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Abstract

Axisymmetric modes in elongated plasmas are normally associated with a well-
known ideal instability resulting in a vertical shift of the whole plasma column. This
vertical instability is stabilized by means of passive feedback consisting of eddy
currents induced by the plasma motion in a nearby wall and/or in plasma-facing
components. When a thin resistive wall is considered, the n=0 mode dispersion
relation can be studied analytically with reduced ideal Magneto Hydrodynamic
(MHD) models and is cubic. Under relevant conditions, two roots are oscillatory
and weakly damped. These oscillatory modes present Alfvénic frequency and
are dependent on plasma elongation and on the relative position of the plasma
boundary and of the wall. The third root is unstable and represents the so-called
resistive wall mode (RWM). We focus on the two oscillatory modes, dubbed Vertical
Displacement Oscillatory Modes (VDOM), that can be driven unstable due to their
resonant interaction with energetic ions. The fast ion drive, involving MeV ions
in present days tokamak experiments such as JET, may overcome dissipative and
resistive wall damping, setting an instability threshold. The effects of energetic
particles are added within the framework of the hybrid kinetic-MHD model. An
energetic ion distribution function with dF /dE > 0 is required to drive the instability,
achievable with pitch angle anisotropy or with an isotropic distribution in velocity
space with regions of positive slope as a function of energy. The latter situation can
be achieved by considering losses of fast ions or due to fast ion source modulation.
The theory presented here is partly motivated by the observation of saturated n=0
fluctuations in the Joint European Torus (JET), which were initially interpreted in
terms of a saturated n=0 Global Alfvén Eigenmode (GAE). Modeling of recent JET
discharges using the NIMROD extended-MHD code will be presented, focusing on
mode structure and frequency dependence. It is early for us to conclude whether
the mode observed at JET is a VDOM rather than a GAE, nevertheless, we discuss



the main points of distinction between GAE and VDOM that may facilitate their

experimental identification.
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Chapter 1

Introduction

1.1 Nuclear fusion

Nuclear fusion reactions occur when two light nuclei combine, releasing a large
amount of energy due to a slight loss of mass during the process. Stars derive their
energy from such reactions. Since the latter half of the 20th century, scientists have
been actively researching controlled thermonuclear fusion as a means of producing

electricity.

The development of a functional fusion reactor still stands now as a significant
scientific challenge. The successful realization of controlled thermonuclear fusion
as a novel energy source holds immense potential, impacting both societal and
environmental perspectives. This pursuit involves harnessing the energy generated by
fusion reactions in a controlled manner for practical electricity generation, presenting
an opportunity for a clean and nearly limitless power supply. The realization of a
fusion reactor represents a substantial scientific and technological milestone, with
far-reaching implications for meeting our increasing energy demands. It transcends
mere scientific curiosity, evolving into a critical solution for addressing our current
and future energy needs while prioritizing environmental sustainability. In essence,
the journey toward controlled fusion is not solely a scientific endeavor but a pathway
that could revolutionize our approach to energy production in the 21st century.

The complexities inherent in mastering nuclear fusion lie in the extreme condi-
tions essential for its realization. Fusion reactions need exceedingly high tempera-

tures to occur. In such conditions, nuclei acquire enough energy to overcome the



2 Introduction

strong repulsion between positively charged nuclei, known as the Coulomb barrier.
This overcoming of the Coulomb barrier is facilitated by a quantum mechanical
phenomenon called tunneling. Despite lacking sufficient classical energy to surpass
the barrier, there is a small probability that particles can tunnel through it due to their
wave-like nature. When nuclei tunnel through the barrier, they come within range
of the strong nuclear force, which is attractive at very short distances. This force
then binds the nuclei together, resulting in nuclear fusion. This reaction results in
the release of a large amount of energy. Therefore, the exploitation of controlled
nuclear fusion demands the creation and sustenance of these complex and extreme
conditions, representing a significant scientific and engineering challenge.

IBUT /million K

B 1500 5000
10=27 : L

W0y

10-2

3

o /m?

1030 |

10-

10-3 ' "
1 10 100 1000

E(CofM) /keV

Fig. 1.1 Fusion reaction cross sections as a function of the centre of mass energy (temperature)

Figure (1.1) depicts the cross section for various nuclear fusion reactions plotted
against the center of mass energy. Achieving a noteworthy cross section necessitates
high energies, pushing the fuel into a plasma state, a state of matter character-
ized by ionization, where collective phenomena play a crucial role. Figure 1.1
also underscores why contemporary fusion research predominantly concentrates on

deuterium-tritium (D-T) plasmas.

The specific fusion reaction considered is:

ID+T —35 He(3.5MeV) +{n(14.1MeV). (LD



1.1 Nuclear fusion 3

This reaction exhibits the highest fusion cross section at a lower temperature with re-
spect to other reactions. This particular reaction, offers a balance where a substantial

cross section is achievable at temperatures that align with experimental conditions.

To harness fusion energy in laboratory environments, it is crucial to satisfy a
well-established condition known as the Lawson criterion [4]. In the context of the
deuterium-tritium (D-T) reaction, the ‘Z‘H e particles, often referred to as « particles,
play a pivotal role. Their task is to exchange their energy to the plasma, ensuring the
self-sustaining high-temperature condition required for continuous thermonuclear
burn. This process is essential for maintaining the balance between energy losses and
inputs, enabling the effective exploitation of fusion energy in controlled laboratory
settings.

dw

W - aux‘l’Pa_Ploss (12)

Here W ~ 3nT is the energy density of a plasma with temperature 7 and density
1 = Nejectrons = Nions- The plasma heating input power is represented by Py,; Py 1S
the o particles heating power density and P, takes into account the different losses
caused by conducting, radiative and convective phenomena. In order to quantify
the power losses, the plasma confinement time, 7z, is introduced: P s = W /Tg ~
3nT /tg. The alpha particles heating in a D-T plasma, follows:

1
Py = npnr{ov)éy = an(cvﬂfa (1.3)

where &y = 3.5MeV and (ov) is the velocity averaged fusion reaction cross section.
For a D-T plasma with temperature between 10keV and 20keV, the fusion reaction
rate can be approximated by (o) ~ coT?. The criterion for ignition, requiring the
alpha heating to overcome the power losses without auxiliary heating, Py > P,
can be written as:

nteT > >3x10* keV -s-m™3 (1.4)

a0
where nTgT is typically referred as the “fusion triple product".

To satisfy the relation of Eq. (1.4) in laboratory plasmas, researchers have ex-
plored two distinct approaches: inertial confinement and magnetic confinement.

The former involves high-power lasers to heat and compress a fuel pellet, achieving
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remarkably high densities (n ~ 103!m~3) within an extremely brief confinement
time 7z ~ 10~ !1s. Very recent experiments reported outstanding advancements of
the inertial fusion approach [5]. Conversely, magnetic confinement relies on the use
of strong magnetic fields to confine a plasma with lower density (n ~ 10°°m~3) for a

confinement time exceeding g ~ ls.

The magnetic confinement method takes advantage of the fundamental nature of
a plasma, comprising charged particles responsive to electromagnetic fields. When
subject to the Lorentz force, a moving charged particle exhibit a gyrating motion
characterized by a finite excursion referred to as the Larmor radius and a frequency
known as the cyclotron frequency. In magnetic confinement devices, the magnetic
field is carefully engineered to ensure that the drift motions of particles remain
small compared to their Larmor radius. As a result, particles predominantly follow
the magnetic field lines, which act as guides, preventing plasma particles from
reaching the walls of the device. This magnetic configuration effectively serves as
a containment structure for the plasma. The magnetic force thus acts against the
plasma pressure that tends to make the plasma expand outwards. This is described

using the ratio between plasma pressure and magnetic pressure, called 8 parameter:

8nnk,T

B=—p— (1.5)

Good confinement is characterized by 8 < 1. Since the early stages of research
in controlled nuclear fusion, a variety of magnetic confinement devices have been
conceptualized and thoroughly examined. The majority of contemporary fusion
experiments draw inspiration from the success of a well-established design known

as Tokamak.

1.2 Tokamak

The tokamak, conceived by the Soviets in the late *60s, remains a cornerstone in
controlled nuclear fusion research. While modifications have been implemented to
improve its performance, the fundamental principles of the tokamak design persist
in present-day machines. Figure (1.2) illustrates the core schematic of a tokamak:
external toroidal field coils induce a toroidal magnetic field, and the plasma current

itself generates a poloidal field, resulting in a total helical magnetic field.
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Magnetic Circuit

/ {iron transformer core)

Inner Poloidal Field Coils
" (primary transtormer circuit)

___ Toroidal
+—" Field
Coils

Outer Poloidal
- Field Coils
(for plasma
positioning
and shaping)

(secondary transformer circuit)

Resultant Helical Magnetic Field
(exaggerated)

Fig. 1.2 Simplified Tokamak scheme.

This plasma current is induced within a transformer circuit, where the internal
solenoid serves as the primary component. External poloidal coils play a crucial role
in shaping the plasma and adjusting its vertical position. The ohmic heating, origi-
nating from the plasma current, contributes to heating the plasma, yet its efficiency
diminishes at higher temperatures, due to the resistivity scaling with temperature,
n o T-3/2. To reach the high temperatures required for fusion, several heating meth-
ods have been developed. Notably, neutral beam injection (NBI) involves launching
high-energy neutrals into the plasma, while ion cyclotron resonant heating (ICRH)
employs high-power, ~ 10MHz electromagnetic waves, resonant with the ion cy-
clotron motion. Both these techniques introduce ions in the plasma with energies that
can be order of magnitudes larger with respect to the plasma thermal energy. These
energetic ions will decelerate through collisions, mainly with electrons, heating the
plasma in the process. The other common heating technique is the electron cyclotron
resonant heating (ECRH), which uses ~ 100GHz electromagnetic waves to transfer

energy to the electrons.

The most promising path toward achieving controlled thermonuclear fusion as
a new energy source currently revolves around the tokamak devices. Numerous
projects are in various stages of development, offering potential breakthroughs in
fusion research. Worldwide, several tokamak experiments are actively operating.
Among these, the JET (Joint European Torus) tokamak experiment stands out as
possibly the one that obtained the most advanced performances. Unfortunately, the
decommissioning of JET started while this thesis is being written. Nevertheless, JET

has yielded numerous noteworthy results during its very long operation. Very recent
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experimental observations from JET play a crucial role in the context of the research

presented in this work.

The leading next-step in tokamak device is the ITER project, the International
Tokamak Experimental Reactor. Currently under construction in southern France,
ITER represents a collaborative effort involving technologically advanced countries
worldwide. On an italian national level, the Divertor Test Tokamak experiment
(DTT) is now undert construction at the ENEA laboratories in Frascati. Meanwhile,
at MIT, the SPARC project, a compact, high magnetic field device that holds promise
for advancing fusion research, will be completed before the end of the decade.

1.3 Equilibrium and stability

The performance of a magnetic confinement device is undoubtedly tied to the princi-
ples of equilibrium and stability. The study of these properties in plasmas is often
conducted using a fluid model known as Magneto Hydro Dynamics (MHD), which
will be discussed in Chapter 3 and is further detailed in Ref. [1].

To provide an introductory overview, it’s important to highlight that achieving
and maintaining MHD equilibrium and stability are indispensable prerequisites
for a magnetic confinement device. Instabilities within the plasma can lead to
various adverse outcomes, ranging from a deterioration in device performance to the
sudden termination of the plasma, a phenomenon called plasma disruption, that may
endanger the machine integrity. Therefore, a thorough understanding and control
of MHD equilibrium and stability are critical factors in the design and operation of
magnetic confinement devices for successful plasma discharges. The primary goal
of MHD in the context of magnetic fusion, is to investigate a magnetic configuration
capable of maintaining a stable equilibrium. This equilibrium must have parameters,
such as plasma pressure and current, sufficiently large to satisfy the criteria outlined
in Eq. (1.4) achieving and sustaining controlled thermonuclear fusion. An important
outcome of ideal MHD is that plasma stability can be explored through the analysis
of normal modes of the plasma. These modes involve oscillations around the torus
and in the poloidal direction, characterized by toroidal and poloidal mode numbers
denoted as n and m, respectively. These integer numbers define the number of
oscillations along each direction. This approach allows for a comprehensive study
of the dynamic behavior of the plasma system and the associated magnetic field,
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providing valuable insights into the stability characteristics of the fusion device.
In the realm of MHD, a rich nomenclature of model variations can be identified
based on distinct assumptions and simplifications. The most simple variant is the
"Ideal MHD" model, characterized by numerous simplifications, that often allows
for analytic work and can describe some of the most dangerous plasma instabilities.
Moving beyond the simplicity of Ideal MHD, more sophisticated versions are often
labeled as "extended MHD". These advanced versions take into account factors such
as finite resistivity or kinetic effects, offering a more comprehensive understanding

of plasma behavior.

In this thesis, particular attention will be directed towards the significance of
kinetic effects associated with the presence of energetic ions. To investigate the
impact of energetic ions on the MHD stability of the plasma, we will introduce
the hybrid kinetic MHD model in Chapter 3. The presence of ions with energies
significantly higher than the plasma’s thermal energy holds crucial implications for
plasma stability. A notable example are sawtooth oscillations, periodic relaxations
of the plasma profile induced by plasma instabilities. The presence of energetic ions
can lead to the occurrence of "monster" sawteeth, characterized by a substantial
increase in both period and amplitude of these relaxations. Without proper consid-
eration, sawtooth oscillations may result in disruptions, posing concerns for new

high-performance devices, such as DTT [6].

1.4 Content of the thesis

Within the framework of normal modes arising from Ideal MHD in the tokamak con-
figuration, toroidally axisymmetric modes, characterized by toroidal mode number
n = 0, take center stage in this thesis. These modes exhibit a notable characteristic:
their structure is constant along the toroidal direction. In tokamak plasmas, various
types of axisymmetric modes, such as geodesic acoustic modes and global Alfvén
modes, have been observed and extensively investigated.

Of particular interest for our investigation are vertical displacement oscillatory
modes, a type of axisymmetric mode that has received comparatively less attention.
These modes emerge due to the non-circular plasma cross-section in a tokamak and

will be the central focus of our analytical and numerical exploration.
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1.4.1 Plasma vertical stability

In the pursuit of improved performance, modern tokamak experiments very often
consider the magnetic divertor configuration (Figure (1.3)) and make use plasma

shaping.

y— Scrape-off layer
- Separatrix

__— X-point

Diverter plates

Fig. 1.3 Schematic diagram of a divertor (single null configuration),[1]

The magnetic divertor, characterized by single or double null divertor configura-
tions with one or two magnetic X-points, confines the plasma within a last-closed-
magnetic-surface. This design proves effective in managing the flux of thermal
plasma directed towards the inner metallic wall of the toroidal confinement chamber,

successfully addressing challenges associated with plasma-wall interactions.

Plasma shaping plays an important role by optimizing the total current carried
by the plasma. This approach enhances the overall confinement performance of a
tokamak experiment. On the other hand, plasma shaping, through elongating the
plasma cross-section, is strongly linked with dangerous axisymmetric movements
of the plasma column, referred to as vertical displacement events (VDE). The non-
circular plasma cross-section renders the plasma equilibrium unstable at the Ideal
MHD level, specifically against axisymmetric (n = 0) displacements in the vertical
direction. This vertical instability manifests as a rigid shift of the entire plasma
vertically, potentially leading to disruptions. In the case of an unstable VDE, the
termination of the multi-Mega-Ampere plasma current occurs within a characteristic

Alfven time scale T4 = Ry/v4 (where Ry is the toroidal major radius and v, is the
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propagation velocity of Alfven waves). Typically measured in microseconds, this
termination induces dangerous electromagnetic stresses on the confinement device.
Therefore, in tokamak experiments, special precautions are necessary to prevent
the onset of VDEs. A conductive wall surrounding the plasma, along with specific
plasma-facing components, provides a passive feedback mechanism for stabilizing
the vertical instability. This measure results in the emergence of stable oscillations
with a frequency close to the characteristic Alfven frequency 27/ 1y, referred to in
this work as Vertical Displacement Oscillatory Modes (VDOM). Additionally, a new
instability, growing on the timescale of wall resistive diffusion, arises. Thanks to
its slower growth rate, this non-rotating n = 0 resistive wall mode is stabilized in
tokamaks through an active feedback system utilizing coils positioned outside the

vacuum chamber.

1.4.2 Particle resonances

As previously mentioned, the effective confinement of energetic particles resulting
from fusion reactions, such as fusion ¢ with energies in the MeV range, is a critical
aspect in realizing a fusion reactor. In current tokamaks, populations of energetic
particles can be produced through heating techniques to explore their impact on
plasma behavior. These energetic ions exhibit non-Maxwellian distributions in
velocity space, being out of thermodynamic equilibrium, and serve as a free energy
source that can be used to trigger various types of macroscopic instabilities.

Very often, the presence of superthermal ions in the plasma can induce insta-
bilities through resonant interactions between these particles and the normal mode
fluctuations of the thermal plasma. The resonance condition involves frequencies
associated with the periodic motion of magnetically confined energetic particles
matching with the frequency of oscillations of thermal plasma collective modes. Due
to their high energy, energetic particles exhibit various forms of periodic motion, and
each associated frequency can resonate with different normal modes. For example,
the precessional motion around the torus of energetic ions has frequencies that res-
onate with the n = 1,m = 1 MHD mode, resulting in what is known as "fishbone
oscillations", discussed for the first time in Ref. [7] and [8]. The periodic motion
of particles in the poloidal plane, describing so-called trapped and passing orbits,
presents a higher oscillation frequency compared to the precessional frequency. Res-
onances between this motion and MHD modes may involve modes with Alfvenic
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Fig. 1.4 Spectrograms from different JET discharges showing n=0 modes, (a) [2] and (b) [3]

frequencies. An example of these are Toroidal Alfven Eigenmodes (TAE) [9] and
Ellipticity indiced Alfvén Eigenmodes (EAE) [10], important plasma modes that are

destabilized only in the presence of energetic ions.

This study focuses on the resonant interaction between the motion of energetic
particles in the poloidal plane and the n = 0 vertical displacements. Similar to the
cases of fishbones and TAE, the presence of fast ions represents a free energy source
for the oscillatory mode arising from the stabilization of the vertical instability.
Given suitable conditions, the wave-particle resonant interaction has the potential to
destabilize the VDOM.

1.4.3 JET experimental observations

Recent experimental observations from the JET tokamak represent a partial moti-
vation for the research outlined in this thesis. Plasma discharges featuring fast ion
populations with energies extending into the MeV range exhibit the destabilization
of n = 0 modes with Alfvénic frequency. The presence of these modes is identi-
fied through measurements of magnetic perturbations using Mirnov Coils. Figure
1.4 presents magnetic spectrograms illustrating the various modes (with different

toroidal mode number) observed in the experiment.

The spectrograms reported in Fig. 1.4, refer to two similar shots in which a
particular heating scheme, called third harmonic heating was employed in JET. A
combination of NBI and ICRH tuned to heat the beam ions was used in order to
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produce an energetic population of Deuterium with energies in the range 100 keV —
1 MeV. The frequency of the n = 0 modes is fo ~ 320 — 330kHz.

More recently, during the last DT3 experimental campaign, n = 0 modes driven
by alpha particles resulting from D-T fusion reactions have been detected at a slightly
lower frequency, approximately ~ 180kHz. Similar types of axisymmetric Alfvénic
oscillations have been observed in various tokamak experiments, such as TFTR [11]
and MAST [12]. Some of these observations have been identified as Global Alfvén
Eigenmodes with n = 0 [13]. The objective of this work is to offer a new theoretical
description proposing an alternative interpretation for these observations, framing

them in terms of Vertical Displacement Oscillatory Modes destabilized by fast ions.

1.5 Outline of this thesis

In this thesis, the focus is on exploring Vertical Displacement Oscillatory Modes
(VDOM) in tokamak plasmas, which emerge due to the passive feedback stabilization
of the ideal vertical instability. These oscillations exhibit an Alfvénic characteristic
frequency, and their destabilization can occur through resonant interaction with MeV

ions.

The primary aim of this study is to provide a first theoretical investigation
of the VDOM. Initial insights into the main characteristics of the mode and its
destabilization due to fast ion effects are highlighted using simplified models that
allow for analytic treatment. More realistic conditions are then considered for
numerical Magnetohydrodynamics (MHD) simulations, taking a step closer to the

potential identification of these modes in present-day tokamak experiments.

The analytical depiction of the VDOM is obtained within the framework of Ideal
MHD, taking into account the plasma feedback stabilization achieved with a nearby
resistive wall. The analysis is further expanded to include the resonant interaction
with energetic ions, employing the hybrid-kinetic MHD model. To deepen our
understanding, the analytical models are complemented with numerical simulations
using the NIMROD code. This transition from simplified analytical models to
realistic plasma geometries and profiles is crucial for a comprehensive understanding

of the mode characteristics.
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The thesis is structured as follows: Chapter 2 delves into particle trajectories in
tokamaks, deriving the drift kinetic equation for a comprehensive kinetic description
of the plasma. In Chapter 3, the magnetohydrodynamic model is introduced, extend-
ing from ideal MHD to include kinetic effects in the hybrid kinetic MHD model. The
extended energy principle is discussed for the study of plasma stability in presence
of superthermal ions. The importance of the equilibrium distribution function of
fast 1ons in stability studies is highlighted. At the end of this chapter, distributions
functions considering the effect of sawtooth oscillations firstly derived by us in [14]

are reported.

Chapter 4 studies the VDOM dispersion relation within the ideal MHD frame-
work, considering a resistive wall as a passive feedback system around the plasma,
following [15]. In addition to the VDOM solution, a focus on the resistive wall
mode growth near marginal stability, based on [16], is presented in this chapter.
Chapter 5 incorporates the kinetic effects of resonant superthermal ions using dif-
ferent distribution functions in the hybrid kinetic MHD model, as discussed in [17].
In Chapter 6, reporting the results of [18, 2] the simplified models from Chapters
4 and 5 are extended to realistic tokamak conditions using the NIMROD MHD
code, incorporating experimental data from recent JET discharges. These last three
chapters report the bulk of the original results described in this work.

Finally, Chapter 7 concludes this thesis by summarizing the key findings and
contributions.



Chapter 2
Particles trajectories

To describe the mechanism behind the wave-particle interaction that induces kinetic-
MHD instabilities in tokamaks, a thorough understanding of the motion exhibited
by magnetically confined particles is essential. The movement of ions is entirely
dictated by the magnetic configuration of the device. Therefore, we will provide a
brief overview of the tokamak magnetic configuration. Three distinct frequencies
associated with particle motion, corresponding to three invariants, can be identified:
the cyclotron frequency linked to the particle Larmor gyration, the bounce (or
passing) frequency of the particle motion in the poloidal cross-section, and the
precession frequency characterizing the motion along the torus. This chapter aims
to provide the description of particle trajectories using a Lagrangian formalism,
particularly focusing on the Drift kinetic approximation. The subject of this chapter
has been extensively covered in various books. For more detailed descriptions of
the topics discussed herein, well-known publications on Plasma Physics provide

valuable resources. A non-exhaustive list includes [19-21].

