-mode
access is easier to achieve at reduced fields and will be attemp-
ted at half field and current (2.65 T, 7.5 MA), or possibly even
at 1/3 field, 1/3 current, (1.8 T, 5MA) in ITER. It would be
advantageous to attempt H-mode access in deuterium since the
L-H transition power threshold is lower than in hydrogen, but
deuterium should be avoided in the start-up phase to minimize
the activation of the machine. The reduced-field scenarios are
further discussed in chapter 6 of this volume [18].

The plasmas in the early operation phases of ITER will be
heated mostly by ECRF heating with an additional 10 MW
ICRF heating which can generate EPs. As NBI heating had
a prominent role in the non-nuclear phase of the original 2016
ITER baseline, the EP related work for these scenarios has had
its focus on NBI heating. Therefore, the review in this section
pays much attention to NBI physics, which will play a lesser
role in the new plan but will nevertheless be important just
before the DT phase where obviously safe operations is also
required, despite the brevity of operation phase.

At reduced field and current, the EP confinement will be
worse than at full field and current due to the wider drift
orbit widths. Furthermore, the reduced fields cause a relat-
ively stronger magnetic field ripple. Additionally, the lower
current leads to lower plasma density, which increases NBI
shinethrough that can lead to localized power loads on the
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plasma-facing components and, in the worst case, result in
local melting.

We will first discuss NBI shinethrough and then EP con-
finement in MHD-quiescent plasmas with external 3D per-
turbations and various MHD modes, as well as ICRF heating
scenarios at reduced field. Microturbulence is not expected to
be a particular concern for half-field scenarios (see section 9).
Finally, conclusions based on existing results are given and
needs for more detailed studies are identified.

11.1. NBI shinethrough power loads in reduced-field
scenarios

ITER will have two heating NBIs and one diagnostic beam.
The heating NBIs will each inject 16.5 MW at 870keV for
hydrogen and at 1 MeV for deuterium (see section 2). In addi-
tion to heating, they also drive current and plasma rotation.
The diagnostic beam will operate with hydrogen and inject up
to 2MW at up to 100 keV.

Empirical scaling relationships suggest that H-mode access
will be easier at the lower densities of the reduced field scen-
arios. To reduce shinethrough, the NBI injection energy needs
to be decreased from the nominal energy of 1MeV, which
also decreases the available NBI power according to the per-
veance relationship Pnpr < Siznf. In addition, the injected spe-
cies plays a significant role: the shinethrough is stronger for
hydrogen NBIs than for helium NBIs for the same NBI para-
meters. To consider worst-case scenarios, shinethrough stud-
ies have therefore mainly considered hydrogen beams and
plasmas.

Most of the shinethrough hits four special panels designed
to withstand extra power loads in horizontal rows 15S and 16S
(figure 97). The computed shinethrough power on these panels
has been found to be within the allowed power limits even at
low densities. However, a small portion of the shinethrough
can pass through the 10 mm wide horizontal gap between
the rows and can hit blanket shield block 16DS [1166, 1222].
Since the shield blocks are not designed to be replaced during
the lifetime of ITER, it is crucial to ensure benign shinethrough
loads in this gap (<0.8 MW m~2).

Early work on wall load patterns was based on an analytic
beam model [1166]. Later, more detailed simulations using the
beamlet-based NBI code BBNBI [1223] were performed for
the 1/3-field hydrogen plasma scenario for two different kin-
etic profiles [1221, 1224]. One was at 50% of the Greenwald
density (0.5ngw) with temperature profiles corresponding to
about 40 MW auxiliary heating, and the other at 0.9 ngw with
over 50 MW of auxiliary heating. At 0.5ngw, the NBI injec-
tion energy had to be reduced to 530 keV, which gives a beam
power of 4.7MW. At 0.9ngw, the NBIs can be injected at
745 keV [1166], which gives a beam power of 11.15 MW.

At 0.5nGw, the highest power loads of about 1 MW m~2
were found predominantly on the shinethrough panels in row
15S for the on-axis beam and on the shinethrough panels in
row 168 for the off-axis beam. The high-power shinethrough
footprint is smaller for the on-axis beam. The load on the
critical horizontal gap is benign at about 0.2 MW m~2. The
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Figure 97. Power densities of NBI shinethrough losses from 9.4 MW, 530 keV beams off-axis beams (left figure) and on-axis beam s(right
figure) in 5 MA and 1.8 T hydrogen plasmas, as calculated by BBNBI/ASCOT. The power is the total power from the two beam boxes.
Reproduced from [1221]. © 2019, ITER Organization. All rights reserved.

structures adjacent to shinethrough panels in row 15S also
receive a benign shinethrough load of tens of kilowatts. At
0.9ngw, the high-power shinethrough footprint from the on-
axis beam and the off-axis beams become similar in size. This
results in higher loads on both the TBM frame and on the dia-
gnostic port, reaching up to 100 kW m~2. The power density
on the sensitive horizontal gap between rows 15S and 16S then
approaches the power limit of 0.8 MW m~2.

A helium plasma in the 1/3-field scenario at n = 0.4ngw
with hydrogen injection at various power levels and corres-
ponding changes in the injection energy was studied in [1225].
Both the total and peak shinethrough power loads were
found to have the same dependence on the injection energy,
Pihinethrough o< Si‘l‘jj, which is stronger than the perveance rela-
tion Pnpr X 5&}5. These larger loads for higher energy particles
are explained by their higher probability to pass through
the plasma without ionization. The total shinethrough power
fraction is 19% (2.3 MW) for the nominal injection energy
of 580keV and power of 12 MW. While the peak power
loads on the dedicated shinethrough panels remained well
below the design limit of 4.7 MW m~2, the distribution of
the load was not confined to these panels. The peak power
limit, 0.3 MW m~2, for the adjacent TBM port (to the left of
shinethrough panels in figure 97) and the diagnostic port (to
the right) was reached for the diagnostic port just due to the
shinethrough.

The same study also considered the half-field scenario
with a helium plasma at n = 0.4ngw with hydrogen injec-
tion at 16.5 MW at 870 keV. The total shinethrough power
fraction was only slightly higher than in the 1/3-field case
at 21% (3.5 MW), and the power load distribution was very
similar both qualitatively and quantitatively. More recently,
shinethrough was studied for a wider plasma parameter range,
for hydrogen injection into hydrogen and helium plasmas, and
the shinethrough fraction was fitted as a function of the plasma
parameters [1226]. Since its impact on the shinethrough is
different for on-axis and off-axis beam configurations, this
work considered also the density peaking factor as a variable.
Further work is needed to investigate the shinethrough of deu-
terium NBI on deuterium plasmas.