2.1 Particles trajectories in Tokamaks

2.1.1 Constants of motion

A straightforward method for characterizing particle motion is to examine the 6D

space of positions x and velocities v. Through the exploitation of system symmetries
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and conserved quantities, it is possible to minimize the number of variables required

to describe the particle trajectory.

In the absence wave-particle interactions or collisions, the total energy of a
particle is an invariant of its equilibrium orbit when the electric field evolves on
shorter timescales compared with the cyclotron motion. In the presence of a cross-
field electric potential ¢, the particle energy consists both kinetic and electrostatic
potential energy. It’s worth noting that for superthermal particles, the potential
energy is significantly smaller than the kinetic energy, and can be neglected in certain
conditions. The symmetry in the toroidal direction of the Tokamak configuration
introduces one other invariant of the particle motion, the canonical toroidal angolar
momentum:

P, zgl[/—f—mRv . 2.1
9 c ¢

Here, Ze and m represent the particle charge and mass, respectively; R is the particle
major radius (detailed below); v denotes its velocity in the toroidal direction, and
v represents the poloidal magnetic flux. In addition to these two exact conserved
quantities of the particle motion, different adiabatic invariants can be associated with

various periodicities of the trajectory [21].

2.1.2 Gyromotion and drifts

The tokamak configuration can be characterized using this simplified model: The
coordinate system considered is illustrated in Figure (2.1), where ¢ represents the
toroidal angle, 6 denotes the poloidal angle, R signifies the tokamak major radius,
and r indicates the distance from the magnetic axis. The major radius of the particle
is R=Ry+rcos(0).
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7

Fig. 2.1 Schematic of the toroidal coordinate system.

The magnetic field B is:
| . N
B(r,0) = E[B%e(p + Bg,(r)és] (2.2)
where By, and Bg, are respectively toroidal and poloidal magnetic fields and A:

h(r,0) = I% = 14¢&cos(0) (2.3)

with aspect ratio € = r/Ry.

Particles will follow the magnetic field lines, undergoing a gyrating motion with a
frequency known as the cyclotron frequency, denoted as Q. = ZeB/cm. This motion
occurs within a radius p;, = v /Q,, referred to as the Larmor radius, v, being the
particle velocity in the plane perpendicular to the field lines. Associated with this
periodic motion is an adiabatic invariant known as the particle magnetic moment,
given by 1 = mvi /2B. This parameter represents the magnetic dipole moment of
the charged particle, akin to viewing the particle as a charged current ring with a
radius pr. The phenomena studied in this work involve length and time scales that
are much larger than those associated with the gyromotion of particles in tokamaks,

satisfying the ordering k| p; < 1 and ®/Q, < 1. Thus, the magnetic moment serves
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as a conserved quantity of the particle motion, and in the following we will focus on

the motion of the guiding center of the particle orbit.

The guiding center position experiences several drifts caused by external forces.

Firstly, the presence of an electric field induces the cross-field drift, expressed as:

ExB
BZ

VExB = 2.4)

Two additional drifts impact the guiding center trajectory: toroidal curvature and
magnetic field gradient drifts:

VD = Vi +Vyg = ¢ % (mvﬁx+ LVB) (2.5)

m&.
where ¢ = B/B is the unit vector along the field lines and the field lines curvature
can be defined as k¥ = (& - V). Considering a constant toroidal field By, dominant
compared to the poloidal component (Bg, () /Bg, ~ €), the ¢ direction is primarily
toroidal. Under these conditions, it can be demonstrated that vp is mainly in the
vertical direction.

2.1.3 Passing and Trapped particles

The force related to the VB drift is also called the mirror force and is strongly
interconnected with the conservation of the magnetic moment t. Assuming that
the varying magnetic field can be expressed as B = (B, /h)(1 + O(€?)), it follows
that a particle moving along the field line will experience a more intense magnetic
field on the inside of the torus and a weaker field on the outside. This magnetic field
modulation is of order &: Bmax — Bmin = B(6 = 1) — B(6 = 0) ~ 2€Bg,, + O(&?).

Since the magnetic moment U = mv2L /2B is conserved, the particle velocity
across the field line, v |, must vary together with the changing magnetic field. Con-
sidering that the particle kinetic energy E = mv?/2 (neglecting electric potential
contributions to the kinetic energy of the particles) is conserved, it is useful to intro-
duce a new invariant quantity of the guiding center motion of the particles, the pitch
angle:

_MBy V1
E V2

A h(r,0). (2.6)
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The pitch angle varies between 0 < A < 1+ ¢, and the guiding center velocity along

the field line can be rewrittend as:

2
v = v( —%)l/zziv(l—%)l/z. 2.7)

Two principal types of particle trajectories can be identified for the guiding center

motion in a tokamak:

* Circulating (or passing) particles: This category includes particles for which
0 <A <1—e&. In this regime, the guiding center motion completes a full orbit
around the magnetic axis within a poloidal cross-section.

* Trapped particles: For particles with 1 —e& < A < 1 4 ¢, the parallel velocity
v|| changes sign during the orbit, resulting in a distinctive "banana orbit" when
projected onto the poloidal plane. The trajectory reaches its maximum 6 value
at the bounce angle 6y, where v||(6,) = 0.

The two different orbits are sketched in Fig. 2.2.

Magnetic axis

r = const,
flux surface

Projection of
g.c. motion

(a) (b)

Fig. 2.2 Scheme of the projection on the poloidal cross section of particle orbits in tokamaks:
passing particles (a) and trapped particles (b)
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It is important to remark that the particles dominant motion is along the field lines,
i.e. in the toroidal direction. The orbits depicted in Fig. 2.2 represent projections of
particle motion onto the poloidal plane. Completion of these orbits may necessitate

a significant number of toroidal passes.

The frequencies associated with different orbits can be obtained using the bounce-
averaging formalism, as detailed below for both passing and trapped particles and
discuss in further detail in [20, 22]. We assume a circular flux surfaces MHD
equilibrium, and consider the guiding center’s excursion from its associated flux

surface to be negligible.

Passing

The characteristic time required for a passing particle to complete a closed orbit
in the poloidal plane, and consequently its associated frequency, can be studied by

examining its integral expression over a full orbit:
dl
r,:fdrz%q(l-l—ﬁ(vl)/m)). 2.8)

To express dl, it can be rewritten as follows:

d0 Rd dl B
MY _ A9 W 41— 246 ~ Roq(r)d6 (2.9)
By By B By
with safety factor, g(r) = rBy/RoBg.
When considering a small radial excursion of a guiding center orbit from a given
flux surface r = rg, expressed as r(t) = ro + Or with |8r| < ry, the function ¢(r)

approximates to nearly constant over the orbit. It follows that

(2.10)

d6  Roq /2ﬂ de
e

T~ R —
! 09 V| v 1—A/h)!/2

Defining a parameter k:

(1—A) =2¢ex* —g; (2.11)
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the denominator of the integral of Eq. (2.10) can be rewritten as a function of the
poloidal angle:

(1—A+ecos(0))
1+ €cos(0)

(l—é):%ﬂ%—ecos(e)—A): (2.12)

h
In the limit of deeply passing particles we consider 1 — A ~ &(1), thus k% ~
O (1/¢€). In this situation we obtain at zeroth order in &€:

(1—A+ecos(0))
1+ €cos(0)

=(1-A)+0(e) =2¢ex*+O(¢) (2.13)

With Eq. 2.13 the transit time integral is straightforward and reads:

:R()q 1 zndez 2R0q7’t’

g ~4 = 2.14
v (2ex2)1/2 Jo WE K (214)

Approaching instead the passing-trapped limit, 1 — A is of order &(¢) and k2 ~ €'(1),

therefore we can approximate:

(1—A+ecos(8)) _ (1—A+ecos(0))+ O(e?)

1+ €cos(0)
11— 0
~ (2ex? — e+ £cos(9)) = 2ex> <1 - E%())
1
— 2¢eK? (1 - Psinz(e/z)) (2.15)

Substituting Eq. (2.15) back into Eq. (2.10), the transit time can be written as:

- ) (2.16)
S UoAIR T (26 Pk Jo <1_L2sin2(9/2)>1/2
K

Then, changing integration variable 6 = 2¢, d0 = 2d ¢:

_Ryg 1 " do _ 5 Roq K (1/x%)
o= —(28)1/21(2/0 (1_#%2(@) _2\/§v\/§ b (2.17)

Here, % (x) denotes the "complete elliptic integral of the first kind". The limit of
Eq. 2.17 for k¥ > 1, coincides with the result of Eq. 2.14 obtained in the deeply
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passing limit. The two results thus match at the zeroth order in € for 1 > 1 —-A > €.
In the following we will thus consider the transit time described by Eq. 2.17 at the
zeroth order in €. A more rigorous derivation for arbitrary order in € can be found in
the recent work by Stephens et al. [22] that agrees with our expression in the small €
limit. The transit frequency can thus be defined as:

2r mowE x

ot 2.1
% V2 Rog A (1/K) (2.18)

Trapped

Similarly to what we described for passing particles, the characteristic time required
for a trapped particle to complete a closed banana orbit in the poloidal plane is
obtained from its integral expression over a full orbit. Assuming again small radial
excursion of the particle orbits from the flux surfaces, the bounce time can be written
as:

6 4Roq/9b 6 019
o ( '

T, ~ R — =
b 09 V)| v 1 —A/h)l/2

where 6, is the bounce angle associated with the sign change of v. From Eq. (2.7)
one obtains, to first order in €, that (A — 1) /€ = cos(6}), and with the definition of
kin Eq. (2.11):

) 1 —cos(6p)

= 5 = sin®(6,/2) (2.20)

We then introduce a new variable { defined through:
sin(0/2) = ksin(§) (2.21)

The denominator of Eq. (2.19) can be rewritten as a function of {:

(1— %) _ %(1 +£cos(8) — A) = £(212 — 1 +cos(0)) + 6(2)
,» cos(6)—1

2

= 2ex?cos?({) (2.22)

~ 2e(k ) = 2e(Kk” —sin(6/2)%) = 2e(k* — k”sin({)?)
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Substituting in the integral expression, and changing the integration variable, we

obtain:
4Roq (/2 1 2Kcos(£)dg 4v/2Roq )
- = 2.2
Tp v /0 V2¢excos({) 1_ Kzsinz(C) WE H (k%) (2.23)

The bounce frequency then reads:

2n T ve 1
w, = = = 2.24
b Tp 2\/§ Rog <%/(K'z) ( )

In tokamak plasmas, the frequencies associated with the orbits discussed above
are significantly smaller compared to the cyclotron frequency for both thermal plasma
particles and fast ions (. > wy, @p). In the following chapters, the analysis will
focus on this periodic motion of the fast ions in the poloidal plane. For superthermal
particles the bounce and transit frequencies can be comparable with the frequecy of
Alvénic modes wy, @, ~ Wy = 21/ 14, leading to wave-particle resonances. As for
the case of the gyromotion, associated with the periodic motion of the guiding center
in the poloidal plane it is possible to identify the second adiabatic invariant:

Jl = j{V”dl' (2.25)

where the integration is over a complete bounce/passing orbit.

The final periodic motion exhibited by particles within a tokamak magnetic
configuration is the toroidal precession. This motion is primarily linked to the cross-
field drift, causing particles to deviate from their reference magnetic surface and
inducing a precessional motion of the particle orbits in the toroidal direction. An
estimate for the frequency at which a banana orbit completes a toroidal revolution,

i.e., its precession frequency, is:

2 2
At 28 (k) B
P = 20.R, (%(KZ) 1) (2:20)

where K is defined in Eq. (2.11).
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The toroidal precession motion typically exhibits the slowest frequency, and in
standard conditions, Q. > @, > wp is satisfied. Similar to previous cases, this
periodic motion is linked to an adiabatic invariant of particle motion. The third
adiabatic invariant is the magnetic flux enclosed by the precessional drift orbit:

= f vpdl. 2.27)

where the integral is over a full precessional orbit of the center of a banana mo-
tion. The full particle motion in the tokamak configuration, exhibithing the three
periodicities, is displayed in Fig. 2.3.

The conservation of adiabatic invariants of the particle motion has strong im-
plications on the properties and behaviour of a plasma. As we briefly mentioned,
the conservation of the magnetic moment is related to the magnetic mirror force.
Several designs and experiments tried to exploit the mirror confinement in magnetic
configurations with open field lines in the past. The conservation of the second and
third adiabatic invariants strongly impacts the stability of tokamak plasmas [23, 24].
However, a crucial reminder is necessary: the adiabatic invariants are not rigorous
conserved quantities of the particle motion. The theory of adiabatic invariants, well

established within classical mechanics, is discussed extensively for plasma physics in
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the work by Northrop [25], and briefly in a more recent publication from Heidbrink
and White [26].

It is possible to summarize the conditions required to ensure the conservation of

an adiabatic invariant:

* Small orbit variations within the timescale of the periodic motion.
 Perturbations must not resonate with the motion periodicity.

* Small perturbations

These schematic conditions clearly illustrate that the conservation of adiabatic invari-
ants is linked to the phenomena under investigation, rather than the particle motion
itself.

As previously mentioned, in this work we focus our attention on MHD modes
with timescales on the order of the Alfvén time, 74, which may resonate with the
periodic orbits of fast ions in the poloidal plane, @, ;. The magnetic moment can be
safely considered a constant of particle motion, as briefly discussed in Sec. 2.1.2.
However, for the specific problem addressed in this work, the other two adiabatic
invariants are not conserved. Thus, the particle motion can be characterized by
considering the conservation of total energy E, canonical toroidal momentum Py,

and magnetic moment U.

2.2 Drift Kinetics

In this section, our focus shifts to a more detailed description of the motion of
superthermal particles, that requires a kinetic model. The perturbations of interest
satisfy the ordering k| p;, < 1 and 0/Q;, < 1, where pj, and Q, represent the Larmor
radius and cyclotron frequency of energetic particles, respectively. The guiding center
velocity correct to first order in § = p /Ry < 1 (dropping the subscript h for Q and

p)is:
: . 1 .
R= vie|+ m_.QeH X (/.LVB+mvﬁK—ZeE) =V|€|+VD+ VExB (2.28)

where R denotes the guiding center position, the overdot indicates the time derivative.
The different drifts of the particle motion discussed in Sec. 2.1.2 are assumed to be
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of the same order of magnitude. The E x B drift is comparable to the grad B and
curvature drift if £/B = 0(§). Therefore, vp ~ vgxp = O(6) while vjé) = O(1).
Terms of order €'(5?) have been neglected, including additional particles drifts such
as the so-called polarization drift and the drift (v /Q)é) x (d¢))/0t.

The particle acceleration in the parallel direction, correct to order J, is

my| = —/,LéH -VB+Zeé|| -E+mv|| k-R (2.29)

The equation of motion detailed above can be obtained through a Lagrangian
formulation of the guiding center motion described by Littlejohn in Ref. [27]:
Z 1 1
&L= (ZA+myey ) R+ ya—>mi—y—Ze (2.30)
c Q 2

Here, A and ¢ denote electromagnetic potentials, y = uB = mv | /2 represents the
perpendicular energy and o is the gyroangle in the velocity space. This Lagrangian
is a function of the 6 variables:

L =ZR,v|,y, ;R vy, 1) (2.31)

in which ¢, v and y do not appear. Equations (2.28-2.29) can be easily obtained
from the Euler-Lagrange equations correct to order &

d (8$) 07 (2.32)

dr \ 94 - dqi
with ¢g;, i € 1;6 being the Lagrangian variables. The following relations, showing

the conservation of the magnetic moment, and defining the cyclotron frequency, are

derived form the Euler Lagrange equations:

d (0L\ 0% _ d/y\ du
E(%)‘W‘O_}EG)_E_O (239
d (0L 07 o
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Within this Lagrangian formalism, it is possible to write the collisionless Vlasov

equation describing the evolution of the particle distribution function:

6
3f+z af (2.35)
i=1
f . .8f of L df

where f is the distribution function in terms of the Lagrangian variables: f =
JS(R,v,y,a;t). By inspection, the term with d f/da is multiplied by Q, and is the
largest. Setting f = fo+ f1 + ... with fi/fo = 0(8), by comparison with the other
leading order terms, it is possible to show that

07f0

806 =0 (2.37)

meaning that fy is independent of «. Thus, to first order:

o of o |, o
9 +R- Vfo-l—V”a V) +y Iy aaOC

=0 (2.38)

The last term can be eliminated considering the average over the gyroangle, § docd f1 /da =
0. The other terms R, V|, and y do not depend on « to first order in &, and the a-
average is trivial. In this way, one obtains the collisionless drift-kinetic equation:

d d

ﬁ+R Vo +v|‘ﬁ+y o _ (2.39)
the subscript "0" will be dropped in the following. At equilibrium, d/dt = 0, the
distribution function can be described using the invariant of the motions described in
Sec. 2.1.

F =F(E,u,Py;0) (2.40)
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with the total energy of the particle E, canonical toroidal momentum Py, and magnetic

moment U rewritten in terms of the Lagrangian variables:

E:%mﬁ+y+&@m) (2.41)
Y
h= 3R (2.42)
8.,2” Ze By

An orbit is uniquely determined by choosing the three invariants. However, an
additional index, denoted as 0, is required to distinguish between co- and counter-
particles. These particles share the same orbit but have opposite sign for v|.

2.2.1 The linearized drift-kinetic equation

Introducing a perturbation to the system and denoting perturbed quantities with the
subscript "(1)", the distribution function can be expressed as f = F + f (1), The
linearized form of the drift-kinetic equation is then given by:

df (1) OF

IF  1)oF
dt I avH

Iy

+y =0 (2.44)

This can be reformulated by considering the equilibrium dependence on the invariants
of Egs. 2.41-2.43:

df(l) (1 )aP(p oF
ar + [ R- VP(p—i—vH 8VH aP(p (ZeR -Vo+

5(1) .
om0 )> gg * (% -5k 'VB> oo (2.45)
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The terms multiplying each derivative of the equilibrium distribution function can be

rewritten in terms of the perturbed Lagrangian of the particle motion, leading to:

dfV (o) a )\ oF
+ ——Py | 55—
dt Jdo  dt dPy

o.M d¢ll d BV oF
( 5 Ze— >3E+“<dt3>@_0 (2.46)

We define h(1) as the so-called "nonadiabatic part" of the perturbed distribution

function f (1), such that it satisfies:

dhV  9F .2V 9F 9.2V

- = — 2.47
i 9E or 9P, 09 (247
The perturbed distribution function can be obtained integrating in time as:
M oF
) — p9E | 7o 2F _  BUIF L) 2.48
/ ‘P8P(P+¢8EHB8;L+ (248)
The perturbed Lagrangian to leading order in § is:
Z .
W = ZEAN R~ 7e¢W — B 4 5(5) (2.49)
c

Higher order terms in delta would lead correction of at least &(8?) corrections in
Eq. (2.48). This form of the perturbed Lagrangian can be utilized to solve for A(!)
in Eq. (2.47). The coordinate system R = (y, 0, @) is introduced, where y labels
the equilibrium magnetic surfaces, 0 is a generalized poloidal angle and ¢ is the
previously defined toroidal angle. Exploiting the toroidal symmetry of the system,

the perturbed Lagrangian is assumed to take the form:
LWR, 1) = 2LV (y,0)exp(—iwt — ing) (2.50)
where 7 is the toroidal mode number. Equation (2.47) can be recast as:

dhV) _ oF

— —i(w— 2 o)
% (@ na)*)aEf (2.51)
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with @, being a constant of the unperturbed particle motion defined as (dF /dPy)/(dF /JE).
The formal solution of Eq. (2.51) is

t
A = —i(a)—nw*)z—g/ ZW(v)dr (2.52)

where the lower limit of integration is set according to the causality prescription

and 20 (1) = 2 (y(1),0(1))exp(—iowt — in@(t)). The particle position in
(y, 0, ¢) coordinates depends on 7 through the guiding center equations:

v=R-Vy, 6=R-V, ¢=R-Vo (2.53)

with R given in Eq. (2.28). It is possible to decompose ¢(7) into its secular and

oscillating components:

¢(7) = {(P)T+¢(7) (2.54)

Here, the brackets (-) denote the average over a complete orbit in the poloidal
cross section, which can be either mirror-trapped or passing for energetic particles.
Bounce and transit times are defined in Sec. 2.1.3, together with the bounce average
procedure used for orbit averaged quantities:

|
(A) = o 7{ Adrt (2.55)

The quantity .2 (1) = & 1)e)qn(—in(I)) is a periodic function of 7 that can be expanded

in Fourier series:
ZV(t) =Y Y, (E, 1, Py;0)exp(—ipwy,T). (2.56)
The Fourier coefficients are defined as

dt - )
Y,(E,u,Pp;0) = a.ﬁf(l)exp(lpwb,t’c) (2.57)
1

The "nonadiabatic" part of the distribution function of Eq. (2.52) can be rewritten

considering the Fourier expansion of the perturbed Lagrangian over the particle
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periodicity:
(1) . IF & ! . ,
h :_l<w_nw*)8_EZpr/_ exp[—i(@+n(@)+ pawy,)T) = (2.58)
OF ¢ . exp[—i(@+n(@)+ pwy,)T]
—(w—nw) 2y Y ! ’ 2.59
(=10 5 L' ™0 Sl + pans 23

The significant impact of the "nonadiabatic" component, AW, in the perturbed distri-
bution function f(!) is evident in the explicit appearance of the resonant denominator
in Eq. (2.59), leading to the mode-particle resonance condition. This denominator

vanishes for different p harmonics satisfying the condition:
o+n(Q)+pwp, =0, p=0,£1,£2,... (2.60)

The perturbation under consideration for this study is axisymmetric, meaning it
has a toroidal mode number n = 0. In this specific scenario, the resonant condition

becomes even simpler and reduces to:
o—+pawp, =0, p=0,£1,£2,... (2.61)

Hence, the periodic motion of energetic particles in the poloidal cross-section,
whether in a passing orbit or a trapped orbit, is the crucial motion that can be

resonant with n = 0 axisymmetric modes.

2.3 Concluding remarks

This chapter has provided a detailed account of particle trajectories within the
tokamak configuration. The characterization of the guiding center motion of particles
has been considered to derive the collisionless drift-kinetic equation through a
Lagrangian formalism. This comprehensive kinetic description of the plasma will

serve as a crucial foundation for subsequent chapters.



Chapter 3

Ideal and hybrid kinetic MHD models

A plasma, a complex system comprised of a vast number of ionized particles, exhibits
long-range electromagnetic interactions. Unlike systems dominated by nearest-
neighbor collisions, the behavior of a plasma is characterized by the influence of
macroscopic electric and magnetic fields. In tokamak plasmas, these collective
phenomena have the potential to perturb the equilibrium magnetic configuration,
giving rise to large-scale instabilities that impact significant portions of the plasma
column. To describe these instabilities, it is not necessary to delve into the detailed
description of the local single-particle motion outlined in Ch. 2. Instead, the plasma
behaviour can be effectively characterized by a fluid formalism known as Magneto-
Hydro-Dynamics (MHD). Analogous to a fluid description using the Navier-Stokes
equations, MHD theory treats the plasma as a fluid composed of charged particles.
This fluid can interact with external electromagnetic fields and, in turn, generate
electromagnetic perturbations through the motion of charged particles. However,
the fluid formalism is not suitable for studying plasma behavior in the presence of
superthermal particles. A detailed kinetic treatment is required in order to describe
the effect of fast ions in the plasma. In this chapter, we will introduce the hybrid
kinetic MHD model that will be employed in the subsequent chapters. The derivation
and study of MHD theory
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3.1 Magneto-Hydro-Dynamics

The MHD model represents the plasma as a continuous fluid rather than a collection
of individual particles. While this model is simple enough to be exactly solved in
certain cases of interest, it lacks the level of detail needed to describe some physical
phenomena accurately. The Ideal MHD model, in particular, is the simplest fluid
model for a plasma. Despite its simplicity, it allows for the study of the impact
of the magnetic configuration on the plasma’s equilibrium and stability. However,
limitations arise when attempting to explore a wide range of physical phenomena
with this model, as for example superthermal particles effects. The starting point
of the Ideal MHD model derivation is the complete mathematical description of
a plasma in terms of the kinetic Boltzmann equation coupled with Maxewell’s
equations:

%+V-ij+’%]j(E+%va)-%=<%>w” 3.1)
where f;(r,v,t) is the distribution function of the j species (j = electrons, ions, ...)
and (0 f;/ 1) o is the collisions term. To derive the fluid description of the plasma,
we consider the moments of the Boltzmann equation ({B.e.} ) to transition from a

microscopic to a macroscopic description:

d
0" moment — ij/d3v{B.e.}j — % +V-(pnu) (3.2)
7 t
1‘”moment—>2m-/d3vv{Be}-—>p @:—V-F—FEJXB (3.3)
j ; e} m— . .

1 d
2" moment — ;Em] /d3vv2{B.e.}j — o (P%;) = heat flux/pressure tensor

(3.4)

These equations now depend on the fluid variables: mass density p, fluid velocity u
and pressure tensor P, along with the plasma current density J. As is standard for
fluid models, the equations derived from the moments of the distribution function
will always depend on a higher-order moment term. Combining these moment
equations with Maxwell’s equations for the electromagnetic fields still results in an

incomplete set of equations. A fluid closure is needed.
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3.1.1 Fluid closure

A fluid closure is a local relation, connecting moments of the distribution such as
Pm, w, and P. The validity of a fluid closure relies on certain conditions: firstly,
the dimension / of fluid elements must be small compared to other relevant length
scales, i.e., I < L (where L is the macroscopic length of the system) and / < A
(where A is a generic wavelength of the system). Additionally, fluid elements must
maintain their coherence for times much longer than relevant time scales. In a
neutral gas described by fluid dynamics, collisions play a crucial role in ensuring
the coherence of fluid elements. Gas particles tend to stick together due to collisions
with neighbors, and their motion can be represented as the superposition of local
mass motion along with an isotropic distribution of velocities. By connecting u
with the physical interpretation of fluid element velocity and reducing P to a scalar
pressure p, the continuity equation and the momentum equation for a simple gas
involve the unknowns p,,,u, and p. To close the fluid model and make the system
solvable, a third equation of state is needed to establish the connection between
Pm,u, and p. The description of collisions in terms of the collisional mean-free-path
Amsp and the collisional time 7.,;; allows for a collisional fluid closure. It becomes
feasible by choosing the size of the fluid element / such that 4,7, < [ < L, while
satisfying conditions kA, 5, < 1 and 07T,y > 1.

In fusion plasmas, collisions are infrequent. The relevant time scale for ideal
MHD phenomena is the Alfvén time 74, typically in the order of microseconds,
and the typical value of 7., is around 10~ seconds. The mean free path is of the
order of 10?/103m while phenomena that can be studied with MHD have much
smaller characteristic wavelengths of the order of 10m. This implies that collisions
cannot ensure the coherence of the fluid element, as ideal MHD effects happen on
much faster time scales and on much smaller length scales. Therefore, alternative
mechanisms must be considered and the concept of fluid elements becomes weaker
in this context. The definition of fluid elements in the plane perpendicular to the
magnetic field can be ensured when the Larmor radius py, is sufficiently small. In
this scenario, Larmor orbits serve as fundamental "quasi-particles" in the system.
In the direction parallel to the field lines, however, there is no general argument to
define a fluid element. In general, the MHD validity is considered as a low-frequency,
long-wavelenght limit of the Vlasov description of a plasma, obtained through the
moments of the Boltzmann equation [1].
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In axisymmetric systems like tokamaks, on the other hand, the periodicity in the
toroidal direction can be used as an argument for the fluid closure of the system.
Considering the moments of the Boltzmann equation in the perpendicular and par-
allel directions, one obtains evolution equations for the perpendicular and parallel
pressures. Two equations of state are required. Neglecting both heat fluxes, the
so-called CGL, or double-adiabatic, closure for a magnetized plasma is obtained

[28]. Assuming a diagonal pressure tensor:

P=p I+ (p—pL)é¢ (3.5)

and equation of state:

d d (pB*
L(2L) o, S(H) g (3.6)
dt \ pmB dt \ p3

The Ideal MHD closure is a particular case of CGL closure with p; = p| = p,

reducing thus the pressure to a scalar quantity:

.4 1
P:pI—>pmd—l; — - Vp+-JxB 3.7)
C

The heat fluxes in the second moment equation are neglected, truncating the depen-

dence on higher-order moments, assuming an adiabatic equation of state:

d (p\ B
E(p_;>_0’ r=5/3 (3.8)

that can be recovered from Egs. (3.6)

Maxwell’s equations are considered for the description of magnetic field B,
electric field E, and current density J. The Ideal MHD approximation involves
neglecting the displacement current in Faraday’s law and assuming ideal Ohm’s
law. This treatment characterizes the plasma as a perfect conductor, justifying the
term "ideal". In tokamak plasmas, where the ideal MHD time scale dominates
resistive diffusive time, this assumption is generally valid. However, the model can
be extended to account for resistivity in Ohm’s law, leading to the resistive MHD
model, in scenarios where resistivity becomes significant. The following set of



34 Ideal and hybrid kinetic MHD models

equations represents the Ideal MHD model (in c.g.s. units):

dp
% 1. (pu) =0 (3.9)
Ly s v, (3.10)
dt c
d(p\
= (F) ) G.11)
10B
VxE=_—-22 .
xE=——= (3.12)
VxB= (3.13)
C
E+%u><B:O (3.14)

where d/dt = d/dt +u -V is the convective (or material) derivative following the
fluid elements. The mass equation in the MHD framework represents the conserva-
tion of mass in the plasma, neglecting phenomena such as mass injection via gas
puffing, pellets or neutral beams or fuel depletion due to nuclear reactions. The mo-
mentum equation accounts for the interaction of three forces: the pressure gradient
Vp, the Lorentz force J x B and the inertial force pdv/dt. In static equilibrium, it
describes the balance between the Vp force and the magnetic force J x B, maintain-
ing plasma confinement. The energy equation serves as the equation of state for
closing the fluid model. The complete derivation of the MHD model is reported, for
example, in Ref.[1].

3.1.2 Normal modes and Energy principle

The MHD model allows us to investigate how a plasma behaves within a specific
magnetic configuration. The plasma equilibrium is characterized by setting the time
derivatives in Egs. (3.9-3.14) to zero, d/dt = 0. Additionally, it is assumed that
there is no fluid flow in equilibrium, setting u = 0. From Eq. (3.10), it is evident that
at equilibrium, a balance must be maintained between the magnetic force and the

pressure gradient:
1
-JxB=Vp (3.15)
C

In a tokamak’s equilibrium state, the pressure gradient is thus constrained by the
confining effects of the magnetic field. However, solving this equation for arbitrary
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poloidal shaping is complex. The magnetic field’s poloidal component is influenced
not only by external factors like poloidal coils but also by the poloidal magnetic flux,

associated with the plasma current. This flux, in turn, affects the pressure profile.

Once this delicate equilibrium force balance is established, the next step is to
examine its response to small perturbations, studying its stability properties. The
ideal MHD model can be linearized, expanding all quantities in their equilibrium
and perturbed parts Q(r,t) = Qo(r) + Q;(r,t), with small perturbation satisfying
|01/Q0| < 1. This approach allows for the investigation of the linear stability of the
system. The perturbed part of a quantity can be related to the displacement vector
g(r, t), which characterizes the shift of the plasma from its equilibrium position:

e

d

u = (3.16)

Q
~

Substituting the linearized mass and energy equations (3.9) and (3.11), along
with Faraday’s law (3.13), into the momentum equation (3.10) in terms of the
displacement vector, in absence of equilibrium flows, we can derive:

28 = | |
— =F¢&)=-JxB;+-J1 xB-V 3.17
P (&) CJ 1+CJ1 P1 (3.17)
where the subscript O for equilibrium quantities has been dropped. F is called the
force operator. The linear stability can be investigated through a normal modes
analysis. By considering solutions of the form & (r,r) = Y, ang(r) exp(—iwyt), we

obtain the eigenvalue problem formalism for each decoupled q component:

—w;pé, =F(&,) (3.18)

where the eigenvalue wg can be determined by solving the problem with appropriate

boundary conditions for E The force operator can be written explicitly in terms of

E:

_ 1 1 _ _

F(§) = E(V xB)x B + E(V xB1)xB+V(E-Vp+ypVE) (3.19)
This approach reveals that the force operator F(g) is self-adjoint if appropriate
boundary conditions are considered. This property has significant implications for
the study of plasma stability. Firstly,the eigenvalues coq2 are real, implying that
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instability (i.e., .#m(w,) > 0) can only occur if (03 < 0. Moreover, the eigenvectors
3 o form a complete orthogonal set. This orthogonality ensures that an arbitrary
initial perturbation will be dominated by the fastest growing mode, as opposed to a
combination of different modes in a non-orthogonal case. The displacement vector of
a normal mode, denoted as E(r) (with the subscript g dropped), is solely a function
of the spatial variable r. In the context of a tokamak equilibrium featuring a circular
poloidal cross section, symmetries regarding the poloidal and toroidal angles, 8 and

¢, allow for the Fourier analysis of the perturbation:

E(r) = E(r)exp[i(mB +no)] (3.20)

Here, m and n represent the poloidal and toroidal mode numbers, respectively.
Geometric factors, such as toroidicity and cross-sectional elongation, as well as
non-linear effects, may introduce interactions among perturbations characterized by

different m and n, with important implications for plasma stability [9, 10].

In the context of Ideal MHD, thanks to the self adjointness of the force operator
F(E), the stability analyses commonly make use of an Energy Principle [29]. Ac-
cording to this principle, an equilibrium is stable if and only if the variation of the

potential energy integral, given by
1 [ _ —
SW = —5/5 F(E)dx, 3.21)

is positive for any physically acceptable displacement E that satisfies appropriate
boundary conditions. The energy principle offers two key advantages over a full
normal-mode analysis in determining the stability of an equilibrium. Firstly, one can
hypothesize the form of an unstable perturbation, using it as a trial function Em.a, to
evaluate SW. If W (&, .;,€,...;) <0, the Energy principle ensures the equilibrium’s
instability, as there exists a physically acceptable displacement (Em-a,) for which
OW is negative. The second advantage lies in the ability to search for the stationary
points of W by setting its variation with respect to E equal to zero. While this
variational procedure is somewhat more challenging than the trial function approach,
itis significantly less complex than a full normal-mode analysis. The energy principle
has been extended in order to take into account equilibrium flows [30], derived in a
more rigorous hamiltonian formalism in Refs. [31, 32] and, as discussed extensively

in Sec. 3.2.1, extended to take into account the effect of energetic ions.
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3.2 Hybrid kinetic MHD model

The presence of energetic particle populations introduces a unique set of instabilities
associated with the resonance interaction between the periodic motions of these
particles and the macroscopic modes of the thermal plasma. Examples of such
instabilities include fishbone oscillations ([7],[8]) and Alfvén Eigenmodes ([9, 10,
33]). The ideal MHD model, due to its simplifications, falls short in addressing
effects related to the presence of energetic particles. To investigate resonance
interactions between macroscopic plasma modes and energetic particle populations,
a different model, known as the Hybrid Kinetic MHD, must be considered. This
hybrid kinetic MHD model utilizes the ideal MHD equations to handle the thermal
plasma while a kinetic plasma description account for contributions from energetic
particles. The limitations of the ideal MHD model in addressing the effects of
superthermal particles stem from its fluid nature. The wave-particle resonance, which
acts as a free energy source for fast ion-driven instability, is inherently a kinetic
effect that necessitates a kinetic description of the plasma for accurate representation.
Furthermore, the fluid closure utilized in the ideal MHD model loses validity in the
presence of energetic particles. Even in the absence of wave-particle resonances,
the conservation of the third adiabatic invariant, as described in Sec.2.1, introduces
a non-local correction to the motion of fast particles. Consequently, defining fluid
elements is no longer possible. Overall, when these particles exert a significant
influence on the plasma, a fluid closure is no longer tenable.

The Hybrid Kinetic-MHD model equations are:

%—lt)-l-V(pu) =0 (3.22)

pd—u:leB—VpC—V-E, (3.23)
dt ¢

d (pc\

o (;7) =0 (3.24)

VxB= 47”J (3.25)

aa—]: =Vx(uxB) (3.26)

For the thermal plasma, we consider the same ideal MHD equations (Egs. 3.9-

3.14). The scalar pressure of the core plasma is denoted as p.. The effects of
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superthermal particles are incorporated in Eq. (3.23) through the "hot" particles
pressure tensor, P, and are described using the kinetic model. Analogous to the
CGL model assumption for pressure, the conservation of the magnetic moment

applies to fast ions, and the pressure tensor is given by:

Py, = p il + (p) — pL)né)é (3.27)
2
v
pu=m [ @i pp=m, [ d@wif (3.28)

where fj(r,v,7) is the distribution function of the energetic particles described by

the Vlasov equation:

0 1
AL 1 (E+—v><B)
ot my, c

ofn

v 0 (3.29)

that following the procedure outlined in Ch. 2, reduces to the collisionless drift-
kinetic equation of Eq. (2.39). The model outlined in Eqgs. (3.22-3.26) couples the
bulk plasma and the superthermal particle component via the "hot" pressure tensor,
leading to the so-called Pressure Coupling Scheme (PCS). Alternative couplings
make use of the "hot" particle current J;, defining Current Coupling Schemes (CCS)
[34]. The PCS considered here is not optimal under certain conditions, being non-
hamiltonian [35]. However, it is the more convenient to use and its validity is ensured

for the situations of interest for this work.

3.2.1 Fastions oW

The linear stability of the plasma can be analyzed using a similar approach as
described in Section 3.1.2 for the ideal MHD model. In the hybrid kinetic MHD
model, an extended energy principle is formulated, taking into account the work
done by the perturbation against the pressure from superthermal particles. The total

OW will be the combination of the core plasma and the fast ions contributions:

oW = ‘% / E[Fe(&) + Fpo (€))dx, (3.30)

The inclusion of the nonadiabatic term in the perturbed pressure tensor of energetic
particles, as given by Eq (2.59), in the term Fj,,, disrupts the self-adjoint nature of
the full force operator F = F. + F},,;. Consequently, an energy principle analogous
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to that of ideal MHD cannot be straightforwardly derived, and normal mode analysis
is required. Despite this complication, the stability in the presence of energetic
particles can still be examined in the SW formalism. This is achieved by deriving
the dispersion relation of the mode in terms of the following quadratic forms with a

perturbative approach.

51 = —S5W = —8W, — 5Wjy (331)
I

51— 5/d o 52 (3.32)

SW, — —% / BAE" P (E) (3.33)

SWhor = %/d%cg* : (V.F,(f)) (3.34)

The perturbative approach for the derivation of the dispersion relation is based on the
use of the displacement vector obtained by the ideal-MHD normal mode analysis.
The dispersion relation obtained from the quadratic forms must coincide at its lowest
order with the ideal-MHD dispersion relation, obtained in the absence of energetic
particles. In other words, this means that the zeroth-order terms of F represent a
self-adjoint form related to a potential energy integral, whose minimization leads
to the derivation of the ideal-MHD displacement vector. This can be obtained
only considering |6Wj,,| < |8W,|. The nonadiabatic term in the perturbed pressure
tensor of energetic particles introduces the mode-particle resonance contribution,
resulting in a frequency-dependent imaginary part of SW. Given the condition
|6Whor| < |OWe|, only this imaginary part significantly influences the stability in
our analysis. In the following, our attention will be dedicated to the derivation of
the imaginary component of 0Wj,,. This formulation of 6W},,, follows a standard

procedure, as outlined, for instance, in Ref. [36].

Since the general case of an anisotropic equilibrium pressure tensor introduces
more real terms to 8Wj,,, but does not affect its imaginary part, we will consider
the simpler case of isotropic fast particle equilibrium pressure 1_)h,eq = p;wqi. The
modification of fast ions to the equilibrium only accounts for a modification of the
total scalar pressure as pro; = pc + Ph,eq- The perturbed fast particle pressure tensor
instead is anisotropic and can be expressed as:

1 ¥ A A
B =T () = ey (539
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(P| ) / o (mv|> N (3.36)

where (1) is the perturbed distribution function described by the linearized drift-

with

kinetic equation in Eq. (2.48). Following the steps outlined in Ref. [36], it is possible

to express 0W,, in terms of the perturbed Lagrangian of the particle motion:
1
SWior = —5 / Pxd>v.g M ) (3.37)

Exploiting the fact that f 1) in Eq. (2.48) has an adiabatic and a nonadiabatic part,

we can split W), into the same two terms:
OWj,pr = OW) + 5W2(0)) (3.38)

We are particularly interested in the frequency-dependent nonadiabatic part SW;(®),
which incorporates the mode-particle resonance contribution. Expressing the nonadi-
abatic term of W, using Eq. (2.52), we obtain:

SWh(@) = ~i / Bxdv( —na)* / 720 (3.39)

The perturbed Lagrangian . (1) can be expanded in harmonics of the bounce/passing
periodicity, as shown in Eq. (2.56). The time integration of the Lagrangian reveals
the resonant condition:

1 3 3 aF ™= il ™= Y e—l.p(l)b,r’f
I _ ) — Y* 2 (Oby,T p 4
ow, 2/0’ xd”v(® —no )8E ;ol e g’opw+P0)b,z+n<(P> (3.40)

To proceed with the calculation, it is convenient to change the variables of inte-
gration using the transformation (x,v) — (Py, ¢,E, T,u, ). The Jacobian of this
transformation is a constant:

d>xd®v = (

dodEdtduda (3.41)



3.2 Hybrid kinetic MHD model 41

After this change of variables, W, can be expressed as:

SWs = —%(ﬁ) ;/qu,d(pdEdrduda(w - na)*)g—g
o
Carrying out the integration in 7, o and ¢:
/ doo=2r (3.43)
/ do=2m (3.44)
/ dtell=P)O% — 2—”6(1 —p) (3.45)
Wp ¢
obtaining the following expression for W:
27r c F ik ’Y ’2

In this study, our focus is on axisymmetric modes characterized by the toroidal
mode number n = 0. In this particular case, the expression for W, can be simplified,

highlighting two peculiar characteristics of the fast ion resonance with n = 0 modes.

2mc Fzo |7,

= PydE 47
oW, eng’/d pdEdUT® 8E pr—l—pa) (3.47)

Firstly, as briefly mentioned in Chapter 2, the resonant condition reduces to @ + p@y, ;.
This implies that the mode must resonate with the passing or bounce orbits of the fast
ions in the poloidal plane. It also means that the p = 0 harmonic, usually associated
with the largest Fourier coefficient Y, cannot contribute to the wave-particle resonant
interaction. A second consequence of the n = O perturbation is that the @* term
vanishes. This term is associated with the dF /dP, derivative of the equilibrium
distribution function and is the one providing the main drive for the destabilization
of other types of fast ion modes, like Toroidal Alfvén Eigenmodes (TAEs). For
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axisymmetric modes, the resonant interaction depend only on the velocity space
derivative of the distribution function dF /JE.

3.2.2 Particle distribution function and Fokker-Plank equation

As discussed above, for the resonance with n = 0 modes, a crucial characteristic of
the superthermal particles is the slope of their equilibrium distribution function in
velocity space dF /JdE. It is important to note that in Eq. (3.47), the derivative is
taken at constant (. Therefore, two contributions arise:

AJF

_or
. OE

oF

> (3.48)

E

Recalling the pitch angle defined as A = uB/E. The sign of JF /dE|, determines
the sign of 8W5 and, as discussed in more detail later, the sign of the wave-particle

resonant interaction, leading to either driving or damping of the mode.

Given that fast ions possess a superthermal energy, their equilibrium distribution
function can vary significantly from a Maxwellian distribution. The equilibrium
distribution function depends on the thermalization process of fast ions through
collisions with the bulk plasma. This process is described by the Fokker-Planck
equation:

of

5 FVee VI =C(f)+5-L (3.49)

Here, vy = vp +v|é) represents the guiding center velocity, and C(f), S, and L

denote the collision, source, and loss terms.