96

11.2. EP confinement in MHD-quiescent reduced-field
scenarios with external perturbations

In the non-nuclear phase, the EPs are generated by auxiliary
heating only. ICRF heating can produce EPs in the plasma
core, and NBIs can produce co-going EPs. Despite the wider
drift orbits in the low-current scenarios, prompt losses are
still expected to be small assuming axisymmetry. Neoclassical
transport is also expected to be benign. However, the EP trans-
port and loss channels due to 3D effects and MHD activity
are expected to be stronger in the half-field scenarios than
in the full-field scenarios. In this subsection, we will dis-
cuss the effect of the unavoidable magnetic field ripple in
the half- and 1/3-field scenarios, including the wall power
loads.

EPs in the standard ITER magnetic configurations with 3D
effects have been discussed in section 8. The ITER 15 MA
baseline scenario is close to axisymmetric due to the ferritic
inserts optimized for that scenario: the TF ripple at the out-
board midplane separatrix is reduced to 0.3%, except for near
the NBI ports (0.6%). However, while the ferritic inserts com-
pensate the TF ripple at the full field, the ferritic material sat-
urates already at magnetic fields below 2 T. Therefore, the fer-
ritic inserts overcompensate the TF ripple at the lower fields,
so that their effect can turn into ripple enhancement. Indeed,
in the 1/3-field scenario, the TF ripple phase is reversed, and
the ripple strength at the outboard midplane separatrix can
reach ~1.3%, which is larger than the unmitigated ripple in
the baseline scenario (~1.1%) [1221] and could compromise
the good EP confinement. The maximum TF ripple for the
half-field and full-field scenarios are similar, but the phase
of the ripple relative to the position of the inserts is also
reversed.

Therefore, while the EP confinement is predicted to be very
good in the main operating phases (15 MA baseline, 12.5 MA
hybrid, and 9 MA ‘advanced tokamak’ scenarios) [1032], it
was less clear in the half- and 1/3-field scenarios. Nevertheless,
EP losses in ITER due to TF ripple mitigated by ferritic
inserts in reduced field scenarios have been found to be accept-
able [1227]. The ferritic inserts reduce both the total power
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Figure 98. Impact of (a) sawtooth- and (b) TAE-induced mixing of EPs on the neutron rate for an ITER 7.5 MA/2.65 T helium H-mode
plasma at n/ng = 0.5 with 33 MW of Hyp-NBI and 20 MW of ECRF heating with cge = 10%. Reproduced from [499]. © 2021, ITER

Organization. All rights reserved.

loss and the peak power flux to the wall by an order of mag-
nitude both in full-field and in the half-field scenario compared
to a case without ferritic inserts.

The losses of hydrogen beam ions in hydrogen plasma in
the 1/3-field scenario were estimated in ASCOT simulations
at n=0.4ngw and at n = 0.9ngw [1224]. For the 735keV
beams at n =0.9ngw, only 65kW of the beam power of
nearly 20 MW was lost (0.3%). For the 530keV beams at
n = 0.4ngw, 270kW of the beam power of 9.4 MW was lost
(3%).

The effect of the three pairs of TBMs (recently reduced to
two pairs) on the 3D magnetic field and the EP confinement
was assessed by including a numerical model for the magnetiz-
ation of the European helium-cooled pebble bed TBMs [1028].
The initial study addressed beam ions and alphas in the ramp-
up and flat-top phases of the 15 MA baseline scenario, where
the losses with and without TBMs were compared. While the
wall load increased by about a factor three, it was still benign
at only tens of kW. The divertor loads remained unaffected.
No evidence for non-diffusive channeling, possibly leading to
hot spots, was found. Instead, the diffusive loss channels were
intensified due to the TBM perturbation, allowing ions from
deep in the plasma to escape. The TBMs caused no significant
changes in the slowing-down density profiles.

The fusion alpha results in the study indicated that the
presence of TBMs enhances the ripple diffusion of banana
particles, but the increase is less than an order of magnitude.
ICRF-heated ions were not included in this study, but the effect
should be similar to the part of the alpha population on similar
orbit types.

The effect of ELM control coil perturbation was assessed
at several full-field scenarios and the half-field scenario [961].
Introducing the ELM control coils was found to decrease the
beam-ion confinement even for the 15 MA baseline scenario.
The power loads increased by an order of magnitude which can
be attributed to the field line stochasticity penetrating deeper
than the pedestal top. In contrast to the TBM perturbation,
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ELM control coils mainly affect the power loads on the diver-
tor. Including the plasma response was found to intensify the
losses in the plasma periphery, where both the baseline and
half-field scenarios feature the largest number of beam ions.
Up to 4% of the beam power could be lost. This power load
increased due to a new loss channel for marginally trapped
ions [1033].

11.3. Effects of MHD modes on EPs in reduced-field
scenarios

The interaction between EPs and thermal-plasma driven MHD
modes was described in section 5. For ITER, such studies have
considered the main operating scenarios and fusion alphas,
e.g. [370] and [371], where the latter included also the 3D
structure of the magnetic field.

Nevertheless, a recent study [499] assessed the excitation
of TAEs by beam ions for reduced field and current, together
with the effect of these modes on the EP transport (figure 98).
Due to lower field and still relatively high beam energies,
the beam ions are super-Alfvénic. NOVA-K simulations found
that modes with a wide range of toroidal mode numbers » are
excited, and that the most unstable ones were around n = 20.
These modes reduce the computed mainly beam-target neut-
ron production (which is proportional to the EP density) by up
to 30% as a result of beam ion redistribution. It thus appears
that, in these conditions, TAEs will be a concern.

The study also considered how a sawtooth redistributes EPs
in helium plasmas. A monster sawtooth in these plasmas has a
sawtooth period of around 10s. Although there is a significant
drop in the neutron production after a monster sawtooth crash,
the time average of the neutron production is not significantly
altered. This is because the EP distribution rapidly recovers
between two sawtooth crashes.

Regarding the EP-driven modes, a significant change is
expected due to the inclusion of novel ICRF three-ion schemes
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(section 3). In particular, instabilities will be driven by ICRF-
heated ions which, in JET, has resulted in a rich spectrum of
modes [34].

11.4. ICRF heating scenarios at half field

During the early operational phases at ITER, the ICRF system
will focus on demonstrating IC wall cleaning (ICWC), evalu-
ating ICRF coupling, and testing the compatibility of ICRF
with a full-tungsten first wall. Additionally, it may be used
for early studies of EP physics, modeling, and EP diagnostics,
particularly targeting AEs and the impact of MeV-range EPs.
Key AE characteristics for modeling, such as the toroidal
mode number and the location of the mode, can be obtained
from Mirnov coils and ECE measurements. If additional dia-
gnostics, such as gamma-ray measurements, are available,
they could strongly improve benchmarking modeling against
EP measurement data, in support of future ITER experiments
involving alphas.