In tokamak plasmas, energetic ions primarily collide with electrons until they
reach a critical energy E. ~ 41T,, beyond which ion collisions become dominant,
leading to rapid particle thermalization. For particles with energies greater than E,,
the collision operator describing the slowing down due to electron collisions can be
expressed as:

1 f
- ‘L'dez W

C(f) (3.50)

Here, v represents the particle velocity, and 7, is the slowing down time, which is the

time required for a fast ion to reach the critical energy through electron collisions
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and thermalize. It is defined as:

T
Tsd = %ln

£\
1+(E—c) ] (3.51)

with Ej, = mvi /2 birth energy of the energetic ion and the Spitzer time defined as:

T3/2

Ne

Typ & C1 (3.52)
where ¢; = 1.77-1072 if in Eq. (3.52) T is in keV, n, in 10°%m~3 and 7y, in s [37].
The slowing down time is usually much smaller than the bounce/passing time of a
poloidal plane orbit, with 7, ,/7,; < 1. We expand the distribution function solution
of Eq. (3.50) in powers of 7,,/%Ty as f = fo+ T/ Tsaf1 + .... To first order the

Fokker-Plank equation reads:

fo 1y
ot Ve VI = T2 v

+S—L (3.53)

Taking the average over the bounce angle removes the f; term, as shown eg. in [38],
and neglecting the underscore 0, the following simplified Fokker-Plank equation is
obtained:

ﬂ 1 oV f
ot T2 dv

+S—L (3.54)

3.3 Equilibrium distribution functions

In this section, we analyze different distribution functions by solving the simplified
Fokker-Plank equation, Eq. (3.54). The results discussed in this section are based
on our findings presented in Ref. [14]. Some detail of the calculations carried out in
this section are discussed extensively in App. A. The source term is assumed to be

monochromatic, with birth-velocity vj:
S(v)=K&(v—vp) (3.55)

where 0 (x) is a Dirac delta function, and the parameter K is related to the total number
of energetic ions born per m> per second. For a D-T plasma with np = nr = n, /2,

K can be determined by considering fusion-born alpha particles and integrating the
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source of Eq. (3.55) over velocity:

_ n2 1
T 1672
lom v,

(o) (3.56)

The reaction rate (ov) for D-T reactions averaged over Maxwellian distribution can

be expressed as a function of T only [37]:

(ov)|pr =3.7-107 8« T2 sexp (=207 /3)[m? /]
~ 81072 %T? (3.57)

with 6v|pr in m3/s and T in keV, leading to the following expression for the source
term in Eq. (3.54):

S=c "

2
1=ST?8(v—vp) (3.58)
Vb

where c; = 810722 /167 m>keV =2 /s. A very simple loss term is considered, with

velocity independent loss frequency v;:
L=vf (3.59)

Defining ' = v f, the simplified Fokker-Plank equation to be solved is:

_——— F=VvS 3.60
ot gy TVE=Y (3.60)

3.3.1 Simple slowing down

The first case we will consider is the standard case of a slowing down distribution
obtained, for example, in Refs.[39], [40] and [41]. The slowing down time is
assumed constant, 7,0, while the source term is considered to be isotropic in velocity
with S = Sp0(v —vp). The differential equation Eq. (A.15) can be solved using
standard techniques. Looking for the steady-state solution, i.e., for our equilibrium

distribution function of fast ions, we set o F /dt =0:

231, H(vp =)

F(V) = TstOVb 330, (3.61)
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Fig. 3.1 Steady state distribution functions as a function of normalized velocity, obtained
for constant 7y, and source term. The distribution functions are plotted up to the critical
velocity v., showed with vertical dotted line. In (a) the standard slowing down with no losses
(lo = 0) is displayed. Figure (b) shows the slowing down solution for [y = 2.

where Iy = V;Ty0/3. It is important to remark that this solution is valid for velocities
larger than the critical velocity v., and corrections of the order of (v./v)® have
been neglected. Due to the assumption of an isotropic source term, the resulting
distribution is isotropic in velocity space, and therefore dF /d A = 0. The derivative
of the distribution function with respect to velocity depends on the loss exponent /.
When the losses exceed the threshold v; = 3 /7, or Iy = 1, most particles are lost

before their complete slow down, and dF /dv changes sign, as shown in Fig.3.1.

To introduce anisotropy effects, we can consider a source of particles character-
ized by a single direction in velocity space Ay, represented as S = Sy (v — vj, ) (A —
Ag). The normalization constant Sy is modified by the anisotropy and depends on
the single pitch Ay, as detailed in Ch. 5. The resulting distribution function is the
same as the one derived previously, but now includes an additional term to account
for the anisotropy:

A o3 H(vp —v)0(A—Ag
) = sy W=

(3.62)

The slowing-down distribution with a single pitch angle, denoted as the "single-pitch"
distribution in the following sections, exhibits a non-zero derivative with respect to
the pitch angle, A. When taking the full derivative over the energy at constant L,
both contributions from the slowing-down part 1/v*>~3/ and the term dF /9 A must
be considered.
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3.3.2 Sawtooth induced distribution function

The distribution function of energetic particles in velocity space can exhibit a steady-
state solution with a positive slope with respect to energy, due to losses or velocity
space anisotropies. However, achieving such condition transiently in a tokamak
plasma is also possible. If the timescale for changes in the distribution function is
significantly longer than the typical timescales of the phenomena under consideration,
a snapshot of a time-dependent distribution function can be treated as the equilibrium
distribution function F in Eq. (3.47).

Transient distribution functions with dF /dE|,, > 0 in tokamak plasmas can be
obtained by modulating the power of Neutral Beam Injection (NBI) systems in
plasmas, as discussed theoretically in [42] and experimentally in the DIII-D tokamak
in [43]. Another possibility, explored in the following and suggested in [44], is that

sawtooth oscillations may also influence the distribution function in the same way.

Sawtooth oscillations, a well-known form of MHD activity, result in periodic re-
laxation of pressure in the core region of the plasma, playing a crucial role in various
fusion devices. On one hand, the presence of fast ions can stabilize sawtooth oscilla-
tions, potentially leading to "monster sawteeth" characterized by extended sawtooth
periods and significant crashes [45]. On the other hand, the loss of core plasma con-
finement and the redistribution of pressure towards more peripheral plasma regions
also impacts fast ions. Consequently, the radial redistribution of energetic ions during
sawtooth crashes has been the subject of numerous works [46—48]. Several studies
have demonstrated that fast ions with MeV energies may experience minimal spatial
redistribution during sawtooth crashes, as initially discussed by Kolesnichenko et
al. [49-51] and more recently confirmed by kinetic-MHD simulations conducted by
Bierwage et al. [52]. Here, we make the assumption that fusion alpha particles with
MeV energies experience no radial redistribution during sawtooth dynamics. Instead,
our focus shifts to examining changes in the distribution function in velocity space

for the energetic tail of isotropic fast particle distributions.

Two primary effects associated with the core temperature drop caused by saw-
tooth crashes significantly modify the fast ion population’s velocity distribution

function:
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* The decrease in fusion yield after the core temperature crash for fusion born
alpha particles, effectively modulating their source on the sawtooth period

(Tsaw) timescale.

* The slowing down time of fast ions (7yq) grows during the sawtooth ramp,
leading to an accumulation of particles at higher velocities generated in the

later stages of the ramp.

By incorporating these effects into the simplified Fokker-Planck equation of
Eq. (3.54), we obtain a time-dependent distribution function, periodic with a period
of Tsaw. Depending on the ratio between the slowing down time and the sawtooth
period (Tsq/Tsaw), the derivative over velocity of the newly obtained distribution

function may change sign.

Pressure evolution after crashes

Sawtooth oscillations, as observed in tokamak plasma discharges [53], are quasi-
periodic phenomena occurring in the core region near the magnetic axis when the
safety factor, g, drops below unity. This phenomenon involves two distinct stages:
the slower sawtooth ramp, characterized by a gradual temperature rise influenced by
heating and transport, and the much faster sawtooth crash, triggered by the onset of a
kink instability dominated by toroidal and poloidal mode numbers n =1 and m = 1.
During the crash, core confinement is rapidly lost on a timescale much shorter than
the transport time, resulting in the flattening of profiles up to a radius known as the
"mixing radius" rpix, which surpasses the ¢ = 1 resonant surface radius, r;. Various
theoretical models, such as the ones of Refs. [54, 55], have been proposed to describe
the relaxed profiles after the crash. The Kadomtsev model of Ref.[54] allows for
analytic treatment in some cases. Given the following profile for the inverse of ¢
before the crash, it is possible to derive the relaxed g and pressure profiles up to the

mixing radius rpyx analytically.

] 1 r?
q(r°) pre = ” 1 —Aqr—% (3.63)

where Ag = 1 — gp and ¢(r;) = 1. Following the Kadomtsev relaxation model, as
detailed in App. A, the mixing radius is rmix = V/2ry, and the relaxed inverse ¢ profile
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reads:
1 Ag r?

— - 3.64
4 qo r? .64

q(r), =1

In the relaxed state, g is above unity everywhere except on the magnetic axis,
where gg 1] = 1. Figure 5.2 provides an example of precrash and relaxed profiles up
to the mixing radius.

q
115,

1.10}
1.05|
- 1.00}
0.95|

0.90}

Fig. 3.2 Precrash (Blue) and relaxed (Orange) g profiles up to the mixing radius 7,,;; = V2.
The g=1 surface of the precrash profile is at r;/a = 0.3 (dashed vertical line) and its value on
axis is gop = 0.9.

The relaxed pressure can be determined through energy conservation arguments.

The pre-crash pressure profile is assumed to be parabolic following:
2 r
ppre(r)=po | 1—=5 |, (3.65)

with pg on-axis value and r), > 7y = V/2r, describes up to which radius the parabolic
assumption can be extended. Notice that for r, = ry;, the pressure goes to 0 at
r = rmix. For simplicity, a constant density profile unaffected by the sawtooth
dynamics is assumed. As explained in App. A, this profile choice leads to a uniform
relaxed profile up to the mixing radius. The sawtooth ramp phase is considered to be

linear with time, representing triangular sawteeth. The temperature evolution within



3.3 Equilibrium distribution functions 49

TI Tre|

1.4}
1.2}

1.0\

0.8
0.6
0.4]

0.2|

0.0 0.2 0.4 0.6 0.8

Fig. 3.3 Temperature profile normalized with the relaxed on-axis value Tj ., at different
times during the sawtooth period. The g = 1 radius at r;/a = 0.3 and the mixing radius at
Fmix/ @ = 0.31/2 are shown with dashed vertical lines. The pressure scale length considered
is r,/a = 0.6, while outside the mixing radius the profile is time-independent. The relaxed
temperature profile exhibits a jump at r = r,,;, that is rapidly smoothed out by temperature
diffusion in the early part of the following sawtooth cycle.

the mixing radius during the first cycle (0 <t < 7g,,,) then follows:

T(r,t) = To e {1 FA() Tt } (3.66)

where A(r) = (r§ —r*)/(r5 —r3). As depicted in Fig.3.3, with the chosen pro-
files for ¢ and pre-crash pressure from Egs.(3.63, 3.65), the relaxed temperature
profile flattens to Tp ,; up to the mixing radius. Just before the next crash, i.e.,
at t = Ty, the central temperature peaks at 7o = Tp e [rlz, / (rf7 —rsz)]. In the
region beyond the mixing radius, the profile is assumed to be unchanged with
Tous (r) = To(1 = i /73) (r — @)* /(rimix — @)*. The Kadomtsev relaxation model in-
troduces discontinuities in the ¢ and T profiles at r = r,,;, after the crash. These
discontinuities will decay rapidly if current and temperature diffusion are considered

during the early part of the subsequent sawtooth ramp.
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For standard sawtooth oscillations, the crash time 7.,y is significantly smaller
than the sawtooth period. For simplicity, we assume an instantaneous crash (7,4 —
0) with respect to the relevant timescales of interest. The temperature evolution

during the sawtooth dynamics can be expressed as:

T(r,t) = To el {1+A(r)( ! —L ! D} (3.67)

Tsaw TS(IW

where |7/7: | is the integer part of the quantity ¢/Ty,,. It is useful to define a

piece-wise temperature evolution, during each sawtoooth cycle:

Tn(r7t) :TO,rel |:1+A(r> (,L_t _n):| X
X H[(n+ 1)Tsqy — t|H[t — nTsqy] (3.68)

where H (x) is the Heaviside step function; the integer n labels the sawtooth cycles
and is associated to the integer part of Eq. (3.67). An alternative expression for the
temperature dynamics during multiple sawtooth cycles is:

Nmax

Tt (1) = Z T, (r1) (3.69)
n=0

where n,,,, labels the last sawtooth cycle. Notice that the expressions in Eq. (3.67)

and Eq. (3.69) are completely equivalent for positive ¢, up to t = nyax Tsay-

In the following we will neglect the temperature dependence of E. in the loga-
rithm of Eq. (3.51), considering only the Spitzer time, Ty, variation with 7'. Follow-
ing Eq. (3.66), also the slowing-down time will depend on time due to the sawtooth
dynamic. Considering a density n, = 1-10*m =3, and a value of the relaxed tempera-
ture of 8 keV, the on-axis peak temperature is 7y ~ 10.7 keV (for r, = 0.6,r; = 0.3).
The corresponding slowing-down time will be varying between 0.33 < 74[s] < 0.50.

3.3.3 Source temperature modulation with average 7,

In this subsection, we explore the solution of Eq.(A.15) for a constant 7,y but a
varying source term, following the temperature evolution given by Eq.(3.69). The
assumption of instantaneous crashes allows us to analyze the solution within a single

cycle, corresponding to a fixed n. The time-dependent source term during a cycle
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Fig. 3.4 Distribution function for particles born during the n-th cycle with time dependent
source and constant T,,, plotted for different times as a function of normalized velocity
for r = 0. The critical velocity v, is showed with vertical dotted line. The minimum and
maximum velocities reached by the n-th cycle particles at different times are highlighted. The
loss term is [, = 0 and the ratio between slowing down and sawtooth period is Tyi0/ Tsaw = 3.

can be expressed as:

Sen(rt,v) = Sy {1 A(F) < ! —nﬂ .

TSGW

H[(n+1)Tsaw — tJH[t — nTsq] 6 (v — vp) (3.70)

where S,,; = csnngr o1/ vlz, is the source term associated with the relaxed (flat profile)
temperature. As detailed in App. A, the time dependent solution of Eq. ( 3.54) for
particles born during the n — th sawtooth cycle is:

an(ht,v) =71 y23lay, =343l g
f s (, ) ) sd0Vp

! TsdO |4 2
Sre1q 14+A ey — | =
el{ - (”) |:Tsaw i Tsaw o8 (Vb> n:| } 8

H [y —vpeltton=0)/%an] [y el (145050 | (3.71)

[vp — V] X

Figure 3.4 shows the distribution function of Eq. (3.71) at different times.
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Fig. 3.5 Time dependent distribution functions as a function of normalized velocity at time
t* = 5.574,,, obtained for constant 7y, and varying source term. Distribution function plotted
up to the critical velocity v., showed with vertical dotted line. In (a) the new time dependent
distribution function (solid blue) and the slowing-down considering a constant source S,,;
(dashed black) are plotted for /[, = 0. Figure (b) shows the same two distributions for /,, = 0.5.
The ratio T/ Tsaw = 3.

The full solution over different cycles can be obtained by summing all the

contributions coming from each n:

Mmax

fa(rt,v) =Y fan(rt,v). (3.72)
n=0

After a slowing-down time, which is the duration for particles born during the first
(n = 0) cycle to reach the critical velocity, the solution of Eq.(3.72) becomes periodic
with a period of Ty,,. In Fig.3.5, a snapshot at t = t* = 5.57,,, of the solution with
Td0/ Tsaw = 3 18 presented. At this time, all particles born during the first sawtooth
period (n = 0) have already reached v., and only 4 steps are visible, associated with
particles born during later sawtooth periods (n = 1 —4). For a realistic choice of
Tsd0/ Tsaw = 3, @ positive slope is obtained only if the loss term is taken into account.
In comparison with the simple slowing-down case, a positive slope can be obtained
for values of I, < 1. Neglecting losses, dfy/dv > 0 can be obtained with source
modulation only if T,/ Tsqw ~ 10. The time dependence of the distribution function
is depicted in Fig.3.6, where the same distribution function plotted in Fig.3.5b is
displayed for t* = 5.1%s4, 5.5Tsaw, and 5.97T4,.

The source modulation occurring on the Ty, timescale has a significant impact on
the slope of the distribution function in velocity space. This effect strongly depends
on the ratio between the slowing-down time and the modulation timescale Ty / Tsqy-

If the source modulation occurs on timescales longer than the slowing-down time
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Fig. 3.6 Distribution function plotted for different times during the sawtooth ramp. The
critical velocity v, is showed with vertical dotted line. The loss exponent considered is
lo = 0.5 and Ty / Tgaw = 3. Solid blue line: time dependent distribution function; Dashed
black line: slowing-down with constant source S,.;. The times displayed are t* = 5.17,,, (a),
t* =5.5%T4, (b) and t* = 5.97,, (c)

(Tsq0 < Tsaw), the effect becomes negligible. The situation described in this section
can be considered analogous to the case of modulated Neutral Beam Injection (NBI)
sources with a constant temperature background plasma. Within this analogy, the
distribution function described by Eq. (3.71) is a pitch-angle averaged distribution
function of NBI fast ions when their source follows a sawtooth-like waveform signal.
A similar result was obtained for a pulsed source theoretically in [42] and verified
experimentally in DIII-D [43].

3.3.4 Temperature modulation for 7,; and constant source

In this sub-section, the effect of a non-constant slowing-down time is analyzed. A

time independent source is assumed, S¢ = So8 (v — vp,), while the slowing-down time

T (1, 1) = Ty e {l-l-A(r)( ! —{ ! Dr/z (3.73)

TSGW TSQW

follows:

where Ty, ¢ 1s the slowing-down time in the relaxed, post-crash phase, where the
on-axis temperature is lowest and the slowing-down time is shortest. Also in this
scenario, we can track fast particles generated during different sawtooth cycles and
eventually combine their contributions. However, due to the discontinuities in Ty,
associated with the temperature variation at the crashes, particular care is required,
as discussed extensively in App. A. For the sake of simplicity, losses are neglected,
ie., v, =0.
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The distribution function for particles born during the n-th sawtooth cycle is:

2
%
fan(rt,v)= Sov—gH [vp — V] X

~ 3/2
Tsd,rel{1+A(r) |:—tn<r,t7‘}) —I/L:| } X

TSdW

H [v ="V min(r,t)| H [Pp max (1) — V] (3.74)

Here, 7,(r,t,v) is a rather complicated function proportional to Ty, as defined
in Eq.(A.47) of App.A. As illustrated for the source modulation case in Fig.3.4,
particles born in each sawtooth cycle are associated with time-dependent minimum
and maximum velocities. The same is true for varying 7,;, and these velocities are
Vpmin and ¥, max, defined in Eqs.A.48 and A.49. Similar to the case with constant
T4, the full solution can be obtained by summing the contributions of each cycle:

Nmax

fa(rt,v) = Z fon(rt,v) (3.75)
n=0

A snapshot of the full solution at time t = t* = 5.57,,,, is depicted in Fig. 3.7 for
Tsd rel /Tsaw = 3. The distribution function becomes periodic, with period Ty, after

the particles born during the first (n = 0) cycle have reached the critical velocity.

During each sawtooth ramp, the temperature increases linearly within the g = 1
radius. Particles born early in this process experience more pronounced slowing
down due to collisions with the colder plasma, in contrast to those born later, who
are less affected by collisions. This leads to an accumulation of particles at high
energy born in the later stages of the ramp. Depending on the parameter sz re1/ Tsaw
this effect can induce a change in the derivative d fy(r,7,v)/dv. However, similar to
the source modulation case, this effect alone is insufficient to reverse the slope of the

distribution function for values of Ty rer/ Tsaw S 10.

This effect is not limited to the case of fusion-born alphas. Indeed, the solution
of Eq.(3.74) can be considered as a pitch-angle averaged distribution for a fast ion
population injected with any constant source into a sawtoothing plasma.
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Fig. 3.7 Time dependent distribution function as a function of normalized velocity at time
t* = 5.57,,, obtained for varying 7,; and constant source term. The distribution function
is plotted up to the critical velocity showed with vertical dotted line. The time dependent
distribution function (solid blue) is plotted for ratio Tyq re1 / Tsaw = 3, together with the slowing-
down obtained for a constant slowing-down time T4 ,; (dashed black).
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3.3.5 Temperature modulation for both 7,;; and source

The combination of the effects discussed in subsecs.3.3.3 and 3.3.4 is considered here,
representing the relevant scenario for alpha particles generated by fusion reactions in
a sawtoothing plasma. The influence of the constant loss term is neglected, assuming
v; = 0. The particle source follows Eq.(3.70), and the slowing-down time varies
according to Eq.(3.73). Similar to the previous situations, we initially focus on the
solution for a single n-th cycle. Following the detailed procedure in App.A, the

resulting distribution function is:

2
v
fmn(r,t,v) :Srelv_é)H[Vb_V] X

~ 7/2
Tsd,rel{1+A(r) {M_n] } X

Tsaw

H [V ="V min(r,t)| H [Pp max (1) — V] (3.76)

The full solution is obtained again as the combination of the solutions associated to

different ns, 1.e. the summation of particles born during each n-th cycle:

Nmax

f(x(r,t,V): Zfa,n(";tyv)- (377)
n=0

Figure 3.8 illustrates how the combination of the two effects enhances the slope
change of the distribution function in velocity space, resulting from the periodic tem-
perature evolution. A scenario with a piece-wise positive slope can be achieved with
values of Tyg re; / Tsaw ~ 3, which is relevant for present-day tokamak experiments. In
the limit of 7y, — oo, corresponding to a constant temperature, the slowing-down
solution of Eq. (3.61) is recovered.

3.4 Concluding remarks

In this chapter, we have outlined the Magneto-Hydro-Dynamic models that will be
employed in the subsequent chapters. A particular focus has been placed on the
significant impact of superthermal ions and the necessity for a kinetic closure of
the model. This discussion led to the formulation of the extended energy principle,

which will be used to explore plasma stability in the presence of energetic ions.
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Fig. 3.8 Time dependent distribution function as a function of normalized velocity at time t* =
5.5%4, Obtained varying both 7y, and source term. The distribution function is plotted up to
the critical velocity showed with vertical dotted line. The new time dependent distribution
function (solid blue) is shown for ratio Tyy0/Tsaw = 3, together with the slowing down
obtained for a constant slowing-down time Ty ,.; (dashed black). The combination of the
two effects lead to a distribution function with piecewise df/dv > 0.
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Additionally, we highlighted the crucial role played by the equilibrium distribution

function in velocity space for n = 0 modes.

The chapter concluded with the derivation, using the simplified Fokker-Plank
equation, of various distribution functions that could serve as a source of free energy

for n = 0 modes resonating with energetic ions.

Fast-ion distribution function with positive slope in velocity space can be obtained
through losses, velocity space anisotropy and due to two effects associated with
temperature oscillations during the sawtooth dynamics, discussed in our work for
the first time [14].



Chapter 4
Vertical modes

As previously mentioned, the primary focus of this work is to investigate the stability
of axisymmetric toroidal modes characterized by the toroidal mode number n = 0.
Specifically, our analysis aims to describe the interaction between n = 0 vertical dis-
placement oscillations resulting from the stabilization of the ideal vertical instability

and the presence of fast ions.

To achieve this goal, it is imperative to first establish a rigorous and comprehen-
sive description of vertical stability within the ideal MHD model. This represents the
basis for studying how the plasma stability is influenced by superthermal particles,
following the procedure of Sec. 3.2.1. Therefore, this chapter is dedicated to the
ideal MHD examination of vertical stability in tokamak plasmas, with the objective
of deriving a dispersion relation that characterizes the oscillatory modes induced by

the stabilization of the ideal vertical instability.