A range of efficient ICRF scenarios based on plasma mix
and magnetic field is available at ITER. Hydrogen minor-
ity heating in deuterium plasmas, suitable for a half-field
ITER operation (By = 2.65 T, f ~ 40 MHz, ny /ne =~ 2%-5%),
is particularly robust for testing ICRF heating in H-mode plas-
mas at half-field. By changing the hydrogen minority concen-
tration, one can change the ratio of electron-to-bulk-ion heat-
ing, test RF coupling and assess impurity production, critical
for evaluating the potential to extend ICRF power to 20 MW
in future ITER phases.

However, the 10 MW of ICRF power available during the
early operational phases may be insufficient to destabilize AEs
with hydrogen minority heating in ITER, unless targeting very
low density plasmas. JET experiments typically require at least
4-5MW of ICRF power to destabilize AEs with H minor-
ity heating. Given the large size of ITER compared to JET,
optimizing the absorbed RF power per resonant ion is cru-
cial for driving AEs with EP generated by ICRF heating. This
goal can be achieved using three-ion ICRF scenarios, valid-
ated on various tokamaks, which are effective in generating
MeV-range EPs and destabilizing AEs. Unlike typical minor-
ity heating scenarios that require resonant ion concentrations
of a few percent, three-ion scheme scenarios can be tailored
to channel ICRF power to a very small population of resonant
ions with concentrations below ~0.5%.

11.5. Future work on ITER reduced-field scenarios

In this section, we have summarized the work dedicated to
EPs in operating scenarios with reduced field and current. The
beam shinethrough has been analyzed in detail to guarantee
the integrity of the device for NBI heated plasmas. The con-
finement of beam ions can be assumed to be very good in the
absence of MHD and external perturbations such as ELM con-
trol coils. The corresponding neutron rates have been estim-
ated [499].

However, much of the existing work needs to be updated
following the changes in the ITER baseline, requiring further
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EP studies at reduced field and current. Effects of ELM mit-
igation coils and various low-frequency modes on EP con-
finement need to be studied in detail, as well as effects of
EP-driven modes, e.g. using the three-ion scheme or NBI-
ICRF heating synergistic effects. With the new ITER baseline,
shinethrough of deuterium NBIs should also be assessed. The
beam power is not necessarily critical for accessing H-mode
due to the increase of ECRF power, but for the sake of safe
operation of the NBI system in the reduced-field scenarios, its
shinethrough limits should be assessed.

Furthermore, control strategies or possible actuators to
affect instabilities have never been addressed for half- or 1/3-
field scenarios. The non-nuclear phase with its reduced field
and current gives a good test platform to test the actuators
planned for nuclear phase. In particular, one of the candidates
to mitigate AEs is ECCD. This approach relies on the ability
to modify the g-profile (section 10), which ought to be easier
for reduced current and high ECRF heating power. A numer-
ical assessment of this would be highly desirable in the near
future.

12. Runaway electrons

RE have long been a spotlight topic in plasma research. They
now attract increased attention as a part of ITER mission con-
siderations. The toroidal current and the associated magnetic
energy are greater in ITER than in any present-day tokamak.
It is, therefore, of grave concern when highly energetic REs
become the dominant carriers of the current. This concern per-
tains immediately to the disruption events in which the unmit-
igated runaways can produce significant localized melting of
plasma-facing components.

The disruptions are commonly described macroscopically
in the framework of MHD that needs amendments to cover
the runaways. The presence of runaways brings kinetic phys-
ics into the problem and calls for a kinetic-MHD approach that
combines the MHD treatment of the bulk plasma with kinetic
modeling of the runaway population in a self-consistent way.
The construction of such an integrated model is an overarch-
ing goal of the ongoing theoretical and experimental studies
of runaway physics. This section describes the status of these
studies with an emphasis on recent advances.

The latest review paper on REs highlights the prevailing
physics themes of the last 20 years [36]: the hot-tail mechan-
ism of runaway production, RE interaction with impurity ions,
the role of synchrotron radiation in runaway kinetics, RE trans-
port in presence of magnetic fluctuations, micro-instabilities
driven by REs in magnetized plasmas, and vertical stability of
the plasma with REs. It also includes a discussion of the run-
away issues for ITER and the strategy of RE mitigation.

The need to minimize the impact of RE on ITER motiv-
ates the continuous development of new numerical tools (espe-
cially for synthetic diagnostic). This effort complements the
dedicated experimental work on the present-day tokamaks
such as JET [257], ASDEX [1228, 1229], MST [1230],
COMPASS [1231, 1232], EAST [1233], DIII-D [256], and J-
TEXT [1234]. It is unfortunate that the results of the ongoing
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experiments themselves are not immediately scalable to next-
generation tokamaks, which raises concerns regarding capab-
ilities of DMSs and runaway control, as summarized in [1235,
1236]. Nevertheless, these results are essential as a testbed for
the theoretical conjectures, phenomenological extrapolations
and code validation. Diagnostics of REs in present tokamaks
and burning plasmas in ITER is discussed in section 4, and
impact of REs on MHD stability is discussed in chapter 4 of
this volume [16].

12.1. RE formation during disruptions

RE formation during disruption is of grave concern for ITER.
The disruption event involves a TQ, a CQ, and, sometimes, a
runaway plateau. The TQ refers to the rapid loss of the plasma
kinetic energy, the CQ to the decay of the plasma current, and
the runaway plateau is a regime when REs carry most of the
current.

12.1.1 TQ. de Vries et al [1237] offers a thorough statist-
ical analysis of the TQ triggerings in JET. Two phenomena can
cause rapid electron cooling: global MHD events that enhance
heat transport via stochastization of magnetic field lines and
impurity influx resulting in strong radiative losses. Cooling of
bulk electrons reduces the plasma conductivity whereas the
toroidal current cannot change significantly on the fast TQ
timescale. A strong inductive electric field builds-up as a res-
ult. In a post-TQ plasma, this field is up to three orders of mag-
nitude greater than the critical Connor-Hastie field for runaway
production. Note that, in the absence of ongoing heat losses,
Ohmic reheating after the TQ precludes RE production [36].
Such events were observed in tokamaks [1238].

A so-called hot-tail mechanism of RE generation is the
prevailing candidate for primary RE generation during TQ in
ITER. It considers partial survival and acceleration of the hot
pre-TQ plasma electrons [1239]. Its first analytic descriptions
involved an assumption that the distribution of plasma elec-
trons remains Maxwellian during the cooling process [1240,
1241]. This assumption, however, does not hold for a rapidly
cooling plasma. A more appropriate model, which assumes
collisional drag on a cold background to dominate the evol-
ution of the pre-TQ electron distribution function, was sug-
gested in [1242]. This model is referred to as the ‘hot-tail
model’ and has been used to make predictions for ITER
(for example [1243]) or to analyze recent experiments [1244,
1245].

The hot-tail RE generation has been modeled numeric-
ally in [1246-1248] based on the electron kinetic equation.
In [1246], the evolution of the hot-tail distribution function
was calculated self-consistently with the inductive electric
field and the energy balance of the cold background, assum-
ing that the impurity line-radiation is the dominant energy
loss mechanism. The trends observed in [1246] are in gen-
eral agreement with [1242]. [1248] provides a more recent
numerical study of the analytic model [1242] with an improved
description of RE scattering.
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For a significant hot-tail population, [1246] predicts a
‘prompt conversion’ regime, in which super-thermal electrons
carry most of the current with minimal friction. That lim-
its the inductive electric field. A distinctive feature of this
regime is the absence of multi-MeV electrons. A detailed
comparison of the model [1246] with experimental observa-
tions of the prompt conversion in DIII-D has been reported
in [1249]. [1250] reports experimental observation of super-
thermal electron populations in DIII-D in comparison with
the kinetic hot-tail simulations as well. While the theoretical
predictions agree with the observations qualitatively, the cal-
culated hot-tail generation is one to two orders of magnitude
lower than the one inferred from experiments. These disagree-
ments are likely due to incompleteness of the physics models
used for the hot-tail calculations—a complete model should
include the effects of radial transport and inhomogeneities of
material injection that triggered the TQ. Kinetic modeling of
RE generation in AUG plasma also suggests lack of essential
physics in these simplified models [1251], in particular—the
radial transport. This calls for self-consistent RE-kinetics and
MHD calculations.

12.1.2. Strong avalanche during CQ. The plasma becomes
more resistive during TQ. The plasma current then decays dur-
ing the CQonthe 7 = 1% timescale, where L = 2w Al;/ c? is the
plasma inductance, A is the major radius, and /; is the internal
plasma inductance coefficient (typically of order unity), and
R—is the plasma resistance. Because the ‘wall time’ in ITER
is very long—0.5's, only the poloidal magnetic field energy
inside the wall can dissipate faster than 0.5 s. The plasma cur-
rent will then be taken over by the wall.

Avalanche generation of RE can slow down the current
decay in ITER. Rosenbluth and Putvinski [1252] provides the
following simplified expression for the avalanche growth rate
in a very strong electric field:

1 Ojre 1 eE
N ——— 100
Jre Ot \/Z+5InA mc (100)

where j. is the RE current density, E is the electric field and
In A and Z are the Coulomb logarithm and the effective charge
as ‘seen’ by the relativistic particles. The inductive electric
field E during disruption can be estimated as E = — ﬁll,
where [ is the total current.

Integrating equation (100) using the above expression for £
provides a relation for the ultimate RE current /.. (c0) as long
as it is smaller than the initial plasma current /(0) [1253],

W) b 10 o
Le(0)  VZ+5mlA I
where I, = % = 17KA is the Alfvén current. A very large

initial plasma current /(0) = 15MA in ITER yields a very
strong amplification (a few tens of e-folds) of the initial RE
current /¢ (0). Equation (101) shows that large amplification of
the RE current is insensitive to the CQ scenario and its details
such as duration or plasma resistivity evolution.
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Note that the avalanche theory proposed in [1252] does
not treat the effect of partially ionized impurities in detail.
It simply uses the sum of free electron density and half of
the bound electron density in the definition of the critical
electric field to account for the bound electrons (see section
3.2.2 in [36]). This simplification underestimates the ava-
lanche growth rate. Martin-Solis et al [1254] suggests two
improvements: to separately evaluate collisional frequencies
(i.e. Coulomb logarithms) for free and bound electrons and
to count both free and bound electrons in the description of
knock-on collisions. The resulting modified avalanche for-
mula is given by equation (30) in [1254]. Yet, the Coulomb
logarithms used in [1254] and subsequently in [1243] for colli-
sions with free electrons and scattering are inaccurate because
they are based on a fully classical model (see the discussion in
section 3.1 1in [1255]). More accurate collisional rates based on
the Thomas-Fermi model are given in [ 1256] (see also sections
3.2 and 3.3 in [36]). A further refinement has been discussed
in [1257, 1258], where the collision frequencies have been
evaluated using the density functional theory. The derived fre-
quencies agree with the Thomas-Fermi model within the range
of their validity, i.e. for atoms with «Z < 1, where o = 1/137.
Section 4 of [1258] shows a reasonable agreement of the res-
ults with those of [1243] when the ambient plasma charac-
teristics are similar (i.e. the ambient temperature is taken to
be constant as in [1243]). In particular, at sufficiently high
deuterium density (~4 - 10>! m—3) the generation of runaways
is found to be fully suppressed. This result is in agreement
with the original estimate for the RE suppression density given
in [1252] (i.e. ‘Rosenbluth density’ npp = 3-5 - 102! m™3).

In addition, recombination increases the avalanche rate due
to the increase of the npoung/Mfee Tatio [1258]. However, the
ionization balance in [1258] relies on the collisional-radiative
model [1259] that implies the plasma to be Maxwellian and
transparent to line-radiation. Reassessment of the ionization
balance in [1260] gives increased ionization levels for the
plasma with minority runaways.

There are some effects of the finite aspect ratio and
plasma shaping on the avalanche rate, but none of them
appears to be of primary importance. As shown in the sem-
inal work [1252], toroidicity reduces the avalanche rate by
a neoclassical factor (1+ 1.46\/+ 1.72¢)72, where ¢ is
the aspect ratio. McDevitt and Tang [1261], however, sug-
gests that poloidal asymmetry of the electric field enhances
the avalanche rate when the inductive field is sufficiently
strong, which counteracts the reduction of the avalanche
rate with the aspect ratio. References [1262, 1263] report a
small reduction of the avalanche rate due to plasma elonga-
tion. Svensson et al [1264] discusses parametric dependence
of avalanche on radial transport. A newly developed numer-
ical framework [1265] should permit further improvements
in such studies. McDevitt et al [1266] studies spatial trans-
port in axisymmetric configurations and concludes that it is
most important in small to mid size devices, and become
insignificant in larger tokamaks. Beidler et al [1267] high-
lights the critical role of the avalanche source on the sur-
face heating of plasma facing components due to deconfined
REs.
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Figure 99. Example of RE distribution function in the
near-threshold regime. Parameters correspond to E/E. = 4, Z = 10,
and the ratio of radiation to collisional times is VragTrad = 5. The
avalanche generation is switched off. Reproduced from [36]. ©
2019 TAEA, Vienna. All rights reserved.

12.2. Plateau and mitigation

When REs overtake most of the current, the electric field drops
to the near-threshold value for the RE avalanche. This phase
of RE evolution and the value of the threshold electric field
deserve special attention because they correspond to the long-
term RE current decay [1268].