The content of this chapter is based on the results published in Ref. [15].

4.1 Plasma vertical stability - Heuristic

A simple heuristic model, which features currents flowing in three parallel rectilinear
wires, helps us to understand the mechanism and timescales of the vertical instability.
This well-known toy model has been discussed in the literature, and a straightforward

derivation of the dispersion relation for the ideal wall scenario can be found in
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references such as [56—58]. For the reader’s convenience, this calculation is reported

here, along with its extension to the case of a resistive wall.

Referring to Fig. 4.1, consider the vertical direction denoted by y. The currents
flow along the z direction, mimicking the toroidal direction of a tokamak plasma.
The two "external" currents, g, are equal and positive, fixed at y = =/, while the
"plasma" current, /,, can drift along the vertical direction. Vacuum surrounds the
three wires. It’s evident that y = 0 is an unstable equilibrium point for the plasma

wire. Also depicted in Fig. 1 are magnetic X-points located at y = =1, <.

The equation of motion for the plasma wire is

. 4lplpy Yy

4.1)
c

with ,,, the linear mass density, ¢ the speed of light, and an over-dot denotes time
derivative (c.g.s. units have been adopted). Neglecting self and mutual induction
currents, Ip and Ig,; remain constant as the plasma wire is displaced. For small
y < I, the solution of Eq. (4.1) is y = yge ", where y is an initial displacement,
and Yy = (1/1)(4lplgy | mc?)'/2.

Instead of a plasma wire, consider a vertically elongated plasma with uniform
current density extending up to an elliptical magnetic surface with a minor semi-axis
a and a major semi-axis b. According to the analysis in Ref. [59], a relationship
is established involving the currents Ip and Igx and the distance I: Iy /Ip = [(b—
a)/(b+a)][l?/(a* +b?)]. With this expression, ¥y depends solely on the plasma
current /p and the semi-axes a and b, being independent of Igx; and [. Additionally,
Uy, can be replaced by w,, — mwabp,,, where p,, is the volume mass density. After
straightforward algebra, and considering the limit of small ellipticity, eg < 1, where

b* — a?
= 4.2
0= P (4.2)
the growth rate can be written as:
=o' Pt (4.3)

where 7, = Bp /(47 pp) 1/2 is the inverse Alfvén time, and Bp' is the radial deriva-
tive of the poloidal magnetic field on the magnetic axis. Note that, for a circular
plasma cross-section, ep = 0 and the growth rate gy vanish. Considering typical
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(a)

conducting wall r=1¢lg,—dl

plasma
Ea

vertical dispacement £ =08 1Ip

ey = COTISE

Image currents r=—1@lp,;+0I

Fig. 4.1 Schematic diagram of the heuristic model for vertical instability.

values of present-day tokamak experiments, ¥, !'is indeed a fast growth time of the

order of a few microseconds.

A perfectly conducting wall can offer passive feedback stabilization of the vertical
instability. The stabilization mechanism is described as follows: when the plasma
undergoes displacement from its equilibrium position, image currents are induced at
the wall. The direction of these currents is such that the resulting net force opposes
the motion of the plasma wire. In the heuristic model, this effect can be modeled by
assuming two currents of opposite sign, £81, proportional to the displacement of

the plasma column and localized at y = +/. Then,

L3I = LDIgy/I, 4.4)

where L is an effective inductance and D is a dimensionless proportionality constant,
which, in the case of a tokamak plasma, can be determined in terms of the wall
geometry. Taking the limit y < /, the equation of motion modified by the feedback

currents becomes:
2. 2
Unc V= 4lplgy (1 —D)y/l 4.5)

The vertical instability is thus suppressed for D > 1. In the actual tokamak case,
this corresponds to a criterion related to the plasma boundary-wall distance. When

the feedback currents succesfully stabilize the plasma wire, Eq. (4.5) implies that it
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oscillates vertically with frequency
Ow=twy==+vD—1Yyy. 4.6)

These two solutions with frequency @ = £ g are a first indication of what we dub

"vertical displacement oscillatory modes", or VDOM.

For the more realistic case of a resistive wall, equation (4.4) is modified into
R8I+ LSI = LDIgyy/1. 4.7)
After straightforward algebra, and again in the limit y < /, we find
Unc? Y = 4lplgy /1> — AlpSI /1. (4.8)

Eliminating 81, we obtain the third-order differential equation for y:

2

cee 1 2 1 COH
—¥+ oy — — =0 4.9
y+TRy+ W= D1 (4.9)

where Tg = L/R is the resistive wall penetration time.

We consider the limit D > 1, where the ideal vertical instability is suppressed.
Looking for solutions of the type y() ~ ype", a cubic dispersion relation for complex
7 is obtained:

y3+iy2+w2 L (4.10)
TR Y TRD—l_ ’ ’

where @y is defined in Eq. (4.6). In the regime of low wall resistivity, where
Wy Tg > 1, the two VDOM oscillatory roots observed in the ideal wall scenario are
damped. If we set Yy = —iw, these damped modes exhibit a complex frequency:

iD

o=ty — ————.
T 2D- 1N

(4.11)

A third root is obtained, corresponding to a resistive instability with growth rate

1

Y= Do (4.12)

For this non-rotating, unstable mode, the inverse growth rate scales with 7g. Given

typical tokamak parameters, the growth time is of the order of a few milliseconds.
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To mitigate the growth of the resistive wall instability, active feedback control
involving currents external to the tokamak vacuum chamber can be used [60-63]. It
is important to note that as long as the VDOM remains damped, it is not expected to

impact the active stabilization system applied to this n = 0 resistive wall mode.

In the following the study of the ideal-MHD normal mode problem applied to
n = 0 perturbations results in a more general dispersion relation. In the limit of small
ellipticity, this general dispersion relation reduces to the heuristic model result of

(4.10), confirming its validity.

4.2 Vertical modes

The analysis in this section is reported in our publications, as referenced in Refs.
[15, 64, 57, 65]. The vertical instability is appropriately modeled using the reduced
ideal-MHD model [66] derived from the Egs. (3.9-3.14), which is well-established
for normal-mode analysis. For axisymmetric modes, the influence of toroidal effects
is negligible, and thus, the analysis adopts the "straight tokamak" approximation.
The magnetic field is B = e, x Vy + B.e,, where e, is the unit vector along the
ignorable z-direction, which mimics the toroidal coordinate, and B, is constant. The
plasma flow is v =e, x V@ +v_e,. In the standard low-f limit for a tokamak plasma,
the fields B, and v, decouple from the fields y and ¢. Therefore, the magnetic flux

function, y, and the stream function, ¢, obey the model equations [66]:

oy B

= oy =0, (4.13)
)
5V (PVe) 1o, (VoY +1e.plU +[0,U] = [y, J]. (4.14)

In these equations, all quantities are dimensionless, brackets are defined as [x,n]| =
e.-Vx xVn, J = V?y is the normalized current density, and U = V?¢ is the
normalized flow vorticity. Space and time are normalized as 7 = r/ry, where ry =
ab/[(a®+b?) /2]'/% is a convenient equilibrium scale length, and 7 = ¢ /74, where
T4 1s the poloidal Alfvén time defined below Eq. (4.3). The dimensionless fields are
normalized as ¥ = y/ (Bp/rg), @ = (14/r0*)@; the plasma density is normalized to
its on-axis value, p = p,/Pmo, and the current density is J/ = (47/ ch/)Jz. In order
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to simplify the notation, over-hats are actually dropped in Egs. (4.13) and (4.14),

and in the following.

At equilibrium, fields are stationary, and, by assumption, the equilibrium plasma
velocity is neglected. The current density, J.,, is assumed to be uniform up to an
elliptical boundary with minor semi-axis a and major semi-axis b. Beyond this
boundary, in the vacuum region, the current density drops to zero. It is important to
note that the elliptical boundary must correspond to a magnetic flux surface, located
within the region delimited by the magnetic separatrix. In elliptical coordinates
(i, 0), where x = Asinh(p)cos(6) and y = Acosh(u)sin(6), with A = /b2 — a2,
the elliptical boundary corresponds to (t = U, such that a = Asinhyy, and b =
Acosh . The equilibrium current density is J, (1) = 2H (1 — i), where H(x) is

the Heaviside unit step function.

Inside the elliptical boundary, where u < U, and ¥ = y,,, the solution of
Vzl//e’q = 2 can be easily written in terms of Cartesian components, following the
analysis of Ref.[59]:

B 1 X2 y2
Weq(x7y) = 5 (l? + a_2> . 4.15)

In the vacuum region outside the elliptical boundary, where u > u,, the equilibrium
flux y., = ;) satisfies Vzl//jq = 0. The superscripts ” — " and ” +” indicate the
plasma and vacuum regions, respectively. Assuming no equilibrium current sheets,
the continuity of y,, and its derivative along the normal to the boundary must be

maintained across the boundary. The relevant analytic solution is

1 ey .
Vi (1, 0) = 5 +a {1~y + F sinh[2(u — y)] cos(26) } (4.16)
with &> = ab/ r(z) and eq the ellipticity parameter defined in Eq. (4.2). Magnetic flux
surfaces W, (1L, 0) = const exhibit a magnetic separatrix at Y, (i, 0) = yx = L, a?,
with X-points located at u = pxy =2y, and 0 = 6y = /2 +nm.

Also the equilibrium plasma density profile is assumed to be uniform up to the
elliptical boundary p = uy,, with poy = H(, — it). This model equilibrium describes
a plasma that terminates well before the magnetic separatrix. The equilibrium
magnetic X-points lie either outside the plasma containment chamber, or in the

vacuum region.
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The choice of this specific equilibrium is justified by two main reasons. Firstly,
we aim to conduct a fully analytic treatment of the normal-mode problem, which
i1s more convenient with a relatively simple equilibrium. Secondly, based on prior
investigations of the vertical stability problem, the effects associated with gradients
of the equilibrium plasma current density are expected to play a minor role. It’s
worth noting that the equilibrium used in this article aligns with that employed in
Ref. [67].

For stability considerations, set W(u, 0,1) = Yo (1, 0)+ (1, 0)e? and @(u,0,t) =
@(u,0)e”", where the over-tilde denotes small perturbed quantities and y = —i@.
The linearized version of Egs. (4.13) and (4.14) is

YU+ [P, Veq| =0, (4.17)
YV (Pqu(P) = [lpa-leq} + [Weq»ﬂ . (4.18)

In the region u < U, the stream function corresponding to a rigid vertical shift is
represented in elliptical coordinates by

®(1,0) :yg-as,mh cos 6. (4.19)

where & is the vertical displacement of the plasma column. From the flux freezing

condition (5.4) we obtain the corresponding perturbed magnetic flux:

_ & coshu
lll/ (:u“ﬂe)_ bCOSh‘LLb

sin @ (4.20)

Since U, J, Vp., and VJ,, all vanish inside the elliptical boundary, Eq. (4.18)
is trivially satisfied. Note that in elliptical coordinates, V2y = h=2(d%y/du’* +
9°x/26%), where h = 1/|Vu| = 1/|V8| is a scale factor, with h*> = A%(cosh2u +
cos26)/2.

When an ideal or resistive wall is present, the rigid-shift solutions (4.19) and
(4.20) for the stream function and the perturbed flux in the plasma region remain
valid. In the vacuum region, the perturbed flux satisfies V2 l]ﬁ =0, and its solution

can be represented as

gex[ COSh‘LL
b cosh

¥t(u,0) z—%exp[—(u—ub)]sin9+ sin . (4.21)
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In this expression, &, represents the amplitude of the rigid vertical displacement
in the scenario where the wall is moved to infinity. The term proportional to &
accounts for the contribution to the perturbed flux arising from image currents
generated on the wall when it is at a finite distance from the plasma boundary.
Flux continuity at the plasma boundary implies that § = &, — &, resulting in the
reduction of the actual vertical displacement & compared to the no-wall case by the

amount &,,;. Consequently, a perturbed current sheet forms at the plasma boundary:

J(1,0) = jp(8)5 (1 — 1p) = % (% a 83%)

S(u—up), (422
Hp

where d(x) is the Dirac delta function. A staightforward calculation yields the

ellipitical-angle modulation of the current sheet:

7 (0) = 2(a+D) Eosinb
I = 5@ +87) 1+ egcos28

(4.23)

Note that j,(8) depends only on &, and not on &, : the current sheet at the plasma

boundary does not depend on the wall.

4.2.1 Dispersion relation

In this subsection, utilizing quadratic forms, we derive a dispersion relation for
n = 0 vertical modes, dependent on geometric parameters, a and b, and a function,
D,,(7), determined by the wall’s geometry and resistivity. This function becomes

independent of ¥ in the ideal wall limit.

To accomplish this, we introduce the auxiliary stream function ¢*, which matches
the complex-conjugate stream function within the plasma volume (up to u = u, + €,
including the perturbed current sheet at the plasma boundary). Beyond this region, in
the vacuum, @' is set to zero. Multiplying the perturbed plasma equation of motion
(4.18) by @'/2y* and integrating over the entire volume up to infinity, we obtain
through standard manipulations:

1

_YZ%/Qd%CPqu;.é*:_E/QCﬁx&*. [(jXBeq)—i-(Jeqxﬁ)} (4.24)
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where £ = e, x V@ /7 is the displacement vector and Q denotes the plasma volume.
Thus, the dispersion relation can be written as

—y* =8W/8I, (4.25)
where {
_ * 13
ol = E/Qpeqé Edx (4.26)
and |
* 3
_i/gé F(E)dx, 4.27)

with F(&) = [(J x Beg) + (Jeq X B)] the force density operator in the low 8 limit.
Straightforward algebra, using d°x = h*’d0dudz, leads to

Vo-Vo* w
3 2
2/ d”XPeq | |2 = 2abLZ§ , (4.28)

where L, is the length of the straight tokamak. Without loss of generality, we can
assume & to be real, representing the amplitude of the vertical displacement discussed
in the previous section. The perturbed energy integral is then given by:

i Vet ]
= E/Qaﬁx (ez X 7) . (JVll/eq +Jqull/) (429)

The last term can be further manipulated, utilizing the results for the perturbed
stream function and the perturbed magnetic flux obtained above. The potential

energy integral W can be expressed as the sum of two terms. The first term is:

1 - Vo*
5/9613XJVllfeq'(ez>< yq: )=
L. 27 Up+E - V(pJr Ta+b
T e [ )3 - ) Ve (e x S0 = T L
(4.30)
The second term can be expressed as
1 Vo*
E/ Prleg V- (e, % ~2-) =
¢ Y 4.31)

L 2 Up+€ . Vo* 7ra2+b2
EZ/O de/o AU TV - (e X y—"’) _ _TaHr e
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It is convenient to introduce the quantity

o gext

= R

where éy = egb/(a+ b). Then, combining Egs. (4.30), (4.31) and (4.32), remember-
ing that § = &, — &+, we obtain

D,

(4.32)

n 1—a/b 1-D,

SW=->L 2. 4.33
275 ab 1- éoDwé (39
Thus, Eq. (4.25) yields the dispersion relation:
l—a/b 1-D
polzd v (4.34)

a’b? 1—éyD,,

This dispersion relation is "general," meaning that it is applicable to the three cases
of interest: the no-wall limit, the ideal wall case, and the resistive wall case. Wall
effects are incorporated in Eq. (4.34) through the single stability parameter, D,,. In
Eq. (4.34), parameters a and b are normalized to the scale length ry defined below
Eq.(4.14). Reintroducing dimensions, the dispersion relation(4.34) takes the form:

4
22 N0 (y_ ‘Z) 1=Dw
(rea)™ = 5 <1 b) 1=¢,D, (4.33)

Thus, the stability of the mode is described by the quantity D,,, determined
once the location and nature (ideal or resistive) of the wall are established. As
demonstrated in the following subsections, for a perfectly conducting wall, D,, is
a real, y-independent quantity that reduces to the parameter D introduced in the
heuristic model of Sec. 4.1. In this scenario, the relevant dispersion relation is
quadratic in 7, and the sign of y?, dependent on the sign of 1 — D,,, dictates the
stability of vertical displacements in the ideal-MHD limit. However, if a resistive
wall is considered, then D,, = D,,(y), and the dispersion relation becomes cubic in 7,
as discussed in Subsec. 4.2.4.

4.2.2 Wall at infinity

The initial case under investigation is the no-wall limit, or equivalently, the scenario

where the wall is positioned at infinity. In this situation, &, = 0, resulting in D,, = 0.
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The vertical mode is unstable, featuring > as a positive real value (for b > a), which
diminishes to zero in the circular limit, a = b. The growth rate of the mode is given
by:

2 1/2
— r_O — g —1 =
y=-0 (1 b) =1 (4.36)

¥? can also be written in terms of the ellipticity parameter,

Y =(1—e)(l+eg—1/1-€3)T > =1 (4.37)

It’s noteworthy that this result holds for arbitrary values of eg within the interval
0 <e¢p < 1. In the small ellipticity limit, ¥%. converges to Yy in Eq. (4.3), and the

mode growth rate coincides with the heuristic result from Sec. 4.1.

4.2.3 Passive feedback stabilization: Ideal wall

Consider the scenario where the wall is described by an elliptical coordinate surface,
given by 1 = u,,, and is confocal to the elliptical plasma boundary located at u = ,
where u,, > H;. If the wall is ideal, the perturbed flux in Eq. (4.21) must vanish at
U = U, leading to the condition:

Eoi e B coshpy,  1+exp(2u)

= = . 4.38
£ T cohm, Ttexp(2m) (339
Now, let us use
a, =Asinhy,, b, =Acoshpu,, (4.39)
a =Asinhyy, b = Acoshpuy, (4.40)

where A = \/b% — a% = V/b? — a2, with b,, and a,, the major and minor semi-axes

of the elliptical wall, respectively. It follows that

o bt (4.41)
b—a
P — Dt a (4.42)

- Y
bw_aw
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Using Egs. (4.38)-(4.42) and the definition of D,, in Eq. (4.32), we obtain

b*+a* b, —a,,

D, =
Y (b—a)? by,

D. (4.43)

It’s worth noting that as the wall is moved further away from the plasma boundary,
it tends to become more "circular” due to the assumption of confocality with the
elliptical plasma boundary. Consequently, as b,,/b — o, we have b,, — a,, and
D — 0. If not for an extra term in the denominator of Eq. (4.34) proportional to é,
which becomes negligible for small ellipticity, the dispersion relation (4.34) with
D,, = D closely aligns with the heuristic dispersion relation obtained in Sec. 2. When

D > 1, ¥* is negative, and the vertical mode oscillates with a real frequency:

w:i%:i{Dtlyp%, (4.44)
1— eOD

which reduces to @y defined in Eq. (4.6) in the limit of small ellipticity. The
quadratic nature of the dispersion relation indicates that, in the limit of D > 1, only
the Vertical Displacement Oscillatory Modes (VDOM) solutions can be identified.
Consequently, an ideal elliptical wall, confocal with the elliptical plasma boundary,
can passively stabilize the vertical instability when D,, = D > 1. The maximum value
of D occurs when the wall and the plasma boundary coincide, u,, = U, yielding
D = Do = (a+D)/(eob). As an example, consider a,, = a, b,, = b, and b/a = 1.8,
leading to Dax =~ 2.9. It’s noteworthy that as u,, — U, the vertical oscillatory modes
has a frequency approximately given by ® ~ £[(Dax — 1)/1 — é0Dmax] "/ * Y. At
the same time, the amplitude of the displacement, & = &, — Eqx¢, tends to zero as
Eext — Ew. As the wall is moved farther from the plasma boundary, the value of
D monotonically decreases, and a purely oscillatory solution persists as long as D

remains greater than unity.

It can be verified through Eqs.(4.38)-(4.42) that the critical stability threshold,
D =1, is reached when u,, = 21, signifying that the elliptical wall intersects the
X-points. Consequently, our model suggests that values of D < 1, where passive
feedback stabilization is not feasible, occur when the X-points are situated within
the volume bounded by the wall. This outcome aligns with the findings of Laval
et al.[67], derived from the ideal-MHD energy principle. However, this conclusion
is specific to the case of confocal wall and plasma boundaries. For different wall

shapes that closely match the plasma boundary, passive feedback stabilization due
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to the ideal wall may not demand the X-points to be positioned beyond the wall.
Moreover, in actual tokamak plasmas, additional coils and/or short-circuited plates
within the vacuum chamber can contribute to passive feedback stabilization [63, 62].
Lastly, as demonstrated in Refs. [57, 65], if the plasma extends to the magnetic
separatrix, typical for a divertor tokamak plasma, axisymmetric plasma currents
linked to vertical displacement perturbations are induced near the magnetic X-points.
Consequently, these currents can also play a role in the passive feedback stabilization

of the vertical instability.

4.2.4 Passive feedback stabilization: Resistive wall

Finally, we consider the more realistic scenario of a resistive wall. In this case, the
perturbed magnetic flux is not constrained to be zero at the wall and can diffuse
across the resistive wall on the timescale of wall resistivity. We can distinguish
three different regions: inside the elliptical boundary, u < u;, where the perturbed
flux ¥ is given by ¥~ as defined in Eq. (4.20). In the vacuum region between the
plasma boundary and the wall, u;, < u < u,,, where  is given by ¥ as defined
in Eq. (4.21). In the vacuum outside the wall, where ¥ = {,,,; is the solution of
V2, = 0 that decays to zero at infinity. Focusing on vertical displacements with

elliptical mode number m = 1, the relevant solution for the third region is given by:
Vour (11, 0) = woe H M) gin g for 1t > L, + 8, (4.45)

where 9,, is a small parameter representing the average width of the thin wall.