The RE spectrum now peaks at very high energies where
radiative processes such as synchrotron and bremsstrahlung
play a significant role. Because of that, the threshold elec-
tric field exceeds the critical Connor-Hastie electric field
E. [1269] determined by the purely collisional slowing-down.
References [1270-1272] consider bremsstrahlung as a limit-
ing mechanism for RE energy gain. Bremsstrahlung can be
significant in the presence of high-Z impurities. However,
the combined effect of pitch angle-scattering and synchrotron
radiation leads to faster energy losses in ITER-like disruption
scenarios [1273-1276].

Synchrotron losses cause accumulation of the pre-existing
runaways around the stable phase-space attractor when
the electric field eventually drops to the near-threshold
level [1273, 1277]. Figure 99 shows an example of such a
quasi steady-state distribution function. This distribution func-
tion has a leak into the cold bulk. The resulting decay time
depends exponentially on the strengths of the inductive elec-
tric field. This feature and the exponential growth of the popu-
lation at higher electric fields ensure that the inductive electric
field remains close to the threshold during the entire RE cur-
rent decay. Experimental observation of such a non-monotonic
distribution function in DIII-D was reported in [1278].

A rigorous kinetic treatment [36, 1273, 1277] provides the
following estimate for the threshold electric field in the limit
of small ‘over-criticality’ parameter «:

E 2
=0 _|_6047f7 (102)
Ec \/1+8O[2

where o = (Zets + 1) /\/Vdrag Trad> Vdrag s the collisional fre-
quency at the characteristic momentum, and E. = %Vdmg
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equals the Connor-Hastie field when the plasma is fully ion-
ized. Liu et al [1279, 1280] confirm the threshold using the
adjoint Fokker—Planck equation method. Embréus ez al [1281]
also reports an agreement with the threshold equation (102).
It uses a fully conservative knock-on operator that enables
an accurate calculation of the avalanche growth rate in this
near-threshold regime. References [1266, 1276, 1282—1284]
are consistent with the above results. They highlight the vortex
structure in the momentum phase space around the attractor.
The resulting threshold electric field value is reported to agree
with [1280] as well [1284].

In presence of high-Z impurities, Ze and Vg
should be calculated accordingly (see discussion in
section 12.1.2). [1285], in which this threshold field is called
‘effective critical field’, considers the effect of partially
ionized impurities carefully. It also includes the effect of
bremsstrahlung losses. A good agreement between the results
of [1285] and equation (102) is reported in section 7 of [36] for
ITER-relevant impurity densities. At very high densities, such
as 10?! m—3, bremsstrahlung needs to be taken into account,
and equation (102) becomes inaccurate.

12.2.1. Benign termination. ~ Plasma current decay during
CQ can trigger VDEs in ITER. These events create damaging
stresses on the plasma facing components. The current decay
rate during the VDE is roughly

d/ N 27 R
dl‘N L;

- (103)

Inductive coupling between the plasma and the vessel
relates the plasma current to the vertical position of the
plasma [36, 1286]. Evolution of the current profile during
VDE:s often leads to MHD instabilities [1287-1290]. In a plat-
eau regime with high background density, these instabilities
can cause fast and localized loss of RE to the wall. It is highly
desirable to avoid this scenario in ITER because of the poten-
tial damage the localized RE losses can cause to the wall.

Recent experiments on JET and DIII-D demonstrate benign
termination of large runaway beams [257, 1287, 1291, 1292].
In these experiments, a megaampere runaway beam termin-
ates without excessive heat loads onto the plasma facing
components.

The key to the harmless termination scenarios is a massive
deuterium injection into the runaway beam. This technique
promotes recombination and expulsion of the high-Z material
from the plasma [1293]. The enhanced heat conduction with
D, drops the bulk electron temperature below the ionization
threshold to allow recombination. The ambient plasma dens-
ity then falls below the measurable value (~10'® m~3). The
subsequent MHD event has a short Alfvén time. Infrared cam-
era observations [1292] and modeling [1289] show that such
instability scatters REs on a large area, minimizing the loc-
alized damage to the wall. When REs are lost, the thermal
plasma carries the current. The low impurity content in such
plasmas precludes the regeneration of REs, and the plasma
current decays resistively. Currently, not all aspects of this
benign termination scenario are well understood, and further
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research is needed to assess the feasibility of such a technique
in ITER.

12.2.2. Synchrotron emission.  The diagnostic techniques
for RE include measurements of SXR emission, HXR emis-
sion, and synchrotron emission. The latter has received
increased attention in recent years. The numerical codes SOFT
(Synchrotron-detecting Orbit Following Tool) [1294] and
KORC (Kinetic Orbit RE Code) [1295] have been developed
for synthetic diagnostic and comparison of the simulations
with experimental data. The SOFT code follows guiding
center orbits whereas KORC has a full orbit capability.
Synchrotron emission provides information about the runaway
beam position, energy spectrum and pitch-angle distribution
of the REs. Synthetic diagnostic is essential for analyzing
experimental data because it is yet unfeasible to infer the run-
away parameters from the data via an inversion procedure. In
Alcator C-Mod [1296], ten-channel MSE diagnostic detected
synchrotron radiation. In TCV [1297], visible images were
recorded using the multispectral imaging system MultiCam
that distributes incoming light over four channels with differ-
ent narrowband filters. In DIII-D [1298], polarized full cross
section images were recorded. Although the collected data are
not sufficiently complete for accurate reconstruction of the RE
distribution function, the observed polarization of synchrotron
emission indicates that the characteristic pitch-angles of the
REs exceed those predicted by theory in the absence of run-
away scattering by collective modes. Synchrotron emission
was used in [1299] for the reconstruction of the RE current
profile in DIII-D post-disruption plateau plasmas.

12.3. Waves for RE mitigation

There are ongoing attempts to use perturbed fields in plas-
mas to control REs. The perturbations can be generated by
external antennas or by the runaways themselves (via kinetic
instabilities). Depending on spatial scales and frequencies of
the perturbed fields, these fields can either cause radial trans-
port of the runaways to the wall or enhance pitch-angle scatter-
ing of the REs. The potential benefit from enhanced scattering
is the enhancement of runaway energy losses via synchrotron
radiation.

The radial transport of the runaways is predominantly due
to the low-frequency perturbed fields (below the electron gyro-
frequency). In this case, the guiding center approximation
holds for the runaways. The unperturbed guiding center orbits
in a tokamak have three COM (Py,£,J ) and are character-
ized by the toroidal and poloidal frequencies wy(Py,E,J 1)
and wg(Py,E,J1 ). The perturbed field resonates resonances
with these frequencies when

w—nwy (Pp; E;J1) —lwg (Py;E;J1) =0, (104)
where w is the perturbation frequency, » is the toroidal mode
number and / is an integer. This resonance condition suggests
what particles are most sensitive to perturbations. However,
such particles still do not move far from their equilibrium
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orbits unless the resonances overlap [738] to give rise to global
diffusion.

The frequencies of MHD perturbations are commonly
much smaller than wg(Py,E,J1) and wy(Py,E,J1) for
relativistic electrons. These nearly static perturbations do not
change the particle energy significantly. They change the
toroidal angular momentum Py, and they thereby transport
particles across the equilibrium magnetic surfaces. The res-
onances given by equation (104) are closely related to rational
magnetic surfaces, but not exactly due to the drift-orbit excur-
sions. Consequently, stochastic diffusion of magnetic field
lines does not necessarily cause the same diffusion of the
fast electrons. As shown in [1300], the drift-orbit-averaged
diffusion coefficient for passing particles is formally a sum
of delta-functions located at discrete resonances, which pre-
cludes global transport of particles unless nonlinearity of the
perturbed motion mixes the resonances into a continuous
array [738]. However, the resonances with low to moderate n
and [ often require impractically large perturbations to overlap.
Such resonances form isolated phase space islands separated
by KAM surfaces. The resulting transport is then a combina-
tion of convection within the islands and diffusion across the
KAM surfaces. The corresponding advection-diffusion trans-
port model [1301] can reasonably replicate the results of direct
numerical simulations, but the free parameters in this model
limit its predictive capability.

Depending on input parameters, one finds global stochasti-
city or co-existence of stochastic areas and nested magnetic
surfaces [1302]. The co-existence of destroyed and undes-
troyed magnetic surfaces suggests that the electrons may
escape in short pulses through statistically formed ‘turn-
stiles’ [1303]. That complicates predictions of the REs losses
even when the codes simulate saturated regimes of plasma
instabilities rather than just pre-specified perturbations.

Simulations of existing experiments with nonlinear MHD
codes NIMROD [1304, 1305] and JOREK [1046] indicate that
the MHD modes do produce high-order resonances needed
to randomize magnetic surfaces globally [1289]. However, it
is still unfeasible for the existing codes to simulate the ran-
domized field directly, because of severe resolution require-
ments and the need for a kinetic rather than MHD descrip-
tion of the emerging short scales. This difficulty motivates
numerous sensitivity studies of the fast electron transport to
prescribed fluctuations [852, 1301, 1306—1314]. Such studies
involve Monte Carlo simulations with either guiding center
codes such as ANTS [1308], ASCOT [1315] or, more recently,
a full orbit code KORC [629] and MARS-F [1316]. One of
the topics of interest is whether RMPs produced by external
coils can be used to facilitate runaway losses [1308, 1317].
This is a viable option for medium-size or small machines,
such as DIII-D [1318], AUG [1319], TEXTOR [1320] or
COMPASS [1321], but does not look practical for an ITER-
size device in which the required short scale perturbations
decay too quickly with the distance from the coils.

Besides the externally imposed RMPs and those resulting
from bulk plasma instabilities, the guiding center resonance
equation (104) appears to be responsible for the excitation of
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recently observed low-frequency CAEs by the runaways them-
selves [1322]. Excitation of these modes signifies that the driv-
ing electrons have the pitch-angles characteristic of trapped
particles and that their distribution over parallel momentum
has a positive slope. It is unlikely that these electrons carry
most of the runaway current, and it is, therefore, difficult to
expect a great benefit from enhancing their radial losses, but
it is conceivable that they can serve as a diagnostic tool in the
spirit of MHD-spectroscopy [302] that proved very informat-
ive for energetic ions.

12.3.1. Self-excited waves.  Pitch-angle scattering and syn-
chrotron losses of the runaways can raise the critical electric
field for runaway multiplication and limit the runaway energy
gain (see section 12.2). It is, therefore, natural to consider
micro-instabilities to enhance the scattering rate. Strongly
anisotropic distribution of the REs is prone to high frequency
and short wavelength kinetic instabilities. These instabilities
are generally tractable within the WKB approximation, in
which case the wave frequency satisfies a local dispersion rela-
tion, and the wave-particle resonance condition is

Nw,
v

w—k”vH - =07 (105)
where N is an integer. The dominant resonances for the REs are
the Cherenkov resonance (N =0) and the anomalous Doppler
resonance (N = 1).

Excitation of whistler modes via anomalous Doppler res-
onance is of particular interest. These modes change primarily
the electron pitch-angles rather than the radial positions. The
resulting losses of runaway energies can be faster than the run-
away transport to the walls.

In the early tokamaks, such as TM-3, T-6, TFR and others,
the ‘fan’ instability [1323, 1324] was observed frequently in
the presence of REs. More recently, observations of runaway-
driven instabilities were reported in [705, 1325-1327]. Linear
stability theory reveals that collisional damping is essential for
the modes of interest [1328]. This damping precludes excita-
tion of kinetic instabilities by REs for post-disruption ITER
parameters with electron temperature less than about 20eV.
Such instability can however develop at higher temperatures
and lower plasma densities as in the recent DIII-D experi-
ments [1325]. Although the importance of collisional damp-
ing is already seen from local analysis, an experimentally
relevant stability assessment must be non-local because the
wave packets perform multiple bounces within the plasma dur-
ing their amplification. A ray-tracing code COIN (convect-
ive instability) [1328] addresses this aspect, which enables
runaway stability assessment for present day machines as
well as for ITER. The resulting instability thresholds have
been confirmed in [396] with the use of a ray tracing code
GENRAY [1329, 1330].

Related to potential benefits from kinetic instabilities is the
idea of injecting ECRF waves for RE mitigation [1331]. The
obstacles in implementation of this idea are the cutoff fre-
quency issue and the collisional dissipation of the injected
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waves. Also, the spectrum of the injected waves needs to be
sufficiently broad to resonate with (affect) a large fraction of
REs.

Nevertheless, the injection of ECRF waves tends to be
beneficial even without their direct impact on REs. First, high-
power ECRF heating may help to keep the bulk electrons suf-
ficiently warm to alleviate drastic drop of the Spitzer conduct-
ivity during TQ. Second, the ECCD may help to prevent the
runaway build-up because the TQ and the resulting drop in
Spitzer conductivity would not necessarily create a very strong
inductive electric field in the presence of ECCD. The popula-
tion of current-carrying electrons tends to be super-thermal in
the presence of ECCD, and the collisional slowing down force
for these electrons is therefore relatively insensitive to the bulk
electron temperature. There are encouraging experimental res-
ults [1332, 1333] in support of this concept.

Experimental observations of runaway-driven micro-
instabilities always exhibit nonlinear behavior of the excited
waves rather than their linear growth. Intermittent bursts of the
waves and chirping phenomena seen in the experiments [705]
are beyond the scope of linear analysis. These phenomena
are reminiscent of nonlinear scenarios for kinetic instabil-
ities driven by energetic ions, and they are likely to have
interesting diagnostic applications. Recent quasi-linear sim-
ulations within an idealized spatially uniform model [1334]
exhibit a strong effect of the excited waves on the RE electron
spectrum. This model predicts an increase of the avalanche
threshold field above the Connor—Hastie value, which is qual-
itatively consistent with DIII-D observations. However, the
nonlinear theory is not yet ready for predictive modeling of
ITER conditions.