Two conditions at the wall determine the parameters Yy and D,,. The first
condition is the continuity of flux at the wall, expressed as ¥t (L, 0) = Wour (L, 0),
which yields:

—gﬁe—(uw—ub) Sext COSh,uw'
b b coshpu,

o = (4.46)

The second condition is related to the current flowing along the wall. Considering
the resistive Ohm’s law for the perturbed magnetic flux within the wall, expressed as
dyw/dt = (nc*/4m)V>yw, where 1 is the wall resistivity, after proper normaliza-
tion, we get:

V2, = %npw (4.47)
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where &, = (174c?)/(47r]) is the inverse of the relevant dimensionless Lundquist
number. If the wall is relatively thin, we can neglect the dependence on u of the
perturbed flux at the right-hand side of Eq.(4.47). This approximation is similar to
the standard constant-y approximation used in magnetic reconnection theory. Let
¥ = y(u)sin 6. We assume the ordering 8&1/7 ~ ¥/ (Uwby) > Y. Then, Eq.(4.47)
can be approximated as:

>y oy
— =h"—yp. 4.48
Integrating across the thin wall,
Hw+8w dzl’[[ Hw+6w ’)/
——du = h* - yodp. 4.49
/ o= [ v (4.49)

The scale factor 4 is defined below Eq. (4.20). In a more precise sense, & has
dependencies on both u and 6. However, under the assumption of small wall
ellipticity, which is considered in the subsequent analysis, the modulation of 4 along
the wall in the 6 direction is negligible. Therefore, we can make the approximation

h(Wy, 0) = b,,. Performing the integration, the result is:

d Aou d it 5Wb3v
(% _ dL) _ YD . (4.50)
u H Ly &
or equivalently
Ewo (o —t1p) Cext sinh 1, Yo.b3,
_ w _— = 1 _— . 451
b ¢ b coshpy + € Yo ( )

Egs. (4.46 ) and (4.51) are two equations that can be used to determine the two
parameters, Wy < &, and &y, /Ew o< Dy, cf. (4.32). After straightforward algebra,

we obtain .
T
D,(y)=D—"1—. 4.52
(v) =Dy v (4.52)

and é 5 h
= w €

__&= . 4.53

Vo= = arb) (1t ym) (4.53)

In these equations D is the one defined in Eq. (4.38). The term t, = [b},/(ay +
by)] 0w/ €n represents the resistive wall time, normalized by the relevant Alfvén time.
Notably, the stability parameter D,, exhibits dependence on ¥ due to the finite wall
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resistivity. As T, tends to infinity in the ideal wall limit, D,, () reduces to D, the
parameter discussed in subsection 4.2.3. Additionally, Eq.(4.53) indicates that the

perturbed flux at the wall tends to zero in the ideal wall limit, as expected.

Substituting D,,(7) in Eq. (4.34), one obtains the dispersion relation for vertical
displacements in the case of feedback stabilization via a resistive wall:

11 s o101
— g+ 0 ——— =0 4.54
73+72Tn1_é0D+70+ > (4.54)

with @y defined in Eq. (4.44). The agreement between Eq.(4.54) and the heuristic
dispersion relation from Sec. 4.1, specifically Eq.(4.10), is notable. This agreement
holds particularly well in the limit of small ellipticity, where the term éyD becomes
negligible, and wy reduces to @y as shown in Eq. (4.6).

In the realistic limit where @7y > 1, the three roots of this cubic dispersion
relation can be easily determined. For D > 1, the solutions are two damped oscillatory

roots and an unstable growing solution, given by:

1 D(1—éyp)

O==xwy—1
Oy (D—1)(1— D)

(4.55)

1
y= o __1)1_" (4.56)
The two weakly damped oscillatory roots found in Eq.(4.55) correspond to the two
VDOM, oscillating with a frequency slightly below the poloidal Alfvén frequency.
The presence of a resistive wall introduces a small damping rate on the order of
the inverse resistive wall time. The third root, as given by Eq.(4.56), represents
an unstable mode that grows on the resistive wall time-scale. Typical values for
the resistive wall time in tokamak devices are on the order of a few milliseconds.
As previously mentioned in Section 4.1, due to its slow growth, this non-rotating,

unstable mode is typically suppressed using active feedback control systems [63].

4.2.5 Dispersion relation close to marginal stability

In this subsection we focus on the result of Eq.4.56, which presents the linear growth
rate for the standard n = O resistive wall mode. The results discussed in the following

have been published in Ref. [16]. During the linear instability phase, away from
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the marginal stability boundary, the vertical displacement grows on the resistive
wall time, Ty,,. However, for the derivation of the parameter D,,, we assume that
the current induced on the wall can diffuse and become nearly uniform across the
wall within the mode growth time. The time it takes for the induced current to
diffuse across the wall of thickness §,, can be estimated as Ty ~ 82/ %m, where
Dm = M JAm represents the resistive diffusion coefficient. The induced current
achieves near uniformity across the wall if 7diff << y~! ~ tnw. This condition is

automatically fulfilled in the relevant limit d,, < ay,.

At ideal-MHD marginal stability, when D = 1 and the third term of the dispersion
relation (4.54) vanishes, a dominant balance for the unstable root emerges involving
the first and last terms of Eq. (4.54). This balance yields:

Yoo _ (QW/SW)1/3'}’00
(1= 20)13(yootyu )13 (1 —20)1/3(yoory)1/3

Y~ (4.57)
The growth rate in this regime scales as the one-third power of the wall resistivity.
It is considerably larger than the growth rate (4.56) of the standard n = O resistive
wall mode (in the limit where D is positive and D — 1 = O(1)). The perturbed
current density achieves uniformity across the wall if 6,, < 84¢f ~ (Zm/7) 1/2 o
[(8/ay)"/®/(yeoty)'/3]a,,. This leads to the following inequality for the wall thick-
ness:

Sw/aw < (YoTn) 2. (4.58)

In these estimates, we have assumed a,, ~ b,,. If the inequality (4.58) is not satisfied,
the induced perturbed current on the wall by the vertical plasma motion does not
achieve uniformity across the wall. Instead, a skin current forms, characterized by a
width J, that is smaller than the wall width J,,. In such a scenario, our derivation of

the cubic dispersion relation (4.54) needs to be reconsidered.

We can proceed similarly to the previous subsection, but now the integral in Eq.
(4.49) extends to the interval between u,, and p,, + (du)s, where (ou)s = ds/ay,
denoted by the subscript "s" for "skin". The derivation of the parameter D,, follows
the same procedure, resulting in a form similar to Eq. (4.52), but with the crucial
difference that Tnw should be replaced by

Tns = (8s/aw) . (4.59)
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While §,, represents the physical width of the wall and is a given parameter, J;
depends on the mode growth rate, hence its value can only be determined af-
ter solving the dispersion relation. A reasonable estimate for the skin depth is
8, = (2m/7y)"/2. Thus, we obtain the dispersion relation (4.54), with Tw replaced
by Tns = ao(Ty/7)"/%, where o = [(1+ k2)k,]/[2(1 + K,,)] represents a wall geo-
metrical factor, and &, = by, /a,,:

e Yo
_ =0.
r+ oto(1—é0D)(tn /y)1/2 WZI— OD ap(1—¢é0D)(tn/y)!/?

The relevant dispersion relation is no longer cubic in y. However, the relevant
unstable root in the limit D = 1 and ¥.Tps > 1 can be obtained by balancing the first
and the last term of Eq. (??):

Yoo
[o(1 = 20)]2/3 (Yoom)1/5

Y=~ (4.60)
Thus, a growth rate that scales with the one-fifth power of the wall resistivity and
independent of the wall thickness J,, is obtained when inequality (4.58) is not
satisfied. The growth rate (4.60) exceeds the growth rate (4.57). The two growth
rates match, as expected, when J,,/a,, ~ (%ofn)_z/ 3. In these asymptotic relations,

we have assumed o and (1 — ép) to be of the order of unity.

In regimes away from marginal stability, the resistive wall vertical displacement
grows with a characteristic time of approximately ,,, = (6,,/a,) Ty (cf. Eq. (4.56)).
For typical parameter values such as 7, ~ 0.1s and 6§, /a,, ~ 1072, the resistive
growth time is on the order of 7y, ~ 1 ms. This duration is significantly longer
compared to the ideal-MHD growth time. Near ideal-MHD marginal stability, D ~ 1,
the resistive wall vertical displacement can grow much faster. Let us first estimate
the growth rate in the thin wall limit. With the parameter values declared above,
Yoo Tryw ~ 10° and, using the growth rate in Eq. (4.57), ! ~ 10us. The thin wall
limit, Eq. (4.58), is marginally satisfied for the value of J,,/a,, ~ 10~? declared

~2/5 ~ 1072. The inverse growth rate in the regime where skin

above, since (Tp)
currents are induced on the wall, i.e., using the growth rate in Eq. (4.60), also
gives 77! ~ 10us. In Fig. 4.2, we present a numerical solution of the dispersion
relation (4.54) focusing on the unstable root. The plot ranges from D = 0.9 to 1.1.

Whether the thin wall limit, or the induced skin current regime, apply in real tokamak
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experiments depends on a more accurate evaluation of the parameters J,,/a,, and
Yoo Ty -

0.90 0.95 1.00 1.05 1.10

Fig. 4.2 Growth rate 7,, normalized to the thin wall limit growth rate in Eq. (4.57), as function
of the ideal wall parameter D close to ideal marginal stability. The blue curve shows the
numerical solution of the full cubic dispersion relation (Eq. 4.54), while the dashed red line
represents the ideal wall solution.

4.3 Oscillatory modes: YDOM

In this section, we aim to underscore the key characteristics of the oscillatory Vertical
Displacement Oscillatory Modes (VDOM), which represent the primary focus of
this study and have received relatively little attention in the context of the vertical

stability dispersion relation in the past.

VDOM manifest as axisymmetric modes in a toroidal tokamak plasma, charac-
terized by a toroidal mode number n = 0. These modes induce an up—down motion
of the entire plasma column and are predominantly composed of Fourier components
with an elliptical mode number m = 1. Due to the symmetry of the up—down motion,
the perturbed streamfunction exhibits even symmetry with respect to the elliptical

angle 0 (with 6 = 0O corresponding to the horizontal direction), while the perturbed
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magnetic flux displays odd symmetry with respect to 8. Our derivation is obtained
in the reduced ideal-MHD model and made use of a ’straight-tokamak’ equilibrium
assumption, which considers a simplified elliptical plasma boundary and a uniform

current density profile.

The method of quadratic forms, coupled with the normal-mode solution describ-
ing the mode structure, proves to be a convenient approach for deriving the relevant
dispersion relation. The obtained dispersion relation involves a parameter denoted
as D,,(y), which is a function of the complex mode eigenvalue ¥ = —iw in the
case of plasma confined by a resistive wall, as indicated in Eq.(4.52). Notably, D,,
reduces to a constant parameter D in the ideal wall limit, as evident from Eq.(4.43).
Moreover, in the scenario where the wall is moved to infinity (no-wall case), D tends
to 0. Consequently, the relevant dispersion relation assumes a quadratic form in y
for the ideal wall case, including the no-wall limit. In contrast, for the case of a
resistive wall, the dispersion relation becomes cubic in 7, introducing an additional

root compared to the ideal wall scenario.

Two roots are present both for the ideal and resistive wall cases. They are
associated to vertical plasma modes, referred to as VDOM, that exhibit purely
oscillatory behavior in the presence of an ideal wall, provided the parameter D > 1.
This condition gives a limit on the distance of the ideal wall from the plasma for
a given ellipticity. Additionally, these oscillatory modes are weakly damped when
wall resistivity is considered, as described in Eq. (4.55). Figure 4.3 illustrates the
dispersion relation for the case of an ideal wall surrounding the plasma, showing the
growth rate (or frequency) as a function of plasma elongation x = b/a for various
wall positions. The regions with positive (@74 )? correspond to stable VDOM, where
D > 1 is satisfied.

4.4 Concluding remarks

In this chapter, a new theoretical description of plasma stability against vertical
displacements in the Ideal MHD limit has been presented. The focus is on the stable
branch of the cubic dispersion relation obtained when considering a resistive wall that
provides passive feedback stabilization for the vertical instability. While previous
works primarily addressed the purely growing n = 0 resistive wall mode, which
requires active feedback systems for stabilization, relatively little attention has been
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Fig. 4.3 Normalized frequency as a function of the plasma elongation xk = b/a for different
positions of a confocal ideal wall surrounding the plasma.

given to the stable branch resulting from the ideal vertical instability stabilization.
This branch describes stable oscillatory roots, but the investigation in the following
will explore the potential destabilization of these stable plasma modes in the presence
of energetic ions, suggesting the emergence of a new, interesting, fast ion-driven

mode.



Chapter 5

Fast ion drive of n=0 VDOM

The analysis of Ch. 4 showed that Vertical Displacement Oscillatory Modes (VDOM)
are natural oscillations of a tokamak plasma in the vertical direction. We established
that in the ideal MHD limit, these oscillatory modes exhibit an Alfvénic frequency
of oscillation and are damped on the resistive wall timescale, as indicated in Eq. 4.55.
In this chapter, our focus shifts to the impact of superthermal particles on the stability
of these modes, specifically energetic ions with energies in the MeV range. These
ions have bounce or transit frequencies of their orbit in the poloidal plane that are
comparable to the VDOM frequency, @y ~ @, ;. Wave-particle resonance between

these n = 0 modes and the superthermal particles can take place.

This chapter, based on the published results of Ref. [17], provides an analytical
description of the destabilization of n = 0 VDOM due to resonant interactions with

fast ions.

5.1 Hybrid kinetic MHD model for vertical modes

The study of the resonant interaction is based on the hybrid kinetic MHD framework
described in Sec. 3.2. The effect of superthermal ions on the stability of the VDOM
can be studied with the extended energy principle outlined in Sec. 3.2.1. We proceed
considering the same model and equilibrium of the previous chapter with the addic-
tion of the fast ion pressure tensor in order to build the quadratic forms constituting

O0W. The model equations are reported here for convenience.
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The two field reduced model in straight tokamak approximation used in the
previous chapter is considered. The magnetic field is B =e, x Vy+ B, e, where e, is
the unit vector along the ignorable z-direction, which mimics the toroidal coordinate,
and B; is constant. The plasma flow is v =e; X V@ + v, e,. Equations (4.13,4.14)
can be modified with the additional pressure term describing fast ion contributions.

oy B

P) B
5.V (pVe)+[p, (Vo) +[0.plU + [0, U] = [y, )] —e:- VXV P (52)

where [x,n] =e,-Vy x V1, J = V2 is the current density, and U = V2 is the

flow vorticity. The fast particles pressure tensor is defined as

P, = pial+(p — pL)nd)é) (5.3)

where ¢ = B /B, p.;, and P|» are moments of the fast ions distribution function,
which obeys the collisionless drift-kinetic equation of Eq. (2.39). The same normal-
ization of Ch. 4 is adopted.

B An isotrtzpic fast ions pressure is assumed at equilibrium (p|j.cq = Piheq —
Pjcq = Ph.eql. The superthermal ions only affect the equilibrium modifying the total

scalar pressure as pyo; = Pe + Dheq-

To first order in perturbed quantities,
YW+ [P, Weq] =0, (54)
7V ’ (pqu(p) = W’a-]eq] + [WEqaj] —éz VxV ﬁh (5.5)

The quadratic forms can be built multiplying the perturbed plasma equation of motion
of Eq. (5.5) by ¢ /2y* and integrate it over the whole volume extending to infinity.
The expression for the dispersion relation is:

~Y281 = 8Wytp + SWiast, (5.6)
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where 61 and 6Wyyp are respectively defined in Egs. (4.26) and (4.27). The

quadratic form associated with the fast ions is
Wy = / &PxE* VB2 (5.7)
v

. The integral extends over the plasma volume 7 and the displacement vector is
E=e;xVp/y.

The perturbative approach allows us to consider the extended energy principle.
We introduce the small expansion parameter, &, = n;,/n. < 1, i.e., the ratio between
energetic particle and core plasma densities. Notice that this allows for the fast ion
pressure to be of the same order of the core plasma pressure, f8;,/B. ~ 1. In this
limit, [8Wyap| > |8Wy4s|. The cubic dispersion relation, Eq. (4.54), is recovered
to zeroth order in &,. Following the procedure described in Ch.3, we are interested
only in the imaginary part of §Wy,s. The real part of Wy, gives rise to O(&)
corrections to the VDOM oscillation frequency that can be neglected. The imaginary
part of 0Wy,y contributes to the mode growth rate, competing with the damping
term ¥,. The imaginary part of §W/, for resonances with n =0 VDOM is derived

in Eq. (3.47), and reported here for convenience:

B 27r c Fs Y, ‘
W, = Z/qu,dEdurtcan Yoot oar (5.8)

The following dispersion relation for the oscillatory modes modified by fast ions

can be considered:

w* = of — 2oy, +ioj,+ O(V/af), (5.9)
where A, = Zm(8Wj, u4q) is the properly normalized imaginary part of the fast ion
quadratic form. Leading order solutions for the real and imaginary parts of the
mode frequency are @ = £ + i, Where Yo = WoAy/2 — ¥y, highlighting the
competition between fast ion drive and resistive wall damping. The wave-particle
resonant interaction effect on the stability of the n =0 VDOM is described through
the parameter A;. A positive A;, describes a resonant interaction in which the energy
exchange is from the particles to the wave. A stabilty threshold can thus be derived,
describing the parameters required for the mode to be destabilized by the fast ion

contribution. Clearly, a detailed analysis of A, and thus of dW, is necessary.
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The resonant condition highlighted in the denominator of Eq. (5.8) is 0+ pwj, ; =
0. Note that the p = 0 harmonic is non resonant. Bounce and passing frequencies are
derived in Sec.2.1.3 and are both proportional to the particle velocity v. We can write
0o = vho(r,A)/(Rog), where the safety factor ¢ = rBy /(RoB)) is approximately
constant and the dimensionless function &g is a combinations of elliptic integrals,
different for bounce and trapped orbits (Q = b,¢). The imaginary part of 6Wy, arise
from the integration in velocity around this pole, following the so-called Landau
contour. The Cauchy principal part of the integral, yielding a real contribution can
be neglected. We consider the "thin-orbit" approximation, where the radial excursion
of both passing and trapped orbits from a reference magnetic surface is negligibly

small allowing us to approximate:

ZEB() 2
Py~ 2220 5.10
[0} c 2q” ( )
Ze B
s dPy =y (5.11)
¢ q

The resulting expression for A is:

(5.12)

_|_
Ah:gzz/ h aE ‘Y
prP=

— ¥
V—Vp

where § = (8Rom*) /(¥ pcE2@3), pe is the core mass density and v, = WoRoq/ [pha(r,A)]
is the resonant velocity. The pitch angle variable A = Byou | /E ranges from 0 <
A <1 — & for passing orbits, to 1 —& < A < 1+ ¢ for trapped orbits. From this
expression becomes evident that the sign of A;, depends only on the derivative of the
fast particles equilibrium distribution function with respect to energy. A resonant
interaction providing a free energy to the modes requires dF /dE > 0, giving rise to

a positive A;,.

5.1.1 Fourier coefficients

Here we now focus our attention on the Fourier coefficients Y, describing the
contribution of the different harmonics of the orbit periodicity to the resonance.
Under specific conditions, as outlined, for instance, in [68], the full summation over
p can be evaluated, enabling a comprehensive analysis of the complete non-adiabatic

response of the particles. In this discussion, we focus on examining the contribution
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from dominant harmonics related to the most important Fourier coefficients Y, to
describe the particles’ non-adiabatic response. The Fourier coefficients have been
defined in Eq. (2.57) as:

dt - .
Y,(E,u,Pp;0) = af(l)exp(lpa)byﬂ) (5.13)
t

where the loop integral is over a closed banana/transit orbit. Following the proce-
dure of Ref.[36], the perturbed Lagrangian can be rewritten for MHD perturbations
as % ~ E(2— A)& - k, with r the radial variable and « the curvature vector.

To leading order in the parameter ¢, the displacement vector & corresponds to
the rigid-shift vertical displacement, which is orthogonal to the main direction of
toroidal curvature. The perturbed Lagrangian is proportional to the scalar product
& - k, thus toroidal curvature contributions to A;, are negligibly small. The perturbed
Lagrangian can be expressed as . ~ €?E (2 — A)& sin(0) /r with € = r/R,, where
Ry is the tokamak major radius, and 0 is the standard poloidal angle.

We will demonstrate that passing particles primary contribution comes from the
p = 1 harmonic, while for trapped particles both the p = 1 and p = 2 harmonics
contribute significantly to the resonance. Other harmonics can instead be considered
negligible. This outcome is derived in the thin-orbit limit, where r remains approxi-
mately constant along the particle orbit. The perturbed Lagrangian then becomes
time-dependent only through the poloidal angle 6. Consequently, we can express 1,
as
Y, =€eE(2—A)(E/r)X,, (5.14)

where X, = (sin(0) exp(ipwq7)), with () denoting orbit averaging.

Consider the transit frequency of passing particles,

[nvrc\/_} [Rog# (1/x%)],

where .# (x) is the complete elliptic integral of the first kind, and x?> = 1/2 +
(1 —A)/(2¢) (for passing orbits, k¥ > 1). We observe that

ot = [nF(0/2)1/62)] ) [#(1/x%)] ~ 6,
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with .7 (¢|x?) denoting the incomplete elliptic integral of the first kind. The last
equality holds for the majority of k values, except for cases where K is very close
to unity, corresponding to the barely passing limit. This limit, and particularly the
particle response near the passing-trapped boundary, demands careful consideration,
as outlined in [68]. Nevertheless, given that this limit corresponds to @; — 0,
these particles are non-resonant when focusing on the dominant Y, coefficients.

Consequently, their contribution to A;, can be safely neglected. In this way, X,
reduces to: i(1/4.¢(1/K?)) ()ZﬂdG [sin(B)sin(pO)]/\/l —sin®(6/2)/x2, and, in
the asymptotic limit x > 1, X, = i(1/2x) 02”019 sin(0)sin(p0h). It is evident that

the only harmonic contributing in this limit is p = 1, while the average is zero for all

other p values. Figure 5.1 depicts |X p|2 for the first two harmonics as functions of k,
showing that even considering other x values, the contribution of passing particles
for harmonics with p > 1 is indeed negligible.

For trapped particles, 0 < k < 1, the bounce frequency is

Wy, = mv\/€/2/ [2Rog# (k%)) .

Then,
w7 = (1/2).7 (§|K%) /A (K7),

where sin(6/2) = ksin({). As for the case of passing particles, we consider k¥
values far from the passing-trapped limit k¥ = 1, where the bounce frequency drops
to 0. It is then possible to approximate ®,T ~ {. Therefore, one obtains X, =
AUS ffﬁzd {sin()sin(pg). This quantity is zero for both barely trapped
(x = 1) and deeply trapped (x = 0) limits, as shown also in Fig. 5.1. All even-p
harmonics yield a non-zero X,,; however, values of X, with p > 4 are negligibly
small. For odd-p values, X, averages exactly to 0, with the only exception of p = 1.
Therefore, we focus only on the p = 1 and p = 2 harmonics. In Fig. 5.1, values of

X, | for the p = 1 and p = 2 harmonics are plotted as functions of k.

The reason why deeply trapped particles (k = 0) and barely trapped/passing
particles (k = 1) do not contribute to Y, and, consequently, to A, is straightforward.
For n = 0 vertical displacements, £ - k ~ sin 8. Deeply trapped particles are concen-
trated near 0 = 0, while barely trapped particles spend most of their time near 6 = 7.
Therefore, the orbit-averaged value of the scalar product £ - k becomes zero in both

these limits. Both trapped and passing particles have their orbit frequencies described
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Fig. 5.1 Plots of |X, > = |(sin(8) exp(ipwq7t))|* as a function of k for p =1 and p =2
harmonics.

analytically in the small aspect ratio limit, considering circular magnetic flux surfaces
as discussed in Chapter 2. The bounce and transit orbits can be described taking into
account higher order corrections in &, as detailed in Ref.[22], and/or plasma shaping,
such as elongation and triangularity, as reported in Ref.[69]. While these corrections
could provide a more comprehensive description of the Fourier coefficients Y, they
are omitted in the present analysis for consistency with other approximations made

and the proof-of-principle nature of the study.