13. Summary and outlook

The era of burning plasma physics is approaching with the con-
struction of the ITER tokamak as well as the design or con-
struction of several other devices that currently aim at oper-
ating burning plasmas: CFETR, SPARC, STEP, and BEST.
Burning plasmas are by definition predominantly self-heated
by energetic alphas, leading to a high degree of plasma self-
organization. Scenario optimization in future burning plasma
devices for fusion power generation hence calls for a clear
understanding of the physics of alphas, and more generally
of EPs. The recent DT campaigns on JET have provided an
opportunity for testing some of the most important diagnostics
and validating the modeling aspects of fusion-born alphas and
alpha-driven instabilities [39-54].

The interactions between EPs and a zoology of thermal-
plasma-driven and EP-driven instabilities, EPMs, turbulence
and 3D effects need to be understood in the qualitatively new
regime of burning plasmas. Even in present devices containing
non-active or weakly burning plasmas, our predictive capab-
ilities of wave drive and damping and EP transport are chal-
lenged when several modes are concurrently destabilized and
when synergistic interactions take place. In addition to the
ongoing work on these topics on present devices, we will need
to carefully diagnose the wave drive and damping as well
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as EP transport and losses in the future large-scale devices
capable of sustaining burning plasmas, both in their non-active
and active phases. Such experiments in tokamaks able to sus-
tain burning plasmas will provide the experimental basis to
validate our increasingly sophisticated simulation and model-
ing tools that will be used to guide and even accelerate future
research programmes towards their mission goals, as well as to
design and optimize future fusion power plants. High-fidelity
physics models will capture the scientific community’s know-
ledge of EP behavior, whilst reduced or surrogate models,
perhaps constructed with the help of machine learning, will
bring supercomputer modeling capabilities to desktop com-
puters and enable rich EP physics effects to be included in
routine predictive simulations and interpretive analysis.

On the EP diagnostics frontier, substantial progress has
been made since the last update of the ITER Physics
Basis [20]. Several high-resolution EP diagnostics have been
developed that can provide a wealth of experimental data.
These include EP diagnostics sensitive to the EP phase-space
distribution function as well as fluctuation diagnostics sensit-
ive to modes interacting with the EPs. Advances in fast digit-
ization techniques have significantly improved fluctuation dia-
gnostics on major tokamaks and will be available at ITER. An
example is the two-color TIP which has demonstrated high-
resolution spectra of several AEs and low-frequency modes
such as NTMs. The TIP to be installed on ITER will be able
to detect AEs even in the plasma core and will likely be
the workhorse of fluctuation diagnostics on ITER. ECE dia-
gnostics, microwave reflectometry, and magnetic pick-up coils
will also provide high-resolution fluctuation measurements at
ITER.

Several high-resolution confined and lost EP diagnostics
can now give us detailed experimental access to the EP phase-
space distribution. For example, gamma-ray emission from
nuclear reactions can now not only identify what reaction is
taking place by identifying peaks in the spectra, but can also
resolve the Doppler broadening of these peaks, giving dia-
gnostic access to the velocities causing the Doppler broad-
ening. Diamond NES detectors can provide high-resolution
measurements of energy spectra of DT neutrons, directly char-
acterizing the fusion reaction. As for fluctuation diagnostics,
fast digitization methods have increased the time resolution
and the spectral resolution of CTS measurements substan-
tially. FIDA, INPA, FILD, and ICE diagnostics have been
deployed on several medium-sized tokamaks and stellarat-
ors and provide high-resolution measurements on confined
and lost EP populations. The ICE detectors are hoped to
provide the experimental basis needed to understand the rela-
tion between EPs and ICE emission. For example, accurate
measurements of the polarization of the ICE are needed, as
well as a forward model that can predict when ICE occurs as
well as the ICE spectrum. Understanding ICE is particularly
important in view of the limited set of EP diagnostics foreseen
for ITER. At ITER, CTS and GRS are the only foreseen dia-
gnostics to measure confined alphas, and FILD and possibly
ICE could diagnose lost alphas.

The leading tokamaks have been, or are being, equipped
with rich sets of high-resolution EP diagnostics which have
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motivated the development of tomographic inversion proced-
ures, allowing the measurement of 2D EP velocity distri-
bution functions. Multi-view sets of high-resolution EP dia-
gnostics with more than 20-30 installed lines-of-sight have
even allowed the measurement of 3D EP phase-space distri-
bution functions. Such measurements will be improved in the
coming years through the installation of new EP diagnostics
aided by physics-based prior information, such as collisional
physics and wave-particle interaction physics. The final goal
in this direction is the development of integrated data analysis
procedures that combine information from many diagnostics,
including those for EPs, perhaps even including fluctuation
diagnostics, to obtain a more holistic determination of the
plasma state, including EPs. This data-led approach, including
prior assumptions, provides the experimental basis to continu-
ally challenge our codes and physics understanding. For ITER,
such an approach allows the maximum amount of informa-
tion to be extracted from the restricted set of EP diagnostics
installed. Whilst such approaches often make use of sampling
techniques and are computationally expensive, the use of
neural networks trained as part of the many evaluations neces-
sary to infer the plasma state, together with increased exploit-
ation of accelerator technologies such as GPUs, is expected
to allow more and more routine use of such advanced data
interpretation techniques. This further supports the execution
of research programmes conducted around the world as part
of the common focus on the realization of fusion as an energy
source.

On the EP physics theory frontier, there has been significant
progress and increased sophistication in both the modeling and
simulation of EP-driven phenomena and in the validation of
these models with experiments. As fusion research gravitates
towards the burning plasma regime, the dependence on model-
ing becomes even more critical since the EP characteristics of
future devices do not generally overlap with those of current
experiments, and there will be a significant gap in time before
validation becomes possible in DT burning plasma devices.

There are several future directions in EP simulation efforts
in preparation for this new era. First, existing models need
to continue to improve both in physics fidelity and computa-
tional efficiency. Some of the new physics topics that need to
be explored include: coupling between core plasma microtur-
bulence, EP-driven turbulence, and ZFs; introduction of mul-
tiple EP species (e.g. beams, alphas, ICRF tails) and study of
the synergistic interactions between them; extension of nonlin-
ear simulations to longer timescales where alpha and external
EP source variations become important; inclusion of 3D equi-
librium effects in the EP instability models and exploration of
optimization possibilities; and a more detailed modeling of the
effects of EP deposition on plasma-facing components.

A second avenue is the incorporation of full EP turbu-
lence and physics models into integrated modeling frame-
works. The practical motivation for this is the need for a more
self-consistent physics design of future devices and reliable
prediction of regimes where EP heat loads on plasma-facing
components will become problematic. Additionally, interfaces
to EP analysis tools will increasingly need to be accessible to
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non-experts in EP physics. Integrated full discharge simula-
tions will also be needed to evaluate the range of regimes that
the plasma must pass through during startup and shutdown.
If regimes are encountered on startup with strong EP instabil-
ity and poor confinement, then more external power will be
required for startup; this can significantly increase the cost
of a reactor in comparison to the case where more optimal
EP turbulence minimizing startup trajectories are followed.
During shutdown the plasma will likewise pass through mul-
tiple parameter regimes; care will be needed to control this
phase to avoid sudden and intense EP losses to the wall. The
scientific motivation is that while EP physics has often in the
past been compartmentalized and focused on just a few time
slices from carefully curated discharges, the reality is that EP
phenomena are continuously evolving and are coupled to and
affected by the surrounding plasma environment. Taking this
into account is likely to lead to new insights and correlations
with the dynamics of the surrounding plasma that have not
been noticed in the more focused approaches that are currently
in use. To support integrated modeling frameworks, there will
be a continuing need to evaluate trade-offs between the com-
putationally efficient reduced EP models vs. computationally
intensive high fidelity EP models.

Fortunately, two already mentioned trends will help with
this challenge. One is the advent of GPUs and the associ-
ated progress in massively parallel scientific computations.
The other is the increasing use of machine learning methods
which allow the construction and training of rapidly evalu-
ated surrogate models that can encapsulate the results from
the more computationally intensive high fidelity EP models in
a form that will be of use within the integrated plasma simula-
tion frameworks. Examples for the use of neural networks are
the detection of AEs and other MHD modes in DIII-D [1207,
1208] and TJ-II [1335, 1336], which could eventually allow
real-time detection and control of such modes, and the tomo-
graphic reconstruction and uncertainty quantification of FILD
and INPA measurements at AUG [244]. In future devices such
as ITER, the dominance of alpha heating, the lack of direct
external control over the alpha source, and the limited num-
ber of diagnostics available in a nuclear environment will lend
substantial value to continued development of high-fidelity EP
physics simulation tools.

The experimental and simulation tools need to be used
in concert to comprehensively map out the physics of EPs,
including wave-particle interactions and synergistic interac-
tions among modes and between modes and turbulence, as
well as the associated EP transport. The most important
thermal-plasma-driven instabilities interacting with EPs are
currently thought to be sawteeth, NTMs, KBMs, ELMs, and
RWMs. The most important EP-driven instabilities are the
zoology of AEs, ranging from the high-frequency modes in the
IC frequency range (e.g. GAEs or CAEs), via the intermediate-
frequency modes in Alfvén frequency range (e.g. TAEs, EAEs,
or RSAEs), down to low-frequency modes in the diamagnetic
frequency range (e.g. BAEs, BAAEs, LFAMs, or EGAMs) and
their kinetically modified branches. At high EP pressure, these
EP-driven modes can overcome continuum damping and form
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distinct EPM branches with properties depending on the EP
population. Simulations with predictive capabilities call for
global, nonlinear kinetic models and codes, which are being
developed, but also for reduced modeling based on the pro-
gress of our EP physics understanding. Whereas the behavior
of isolated EP-driven modes is fairly well understood, their
interplay when several modes are active, their nonlinear evol-
ution, and their interaction with turbulence, in particular syn-
ergistic effects between turbulence and EP-driven instabilities,
are clear targets for future research. Additionally, 3D effects
due to deviations from axisymmetry need to be accounted for
in linear and nonlinear modeling and simulation.

It is sometimes advantageous to operate burning plasma
devices at reduced plasma current and magnetic field in
their early operational phases, e.g. to reduce electromagnetic
loads due to disruptions. Such reduced-field and current scen-
arios require careful consideration due to the possibilities of
enhanced NBI shinethrough at low density and EP losses asso-
ciated with larger orbit widths. This is one of the many aspects
that must be taken into account when commissioning devices
to full operation and will need to be reflected in the ITER
Research Plan as well as those of other future devices.

It has become recognized that EPs form an integral part
of plasma scenario optimization for burning plasmas. Plasma
scenarios can be optimized by means of actuators modifying
either the EP distribution function itself or the existence, drive
or damping of EP-driven modes, thereby modifying the EP
transport. EP phase-space modification has been demonstrated
using ECRF heating, ECCD, ICRF heating, ICCD, NBI heat-
ing, NBCD, and RMPs as actuators, with varying degrees of
understanding and control. Synergistic effects in the plasma
such as the interaction between AEs and turbulence or the
suppression of turbulence by means of EPs have also been
explored. Various ICRF schemes can selectively heat electrons
or ions or accelerate EPs into the MeV-range, such as the novel
three-ion scheme, 2nd or 3rd harmonic heating, or minority
heating. Experiments have also demonstrated that EP CD can
be a significant actuator for scenario optimization. However,
while there are several external actuators to control AEs in
present devices and some of them might be applicable to con-
trol AEs in burning plasmas, systematic studies in present
devices as well as integrated prospective modeling activities
for future burning plasmas are still needed. Demonstrating that
any of these control schemes has the efficacy and efficiency to
be useful in ITER and other burning plasmas remains at the
forefront of current research.

Finally, REs driven and accelerated during the CQ phase of
disruptions are an area of concern for ITER and constitute an
existential threat to the tokamak concept. ITER must neces-
sarily approach regime in which runaways may appear with
caution, and new capabilities such as shattered pellet injec-
tion, disruption prediction and avoidance based on machine
learning, high-power ECRF and ECCD actuators, and dia-
gnostics for REs are being prepared. In similarity with alpha
particle physics, RE physics in ITER will enter new regimes
that cannot be fully tested on existing tokamak experiments.
In the runaway simulation and modeling area, comprehensive
models have been developed based on classical physics, but
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the effects of the variety of instabilities that strong runaway
beams are likely to drive have not yet been consistently integ-
rated into the predictive modeling paradigm. Since runaway-
electron instabilities may provide mitigating effects through
enhanced scattering of runaways, improved understanding of
their role will be an important future development in the con-
tinuing search for RE control mechanisms.

In this review, we have outlined our current understand-
ing of EP physics on the path to burning plasmas. We have
discussed what we currently consider the most significant EP
research topics on that path, summarized the state-of-the-art,
and called for future research. Progressing on these current
research topics will require pushing the frontier of our under-
standing of EP physics deeper into yet uncharted territory, by
developing new theoretical understanding, by more powerful
simulations, and by better controlled and diagnosed experi-
ments in present devices and in future burning plasma devices.
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