5.2 Fast ion distribution function

The choice of the equilibrium distribution function allows us to determine the effect
of superthermal particles on the n = 0 VDOM stability. The particular condition of
JF /JE|, > 0 is required for the mode destabilization. As discussed in Sec. 3.3, this
situation can be achieved under different conditions, that will be studied separately
in the following.

5.2.1 Slowing-down with losses

We consider the first simplified model with a monochromatic source term at velocity

vp, and a velocity-independent loss frequency, v; obtained in Eq. (3.61). Assuming a
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uniform radial distribution of fast ions up to r = ry, the distribution function is:

231, H (v — V)

F(r v) = TsoSo 3 3l

H(rp—r) (5.15)

The normalization constant T,0So can be generally rewritten for any kind of fast ions
in terms of the fast particle density n;, with [ d3vF = nj,. The derivative over the
energy is trivially rewritten as dF /dE = 1/(myv)dF /dv, with energetic ions mass
my,. After straightforward algebra, substituting the distribution function derivative
and Eq. (5.14) in Eq. (5.12), we obtain

Omlo(lo — 1)g? nymy, (vj,o)”“ 1
= 20N
p=1,2

a’R3 neme = Vp p?
(2= AP(X :
/d rdA” o Ao H = r)HOp =) (5.16)

where n, is the core plasma density, m, is the core ion mass, and v;‘)O = woRoq/p
is the resonant velocity of passing particles with A = 0. We can write A, =
(nn/nc) (my/me)(q*a*/R3) A, where A(lo,rn/a;v,/vp) is a dimensionless factor
that depends on three parameters. Inserting this expression for A; in Eq. (5.9),

the instability threshold can be cast in the form

2
h (”h) _ e Ko 2 (5.17)
nC nC crit mhq a A'a)()

To gain further insight into realistic numerical values for the critical density
threshold, we consider the parameters of the JET experiments discussed in Ref.[3],
where saturated n = 0 oscillations were observed, and MeV fast ions were produced
by a combination of ICRH and NBI. Some parameters are experimentally well-
known, e.g., Ry = 3m, a = 0.9m, elongation b/a ~ 1.3, which corresponds to
eo ~ 0.3, toroidal magnetic field By =2.2T, g = 1, and Deuterium main ion species,
yielding an inverse poloidal Alfvén time ”L'Xl ~ 2 x 107%s~!. The experimentally
observed n = 0 oscillation frequency is in the range fy = wy/27 ~ 300kHz, which
compares well with the theoretically predicted value of the frequency @y, defined
below Eq.(4.54), if we assume realistic values for the geometrical factor, D ~ 3.
Fast ions in the mentioned JET experiments are also mostly Deuterium, thus we

take my,/m, = 1. We assume r;/a = 0.5 and [y ~ 2. The remaining parameter to be
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Fig. 5.2 Coefficients A,—1 pass and Ap—2 1 as function of fast ion birth energy Ej,.

evaluated, vy,/v, = @Rogq/(pvs), depends on the fast ion birth energy, Ej, = myvs /2.
Realistic JET estimates indicate values of Ej, in the MeV range. Having fixed all
the parameters just mentioned, we plot in Fig. (5.2) the contributions to A;, coming
from the different harmonics, as functions of Ej,. We can see that the p = 1 harmonic
associated with passing particles is the leading contribution for fast ion energies up
to ~ 1.5 MeV. At higher energies, the p = 2 harmonic of trapped particles can also
give a significant contribution. On the other hand, for the considered parameters,
the trapped particles p = 1 harmonic gives a non-zero contribution only for a birth
energy Ep, > SMeV . Letus write A = A,—1 pass + Ap—2 1rap. The overall value of the
parameter A is estimated to be of the order of 3 x 10! for the JET experiments of
interest, for £, = 1.5MeV .

The damping rate resulting from the resistive wall is estimated to be on the order
of ¥y ~3 X 10? s~'. Consequently, the critical instability threshold for the JET

experiments can be approximated as (1, /1¢)erir ~ 1 x 1072,

5.2.2 Anisotropic slowing-down

The single pitch angle slowing down distribution function of Eq. (5.18) is now
considered in order to study the drive due to velocity space anisotropy. The anisotropy
in velocity space introduces a competition between the derivative of the slowing
down part of the distribution function, which is always negative, and the one from

the anisotropy. To highlight this competition, we neglect the losses, taking /o = 0.
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As for the previous isotropic case, a uniform radial distribution of fast ions up to

r = ry, 1s assumed:

F(r,v,A) —Tsto(Ao)V%H( v)8(A—A)

H(rp—r) (5.18)

3

The normalization coefficient Sy in this case is dependent on the single pinch Ay and

can be derived considering the orbit averaged fast ion density defined as:

de
ny, :?{E/d%F(m,A) (5.19)

where the velocity volume element can be written in the formalism of Ch. 2 as:

d*v=v dv,dadv| = Z dvdA/h (5.20)

A/h 1/2

The integration can be performed following similar steps as the one described in
Sec. 2.1 for passing and trapped ions, i.e. for Ag < 1—¢€and 1 —e < Ag < 1+¢€.

The resulting normalization coefficients then are:

. I
So.a(r,Ag) =np\V €
0alr o) =M o)

si(r) =Ko/ A (1/K5)  sp(r) =1/ (K5) (5.22)

sa(r) (5.21)

where % (x) is the complete elliptic integral of the first kind, the parameter xy =
1/2+ (Ao —1)/(2¢) and v, is the critical velocity at which the fast-ions thermalize

with the core plasma. The full derivative of the distribution function over energy

reads:
IF| 3 F(rvA) 2 2AH(vy—v) 9
aE . = —mh v2 TSdS() Q(}’ A()) mh v5 aAS(A—Ao) (5.23)

The first term is always negative coming from the slowing-down part of the distribu-

tion function. Its contribution to A;, can be obtained from Eq. (5.12) integrating over
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A using the delta function properties:

371'2q2 mhnhz 1
2V2a2R310g(vp/ve) Mehe 5 2

/ r3\/§(2 - AO)Z‘XPP
dr
ho(r,Ao)3

Ansi =—

so(r)H (ry—r)H(vp —V,) (5.24)

Being always negative, it has always a stabilizing effect on the mode. The second
term of Eq. (5.23) is associated with the velocity space anisotropy. Its contribution
to A, can be expressed starting again from the integral expression of Eq. (5.12). The

delta function property

/dxf 0(x—xp) /dx5 X—X0) f( ) (5.25)
can be used to integrate in A.
n’q? mpn 1
A‘h,ani: o2 9 d hz_z
V2a2R3l0g(vp/ve) Mene 5
/drr VEGq(r,Ao)sa(r)H (ry, —r)H (v — v,) (5.26)

where the functions G = 9 [A(2— A)?|X,|?/ha(r,A¢)?)] /A are different for tran-
sit and bounce orbits, and can be written as:

2V2 (2—A) # (1/x%)3

RZE<E

{(2—3A)|Xp\2+%x

k&(1/x%)
() 1A (1) ’Xp‘z} } 52D

Gt:

[NSRRON)

16v2 (2 _A)%(K2)3{(2— )X, 2+ A=A

b= e 2eK

2_ 2y 2
[ X |8|X| 2( ;zﬁﬂ'}@f(" )IXPIZH (5.28)

where & (x) is the complete elliptic integral of the second kind. This second con-
tribution to A; can be either positive or negative depending on the value of Ag and
on the parameters considered. Therefore the total interaction A, = Aj g + Ap gni

is the result of the competition between the two terms. Similarly to the previous



90 Fast ion drive of n=0 VDOM

0.4

0.002 X
A'pg=05 03

"1 os 1.0 15 2.0 o MeV]

Ang=tse

0.2

.0.002F //k

0.1
-0.004
A'ng=00
-0.006 — = - P E» [MeV]

(a) (b)

Fig. 5.3 Dimensionless factor A’ as a function of E,,. For passing particles Ag = 0 and
Ao = 0.5 are plotted (a) up to E, =2MeV . Trapped particles are plotted for values of Ag =1
and Ag =1+ € upto E, =6MeV.

subsection, we can write A, = (ny/nc)(my,/m.)(q*a*/R3)A’, with dimensionless
factor A'(Ao,rn/a,v,0/vs) that depends on the model parameters. With the same
parameters related to the JET case discussed in subsection 5.2.1, we can study how
the total A = A/, + A/, behaves as a function of Ej, and Ay. Firstly, in Fig. 5.3 we
show the total A’ for different values of Ay, as a function of the birth energy. One
can see how for Ag = 0 A’ is always negative, corresponding to a stabilizing resonant
interaction for any birth energy. For trapped particles we can note how for a birth
energy E; < 1.2MeV there is no resonance for p = 1,2. Then the second harmonic
starts to resonate up to E;, ~ SMeV . For larger birth energies also the first harmonic

stars to give a non-zero contribution.

A threshold in Aq can be obtained in order to have A’ > 0. Figure 5.4, shows
how A’ varies as a function of Aq for E;, = 1Mev and Ej, = 2Mev: the condition
Ap > 0 requires Ag > 0.4, the same threshold found for EGAMS considering the

same distribution function in [70].

5.3 Concluding remarks

This chapter extends the analytic model introduced in Chapter 4, which describes
Vertical Displacement Oscillatory Modes (VDOM), to incorporate kinetic effects
from superthermal ions. The focus is on investigating how the presence of energetic
ions could potentially destabilize VDOM in tokamak plasmas, considering different
equilibrium distribution functions. The results presented in this section show how a

new kind of fast-ion-driven mode can arise in tokamak plasmas due to the resonant
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Fig. 5.4 Dimensionless factor A’ as a function of the single pitch Ag. In (a) the birth energy
considered is Ej, = 1MeV, while in (b) E;, = 2MeV .

interaction of VDOM with MeV energetic ions. Despite the simplicity of the model,
the results presented in this chapter suggest that VDOM destabilized by fast ions
could be a plausible explanation for the observed n = 0 modes destabilized by MeV
ions in recent JET discharges.



Chapter 6

NIMROD Linear Simulations

The analytic results presented in the previous chapters represent the building blocks
of our theory describing the VDOM and their possible destabilization in presence of
superthermal ions. In order to gain the fundamental understanding of the physical
mechanisms associated with these axisymmetric modes of the plasma, simplifying
assumptions have been considered. In this chapter we will show, thanks to numeri-
cal simulations using the MHD NIMROD code [71], that the main characteristics
obtained with our very simplified model persist considering realistic experimental
situations. The NIMROD code is employed to study the extended MHD stability of
the plasma. However, in this chapter the superthermal ions effects are not present,
since work is in progress to extend the capabilities of the NIMROD code to simulate
the cases described in Ch. 5. Nevertheless, here we aim to describe mode frequency
and mode structure in real tokamak geometry and with experimental plasma profiles.
We will thus focus on the characteristic of the normal modes that may be driven

unstable if a suitable distribution function of fast ion is included in the plasma.

The results reported in this chapter have been published in [18] and [2].

6.1 Extended MHD nimrod code

The simulations described in this chapter advance the linearized single-fluid resistive
MHD equations (6.1)-(6.4) in toroidal geometry using the 3D initial value code
NIMROD [71]:
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In these equations, n and m are respectively particle density and ion mass. The total
pressure of electrons and ions is p, v is the center-of-mass plasma velocity, T is the
plasma temperature and B is the magnetic field. Explicit diffusive terms are included
in the model: the density diffusivity &, kinetic viscosity Vv, electrical diffusivity
coefficient ), (=resistivity over the vacuum permeability L), and K;,p, is a diffusivity
coefficient used to control the V - B error in the induction equation. The code employs
high-order quadrilateral finite elements for modelling the poloidal plane and pseudo-
spectral techniques for the periodic axisymmetric direction. NIMROD can efficiently
advance both linear and nonlinear extended-MHD equations, with implicit or semi-
implicit time-advance methods to address the temporal stiffness associated with
multiple time scales. In this chapter, we restrict ourselves to the case of linear

stability studied throughout the whole thesis.

Here we outline key characteristics of the simulations discussed in the following
sections, emphasizing significant distinctions from the analytic model presented
in Ch. 4. Unlike the analytic model, NIMROD does not support a vacuum model;
instead, it employs a "halo" plasma model to simulate the analytic vacuum. The
"halo" plasma is a cold region with low density and high resistivity (11, ), €xhibiting
a few orders of magnitude difference from the hot core plasma. The simulation

boundary in NIMROD serves as the representation of the wall and is assumed to be
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an ideal conducting wall. In NIMROD, the ideal conducting wall is implemented
with vanishing normal components of the perturbed magnetic field at the simulation

boundary.

The first results of our numerical analysis are described in Sec. 6.2. Here we
verify the analytic theory reproducing the straight tokamak equilibrium of Ch. 4
in NIMROD. The dispersion relation as a function of plasma-wall distance and
elongation of Eq. 4.54 is recovered numerically. Thanks to this result, in Sec.6.3
a recent JET discharge is analyzed with the NIMROD code in order to study the
VDOM in realistic tokamak conditions. For this investigation, JET shot #102371
was selected. This discharge is part of a series of JET deuterium plasmas produced
during the experimental campaign RT 22-09 on March 2023. The aim of these
discharges was the investigation of n = 0 modes with Alfvén frequencies that have

been succesfully observed.

6.2 Verification of the analytic results with straight

tokamak simulations

In this section, we present the benchmark comparison between the analytic theory
results of Ch. 4 and NIMROD numerical simulations.

In most simulations presented, the grid resolution is (mx,my)=(360,360) with
polynomial degree = 3 and the timestep Ar = 0.574. The different diffusion pa-
rameters used in the model have been minimized in the "hot" plasma region, to
reduce dissipation and mimic an ideal MHD plasma, to allow a comparison with
the analytic treatment of VDOM based on the ideal MHD model. For simplicity of
NIMROD implementation, the analytic straight tokamak is represented by a Carte-
sian rectangular domain in the poloidal plane and a single toroidal n» = 0 mode in the
axisymmetric z-direction. This differs from the confocal elliptical wall in the analytic
model. Instead, the four sides of the rectangular simulation domain are constrained
by imposing the confocal condition, b%v — a%v = b? — 42, so that the half-height, b,,,
and the half width, a,,, of the rectangular boundary match the major and minor axes
of a confocal elliptical boundary. The rectangular simulation domain circumscribes
the analytic confocal ellipse and as such, for equal values of the parameter b/b,,, the

simulation domain is larger than the analytic one.
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Figure 6.1 well summarizes the results of this numerical analysis. The simulation
growth rates/frequencies are plotted (Dots) together with the analytic dispersion
relation (green line) of Eq. 4.54 for an ideal wall. Both the stable oscillatory case and
the ideal vertical instability can be resolved in our simulations. The zero crossing
in the analytic theory curve signifies the transition between a mode that is purely
oscillatory and one that is purely growing. This transition occurs when b,, equals by,
where by represents the vertical distance of the X-points from the magnetic axis. In
essence, the onset of marginal stability, characterized by w? = 0, happens when the
confocal elliptical wall intersects the X-points. For small values of b/b,,, the growth
rate (Y = —i®) diminishes as the wall approaches the plasma (with increasing b/b,,).
As the wall gets closer to the X-point, the mode reaches marginal stability. Beyond
this point, for b/b,, > b/byx, the mode becomes purely oscillatory as the wall moves

inside the X-points, i.e., when the X-points lie outside the simulation domain.

In the simulations, the transition from the unstable growing mode to the stable
oscillatory mode does not precisely coincide with the interception of the rectangular
wall with the X-points, as expected from the analytic results. It is noteworthy that the
numerical points are slightly below the analytic curve, particularly at larger values
of b/b,, where the wall is in closer proximity to the plasma boundary. This deviation
is attributed to the rectangular simulation domain, which, at equal values of the
parameter b/b,,, has a larger area compared to the equivalent confocal elliptical
boundary in the analytic model. Consequently, the rectangular wall is, on average,
a bit farther away, leading to a slightly weaker stabilizing effect. As a result, the
growth rate found numerically is somewhat larger (i.e., smaller negative ®?) than
the analytic prediction.

Focusing our attention to the simulation results for stable VDOM, we emphasize
the mode structure obtained with the straight tokamak simplified equilibrium. As
the conducting wall is brought closer to the plasma, the mode undergoes a transition
from an unstable state to the stable oscillatory mode described analytically in Ch. 4
and in [15]. We examine in detail one such stable oscillatory case. Figure 6.2a
plots the time history of perturbed fields: velocity (V), magnetic field (B,), density
(71), temperature (T), showing the oscillatory behaviour of the perturbations. The
normalized oscillation frequency is @74 = 0.31. In Fig. 6.2b the mode structure is
represented, plotting midplane profiles (at y = 0) of perturbed vertical momentum
per unit mass, ngVy, at several times during a single period, for k = 1.4 and b /by, =
0.55. The single oscillation period is denoted by the yellow bar in the time history of
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Fig. 6.1 Confocal wall scan (b2 — a2, = b* — a®) plots the square of the normalized frequency
vs. wall parameter b/b,, for k = 1.4 (left panel) and x scan with wall parameter fixed
at b/b,, = 0.25 (right panel), showing agreement between NIMROD and analytic theory.
Positive values (circles) indicate oscillating modes. Negative values (triangles) indicate
growing modes. The zero crossing of the analytic theory curve (green line) occurs for
b/b,, = b/bx, where the domain boundary intersects the X-points.

Fig. 6.2a. The perturbed momentum profile on the midplane shows that the n =0
oscillation is mostly confined within the hot plasma, with a perturbed mass flow that
well approximates the rigid-shift vertical oscillation found in analytic work. Note
that the plasma extends to x/b = a/b ~ 0.7.
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Fig. 6.2 Time history of perturbed fields: velocity(¥,), magnetic field(By), density(#),
temperature(7); midplane profiles of vertical momentum per unit mass at several times
during a single oscillation period (denoted by the yellow bar in the time history); k=1.4 and
b/b,,=0.55. The plasma motion is well approximated by a vertical rigid shift.
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6.3 JET simulations

6.3.1 Experimental Observations: GAE and VDOM

Excitation of high frequency n = 0 modes have been reported in JET [3, 44]. Ref-
erence [3] proposed Global Alfvén Eigenmodes (GAE) [13] as explanation for the
observed n = 0 modes. The modes were driven unstable by resonant interaction
with energetic ions with energies in the MeV range, produced by auxiliary heating
(combined NBI and ICRH) or by fusion reactions. While GAE remain a distinct pos-
sibility for the interpretation of the mentioned JET observations, the fast-ion-driven
VDOM described analytically in Chapters 4 and 5 represent a valid alternative. GAE
and VDOM are two different types of normal modes of a magnetically confined
plasma, the former being internal modes, which can exist for different values of
the toroidal mode number n, with frequency close to the minimum of the Alfvén
continuum spectrum, while the latter are n = 0 external modes interacting with
currents induced on the wall of the confining vacuum chamber by the vertical motion
of the plasma. Other differences between the two modes involve their different
spatial structure and their different sensitivity to details of safety factor ¢ profile,
plasma ellipticity, and plasma-wall distance. Given the apparent ease with which
these modes can be destabilized by fusion alpha particles, both VDOM and GAE are
likely to play an important role in future tokamak experiments where burning fusion
plasmas will be produced. The main characteristics for a comparison between GAE
and VDOM are summarized in Table 6.1.

6.3.2 NIMROD simulations of VDOM in JET

In this section we aim to a more realistic assessment of the nature of VDOM with the
help of NIMROD simulations. The results presented in the following report linear
NIMROD simulations using the EFIT [72, 73] reconstructed equilibrium of JET shot
#102371 at time t = 51.00s. The equilibrium pressure and safety factor provided
by EFIT are shown in Figs. 6.3a and 6.3b, respectively. Figure 6.3c shows our best
fit of the equilibrium electron density profile. The on-axis value of the electron
density is ng = 5.2 x 10! m—3. The experimentally measured value of the effective
charge, Z, sy = 1.75, was also used to evaluate the plasma mass density. The plasma
in the open field line region is represented using a "halo" plasma model, with low
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Table 6.1 Comparison between VDOM and GAE.

VDOM GAE
- External mode. - Internal mode.
- Global, odd parity with respect to - Global, even parity with respect to
poloidal angle. poloidal angle.
- Nearly rigid shift, up-down vertical |- Poloidal flow peaking near
motion, radial structure weakly minimum of n = 0 Alfvén continuum,
dependent on ¢ profile. radial structure depends on ¢ profile.
- Alfvénic frequency dependent on - Alfvénic frequency close to the
plasma elongation and plasma-wall minimum of the n = 0 Alfvén
distance, weakly dependent on ¢ continuum.
profile details.

p[10° Pa]
w
8
q
w
[m

o = N w &

(a) (b) (©

Fig. 6.3 EFIT equilibrium pressure profile (6.3a), and safety factor (6.3b); best fit of the
experimental electron density profile (6.3c), as functions of normalized flux. The separatrix
isat y = 1.

density and high resistivity. In particular, the plasma density profile is uniform in the
open field line region with a value of nj,, =5 X 10"7m3. The different diffusion
parameters used in the model have been minimized in the "hot" plasma region, to
reduce dissipation and mimic an ideal MHD plasma, to allow a comparison with
the analytic treatment of VDOM based on the ideal MHD model. In the following
simulations, the grid resolution is (mx,my)=(60,90) with polynomial degree = 3 and
the timestep Af = 107 7s.

The simulations presented in this Section describe the plasma response to an
initial perturbation in velocity corresponding to a rigid vertical shift of the plasma,
dubbed "vertical push" in the following. The oscillatory behaviour of all relevant

perturbed fields follows the initial vertical push. Figure 6.4 shows the behaviour of
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Fig. 6.4 Oscillatory behaviour of the magnetic energy in response to a "vertical push", in the
time interval between ¢t = 0.3 ms and t = 0.6 ms.

the magnetic energy as a function of time. Weak damping of the oscillatory behaviour
is observed. The careful choice of initial perturbation is necessary, because VDOM
are stable modes, and therefore different initial conditions lead to a mix of different
oscillatory modes. The resulting interference would cause a rapid decay of all
modes, including the VDOM. This problem is overcome in the next Section, where

a different method to drive the perturbation is examined.

Figure 6.5 shows contour plots of tangential and normal components, with respect
to the equilibrium flux surfaces, of the perturbed magnetic field. Fig. 6.6 shows the
contour plots of perturbed pressure. Both plots are taken at time ¢t = 0.5ms in the
simulation, corresponding to a minimum of the magnetic energy oscillation. An
m = 1 mode structure is evident in the perturbed fields; the pressure perturbation

shows the up-down feature characteristic of VDOM.

Fast Fourier Transform (FFT) has been employed to analyze the temporal be-
haviour of the plasma response. The whole linear simulation time of 1ms has been
considered to compute the discrete Fourier Transform (DFT) with the efficient FFT
algorithm [74]. The FFT signal of the magnetic energy time trace is shown in Fig. 6.7.
A dominant peak in the FFT signal can be identified at frequency fj,,, = 184 kHz,
while a secondary peak indicates the presence of a second subdominant mode at
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(a) b)

Fig. 6.5 Magnetic field perturbation in response to a "vertical push". (a) Tangential, and (b)
normal B-components with respect to the equilibrium flux surfaces. A main m=1 structure,
expected for the VDOM, can be identified.
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Fig. 6.6 Pressure perturbation, p, in response to a "vertical push", showing the up-down
structure characteristic of the VDOM.
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Fig. 6.7 FFT signal (absolute value) of the oscillating magnetic energy in simulation ("vertical
push"). Two peaks can be identified: a dominant one at 184kHz, and a secondary one at
311kHz.

frequency fpign = 311 kHz. This indicates the presence of two Alfvén-frequency
normal modes with n = 0O that are both excited in response to the initial vertical push.
The simultaneous presence of the two modes gives rise to interference. The space
and time dependence of the plasma response cannot be separated in this case. As the
two modes are damped in time at different rates, the contour plots of Figs. 6.5 and

6.6 change in time, and the coherent mode structure is lost.

6.3.3 Wall position scan

In the following, scans of the wall position and the density profiles reveal similarities

and different behaviours of the two modes.

As discussed in Ch. 4, the VDOM frequency depends on the distance between the
plasma and the wall. A scan of the wall position highlights the different behaviour
of the two modes. The frequency as a function of the distance between the separatrix
and the wall, dy, is plotted in Fig. 6.8. As the wall is pushed further away from
the plasma boundary to dy ~ 0.23 m, the frequency of the higher-frequency mode
is almost unaffected, while the frequency of the lower-frequency mode changes by
more than 10%, its oscillation frequency varying from 189kHz to 170kHz. The actual

shape of the JET wall in the simulation yields equivalent results to the simplified wall
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Fig. 6.8 Frequency of high and low frequency modes as function dy . The dashed green line
in Fig. 6.8a corresponds to the actual JET wall distance and shape. Figure 6.8b plots the two
frequencies normalized to their maximum values, indicating percentage variations.

at a plasma-wall distance dy =~ 0.11 m, as indicated by the green line, representing

the actual wall results, in Fig. 6.8a.

The wall scan suggests that the lower-frequency mode is a VDOM. The higher-
frequency mode can be identified as a Global Alfvén Eigenmode (GAE). However,

further analysis is needed before this conclusion can be reached.

6.3.4 Density profile scan

The frequency of Alfvén modes scales as the inverse of the square root of the
plasma density. Here, we consider the effect of changing the density profile in
NIMROD simulations, effectively changing the volume-averaged plasma density.
Figure 6.9 illustrates the various density profiles considered in the density scan.
Throughout all profiles, the on-axis and halo region density values are kept constant at
ny = 5.2 x 10'% and n4, = 5.0 x 10'7. The profiles follow n(y) = (ng — nja,) (1 —
yP)P2 + ny,. By adjusting the parameter p; while keeping p, = 0.96 constant, we
vary the volume-averaged density.

Figure 6.10 shows that the frequency of the two n = 0 modes follows the same
decreasing trend with increasing density. As represented in Fig. 6.10b, the normalized

frequency is proportional to 1/4/n, as expected for Alfvénic oscillations.
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Fig. 6.9 Density profiles as functions of normalized flux. Each profile is associated to its
volume averaged value, 7, normalized to the one of the experimental best fit (solid black
curve, same as in Fig. 6.3c).
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Fig. 6.10 Frequency of high and low frequency modes as a function of the normalized volume
averaged density, 7: (a) plots the two frequencies in kHz; (b) plots the two frequencies
normalized to their values at 77 = 1; the 1/+/n dependence is shown by the dashed green line.
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6.4 Driven Oscillator Perturbation

To study the two oscillatory modes found in Sec. 6.3 separately, an alternate pertur-
bation is implemented in the NIMROD code. Instead of an initial "vertical push",
the temperature evolution equation has been modified to include a time-dependent
oscillatory term:
; <%+V-V> T =—nTV . v+
r—ro)’ +(z—2)*
A9

+ Asin (27 fot ) exp {( (6.5)
where fj is the driven oscillation frequency for the temperature, and A is the ampli-
tude of the driving term. A Gaussian function with width Aq localizes the oscillator
perturbation in space around rg, zg in the poloidal plane. This forced oscillation for
the temperature mimics the injection of a wave from an external antenna. Scanning
the oscillator frequency, it is then possible to look for resonances in the plasma
response associated with plasma normal modes. All other fields have zero initial
perturbation.

These simulations use rg = 2.8m, zo = 1.71m and Ag = 0.5m. The oscillator is
localized to the open field line region. The amplitude A determines the amplitude of

the saturated normal modes.

6.4.1 Low frequency mode

With the same simulation parameter of Sec. 6.3, we perform a scan in the oscillator
frequency, fp, in the neighborhood of the low frequency signal identified by FFT.
Figure 6.11 shows the amplitude of the saturated oscillations for the normal com-
ponent of the perturbed magnetic field, normalized to the off-resonance minimum
amplitude value (blue dot at fo = 190kH?z). For values of fj close to 183 kHz, the
saturated value increases by more than an order of magnitude. The mode frequency
and damping can be evaluated assuming the following resonance condition for a
generic quantity Y: c

" o) iy ©0
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Fig. 6.11 Normalized amplitude of the normal component of the perturbed magnetic field as
a function of oscillator frequency fj in the neighbourhood of f;,,,. Blue dots, corresponding
to numerical results, are fitted by the red curve assuming the resonant condition (6.7), with
@y = 1153 x 103, y = —1.240 x 10% and C = 58.72.

where C is a constant, @y = 27 fo, with @y the frequency of the forcing term, ® is
the frequency of the normal mode, and ¥ is its damping rate. The amplitude can be

fit with a Lorentzian function:

C
Y| = 6.7)

V(e — o)+ 7

where @ and 7y are related to the maximum and the width of the Lorentzian.

Fig. 6.11 shows the resonance peak is found for mode frequency f = 183.5kHz;
the damping rate is y = —1240s~!. The frequency corresponds to the main peak of
the FFT signal in Fig. 6.7.

Figures 6.12 and 6.13 show the time traces of the magnetic energy for resonant
and off-resonant oscillator frequencies, respectively. When the oscillator resonates
with the mode, a growing oscillatory pattern is obtained. The envelope of the
oscillation initially grows and then saturates in time at ¢t > 4.0 ms. For the off-
resonant cases, we observe a clear beating between the oscillator frequency fj
and the mode frequency f, with beating frequency f, = |f — fo|. For ¢ > 4.0 ms,
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Fig. 6.12 (a) Magnetic energy time trace for forced oscillator frequency at resonance, fy =
183.5kHz; (b) same as in the previous panel, zoomed in the time interval between t = 0.4
ms and r = 0.5 ms. In (a) only the envelope of the fast oscillatory behaviour is evident, due
to the time range of the plot.
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Fig. 6.13 Magnetic energy time traces for two off-resonant frequencies of the forced oscillator:
(a) fo = 180kHz; (b) fo = 187kHz.

the beating dies away, leaving only a constant amplitude oscillation at the forcing

frequency fo.

The level of dissipation in the system affects the damping of the mode, and
consequently, it determines the width and the amplitude of the resonant peak in the
plasma response, as shown in Fig. 6.14. An increase of the viscosity parameter by 20
times leads to a damping rate y = —11.8 x 103s~!. For an increase of the viscosity
parameter by 20 times, the fitting parameters for Eq. 6.7 are: oy = 1154 x 103,
y=—11.79 x 10° and C = 48.20, showing a 7y increase of ~ 10 times.

Selecting carefully the oscillator perturbation frequency fj it is then possible to
study separately the structure of the two modes found in Sec. 6.3. This requires

the forced oscillator frequency to be resonant with the mode, i.e. close to the peak
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Fig. 6.14 Same as in Fig. 6.11, but for a viscosity value 20 times larger.

described by the fitting Lorentzian of Eq. 6.7, thus maximizing the plasma response.
Under these conditions, choosing fo = 183.5kH 7 for the low frequency mode, a m=1
mode structure in the magnetic perturbation develops, and an up-down symmetric
perturbation in pressure is established, as shown in Figs. 6.15 and 6.16, which are
characteristic of the VDOM described in Ch. 4. The mode structure appears to be
more core localized with respect to the theoretical description, because both plasma
density and current density profiles used in the simulations are peaked, while analytic

theory assumed flat profiles for the sake of simplicity.

Finally, the perturbed velocity vector plot of Fig. 6.17 shows a nearly rigid
vertical plasma displacement in the region where the mode is localized.

To analyze the structure of the low frequency mode in more detail, Fig. 6.18 plots
the perturbed momentum in the vertical direction along horizontal and vertical slices;
from the magnetic axis to the plasma edge. The normalized distances along these
slices are denoted by x and y in the figure. Along the horizontal slice, the perturbed
momentum is the poloidal flow multiplied by the plasma density, nVy. The perturbed
momentum exhibits a nearly rigid shift structure in the core region, changing sign as
the plasma edge is approached. In analytic theory, as discussed in Ch. 4, the return
flow is a thin layer localized at the plasma boundary, as a consequence of the step-
function profiles for plasma mass and current densities and of the incompressibility of
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(a) b)

Fig. 6.15 Perturbed magnetic field components at t = 4.4 ms for forced oscillator frequency
at resonance, fy = 183.5kHz. (a) Tangential, and (b) normal B-components with respect to
the equilibrium flux surfaces.
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Fig. 6.16 Perturbed pressure at t = 4.4 ms for forced oscillator frequency at resonance,
Jo=183.5kHz.
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Fig. 6.17 Vector plot of v at t = 4.4ms for forced oscillator frequency at resonance, fo =
183.5kHz.
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Fig. 6.18 Vertical component of the perturbed momentum, plotted in (a) along a horizontal
slice, and in (b) along a vertical slice, for different times during one oscillation.

the perturbation V - v = 0. In our simulations, the return flow exhibits a finite spatial
extent inside the plasma. This behavior is consistent with the condition V -v = 0.
The region in which the return flow propagates is affected by the finite gradient of the
density profile in the plasma, deviating from the assumption of a uniform profile of
the theoretical model. A more in-depth analysis of this feature is planned for a future
study. Along the vertical slice, Fig. 6.18b, the vertical component of the perturbed
momentum is the radial flow multiplied by the plasma density, ngV,, which is nearly

constant in the plasma core and decreases monotonically to zero at the plasma edge.

The mode structure obtained for the low frequency mode exhibits the important
characteristics associated with the VDOM, as highlighted later in Table 6.1. The non-
uniform plasma and current density profiles considered in the numerical simulation
have an important impact on the mode structure. However, a global nearly rigid shift
is maintained in the plasma core, while a return flow is localized around the plasma
edge. The lower mode frequency depends on the plasma-wall distance, as shown by
Fig. 6.8, and scales inversely with the square root of the plasma density, as shown by
Fig. 6.10. These results allow us to conclude that the low-frequency mode is indeed
a Vertical Displacement Oscillatory Mode. This is the first time that the VDOM is

identified in a simulation using realistic tokamak parameters.

6.4.2 High frequency mode

The same analysis is now repeated for the higher-frequency mode, scanning the
forced oscillator frequency in the neighbourhood of f};e,. Figure 6.19 shows the

amplitude of the saturated oscillations for the normal component of the perturbed
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Fig. 6.19 Normalized amplitude of the normal component of the perturbed magnetic field as
a function of oscillator frequency fy in the neighbourhood of fj,;e,. Blue dots, corresponding
to numerical results, are fitted by the red curve, assuming the resonant condition (6.7).

magnetic field, normalized to the off-resonance minimum amplitude value (blue
dot at fo = 320kH?z). A resonance is found at the frequency obtained by the FFT
analysis of the plasma response following a "vertical push". The fit of the resonance
condition Eq. 6.7 reveals a resonant frequency f = 311.4kHz and a mode damping
rate Y = —1060s~!.

The mode structure near resonance (fo = 311.5kHz) is shown in Figs. 6.20
and 6.21. The higher frequency mode presents an orthogonal mode parity with
respect to the lower frequency one. The vector plot of Fig. 6.22 shows a perturbed
flow, oscillating inward and outward along the equatorial midplane, localized in the
plasma core, together with a return poloidal flow in the outer region of the plasma.
In Fig. 6.23, 1D plots of the horizontal component of the perturbed momentum
along horizontal and vertical slices are shown. The mode structure is global with a
strong peak of the poloidal flow, Vg, close to the plasma edge. This peak is located
close to the minimum of the n = 0 Alfvén continuum, and the frequency value at the
minimum of the spectrum compares well with the one obtained for the mode.

These features are characteristic of the n = 0 GAE, as reported in Table 6.1 in
the next section, leading to the identification of the high-frequency mode in our
NIMROD simulation as a GAE.
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Fig. 6.20 Perturbed magnetic field components at t = 4.5 ms for forced oscillator frequency
at resonance, fy = 311.5kHz. (a) Tangential, and (b) normal B-components with respect to
the equilibrium flux surfaces.
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Fig. 6.21 Perturbed pressure at t = 4.5 ms for forced oscillator frequency at resonance,
Jo=311.5kHz.
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Fig. 6.23 Horizontal component of the perturbed momentum, plotted in (a) along a horizontal
slice, and in (b) along a vertical slice, for different times during one oscillation.
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6.5 Concluding remarks

This chapter represents an initial attempt to extend the investigation of n = 0 vertical
displacement oscillatory modes and their interaction with fast ions to more realistic
tokamak conditions. The initial step involved confirming the analytic theory by
validating the simplified model with the NIMROD code, which yielded excellent

agreement between numerical and analytic outcomes.

In the latter part of this chapter, the analysis was expanded to characterize
Vertical Displacement Oscillatory Modes (VDOM) using experimental data from
JET discharges. The goal of these simulations was to offer an first description of how
VDOM manifests in realistic tokamak geometries with experimental profiles. These
simulations aimed to observe stable oscillatory modes, with the free energy for the
modes coming either from an initial perturbation or a forced oscillator. Work is in
progress to implement the distribution functions outlined in Sec.3.3 in the hybrid
kinetic MHD module of the NIMROD code.

An expedient way to investigate damped modes in a numerical simulation of a
tokamak plasma, used here for the first time in NIMROD simulations, has been to
introduce forced oscillations of the perturbed plasma temperature with a prescribed
value of the forcing frequency. When the oscillator frequency matches that of a
plasma normal mode, a resonance occurs, which allows the normal mode to grow to
a finite amplitude and to be fully resolved numerically. In this way, we can study
the normal mode, without relying on carefully selected initial conditions, which
facilitates the identification of its distinctive physical properties.

Our simulations suggest the presence of two distinct Alfvén modes as potential
explanations for the observations in JET: a lower-frequency n = 0 mode, approxi-
mately at 180 kHz, identified as a Vertical Displacement Oscillatory Mode (VDOM),
and a higher-frequency n = 0 mode, around 310 kHz, identified as a Global Alfvén
Eigenmode (GAE). In JET discharge #102371, the n = 0 mode was excited with
a frequency of 320 kHz. If the numerically resolved mode frequency is the sole
criterion for comparison with experimental data, one might be inclined to conclude
that the observed mode in JET shot 102371 is a GAE. However, it’s important to
note that both GAE and VDOM could potentially be excited in future tokamak

experiments, depending on specific plasma conditions.
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A comparison between VDOM and GAE reveals distinctions in their charac-
teristics. GAE predominantly manifest as internal modes, whereas VDOM exhibit
external characteristics. The radial structure of GAE results in the perturbed poloidal
flow peaking near the minimum of the n = O continuum spectrum. In contrast, the
radial structure of VDOM shows significant insensitivity to the g profile. Both modes
are global, yet they differ in parity concerning the poloidal angle. The perturbed
flow of GAE follows an even parity, signifying a side-to-side motion of the plasma
core along the equatorial plane of the toroidal configuration. On the other hand, the
perturbed flow of VDOM exhibits an odd parity, corresponding to a nearly rigid-shift,
up-down vertical motion of the plasma core. Both GAE and VDOM frequencies
scale inversely with the Alfvén time, i.e., @ =< (B},/ pm)'/?. The GAE frequency
aligns with the minimum of the n = 0 continuum spectrum, influenced by the ¢
profile, with weak dependence on plasma-wall distance. In contrast, the VDOM
frequency varies with plasma-wall distance while displaying limited sensitivity to
details of the g profile. This comparison between GAE and VDOM is summarized
in Table 6.1.



Chapter 7

Conclusion

7.1 Conclusions

In the next generation of magnetic confinement fusion devices, the focus is on achiev-
ing a burning plasma, where self-heating is provided by alpha particles generated
with an energy of 3.5 MeV through fusion reactions in D-T plasmas. The presence
of alpha particles and other energetic ions, produced via auxiliary heating, has a
significant impact on the magnetohydrodynamic (MHD) stability of the plasma
discharge. Wave-particle resonant interactions can induce various MHD instabili-
ties, ranging from Energetic Particle Modes (EPMs) to the entire class of Alfvén
Eigenmodes (AEs) [7-10, 33]. In this thesis, our focus is on the destabilization of
Vertical Displacement Oscillatory Modes (VDOM) due to wave-particle resonances.
VDOM are natural modes of oscillations in tokamak plasmas and arise due to the
passive feedback stabilization of the well-known ideal vertical instability. Although
the vertical plasma stability has been extensively studied, the stable branch of the
dispersion relation associated with the VDOM solution has not received thorough
attention. These modes are damped by wall resistivity and plasma collisional pro-
cesses such as viscosity, and they are not typically observed in tokamak experiments
under normal operation conditions. However, they may be driven unstable by MeV
fast ions. The theoretical framework developed in this thesis represents an initial
effort to characterize this new type of fast-ion driven instability, providing valuable
insights for experimental investigations. Indeed, this research is partially motivated

by the observation of saturated n = O fluctuations with Alfvénic frequency in recent
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JET experiments involving fast ions produced by auxiliary heating, as discussed in
Ref. [3] and [44], and in recent D-T discharges in presence of alpha particles.

The analytical derivation of the dispersion relation for a vertical plasma displace-
ment is presented in Chapter 4 and is based on Ref.[15]. These vertical displacements
are axisymmetric perturbations, with a toroidal mode number of n = 0, in a toroidal
tokamak plasma. They induce an vertical motion of the entire plasma column, pri-
marily characterized by Fourier components with an elliptical mode number of m = 1.
The derivation is based on the reduced ideal-MHD model and assumes a simple
"straight-tokamak" equilibrium with an elliptical plasma boundary and a uniform
current density profile. The equilibrium assumption is motivated by the fact that the
stability and growth rate of vertical displacements depend on plasma shaping and
total plasma current rather than on details of current density profiles. The vertical
stability analysis is conducted using the ideal-MHD energy principle. The method
of quadratic forms, along with the normal-mode solution for the mode structure, is
demonstrated as an efficient approach to derive the dispersion relation. The relevant
dispersion relation is quadratic in Y for the ideal wall case, while it becomes cubic
in 7 for the resistive wall case. In the resistive wall scenario, an additional purely
growing mode with zero frequency emerges, with a growth time on the order of
the resistive wall time. Active feedback control systems in tokamak experiments
focus on suppressing this purely growing mode. The growth rate of the non-rotating
n = 0 resistive wall mode has been studied in close to the marginal stability limit,
following Ref.[16]. In this limit we showed that the resistive wall growth rate scales
with a fractional power of the wall resistivity, and can be much faster than the one
obtained in the standard D > 1 case.

The other two roots, referred to as "vertical displacement oscillatory modes"
(VDOM), are purely oscillatory for the ideal wall case, when the ideal vertical
instability is suppressed. These modes exhibit weak damping due to wall resistivity.
However, their oscillation frequency is slightly below the poloidal Alfvén frequency,
rendering them unaffected by Alfvén continuum damping. This modes can resonate
with fast ion populations, generated in a tokamak plasma due to auxiliary heating

and/or as products of fusion reactions.

Under specific conditions discussed in Ch.5, and based on Ref. [17], this resonant
interaction has the potential to destabilize the VDOM. The stable branch of the

dispersion relation linked to the VDOM solution has been expanded to include
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kinetic effects arising in the presence of MeV fast ions. Utilizing the method of
quadratic forms introduced in Ch.4, the contributions of energetic ions have been
naturally integrated through an extended energy principle. The dispersion relation,
considering the impact of wave-particle resonant interaction, can be investigated
perturbatively. This involves focusing solely on the resonance contributions to the
growth rate of the VDOM, while disregarding effects on the mode frequency. The
instability can be driven by a mode-particle resonant interaction involving fast ions
on both trapped and passing orbits. The necessary conditions for instability is a
distribution function of the fast ions with positive slope with respect to energy or
anisotropy in velocity space. Various distribution functions have been explored, such
as a slowing-down inverted by losses and a single-pitch slowing down. Determining
a critical fast ion density threshold for instability involves evaluating the interplay
between the drive from mode-particle resonance and damping introduced by the
resistive wall. A distribution function influenced by sawtooth oscillations may
provide the free energy necessary for the mode destabilization under particular

conditions that are under investigation.

The analytic results discussed so far have relied on our simplified "straight-
tokamak" equilibrium. In Ch. 6, these analytic findings on n = 0 modes have been
successfully replicated using the extended-MHD code NIMROD. The close agree-
ment between analytic theory and numerical results serves as a robust benchmark
and a valuable initial point for further numerical explorations of n = 0 modes in ex-
perimental tokamak configurations with realistic plasma geometries. Discrepancies
observed between analytic and numerical outcomes have been primarily attributed to
differences in the wall shape utilized in the analytic work compared to the NIMROD
simulations, along with the fact that NIMROD adopts a low-density, high-resistivity
halo plasma instead of the vacuum assumed in the analytic calculations. In cases
where ideal-MHD vertical displacements are passively stabilized due to the presence
of the ideal wall, VDOM are identified. In the simulations, VDOM exhibit weak
damping, owing to the low values of plasma and halo resistivity, viscosity, and other

dissipative terms.

In Chapter 6, we then reported the first numerical simulations of VDOM in realis-
tic tokamak geometry, following Ref. [2]. The characteristics of VDOM resolved in
these simulations align qualitatively very well with those obtained through analytic
work based on the idealized straight tokamak equilibrium. This computational evi-

dence conclusively establishes VDOM as natural modes of oscillations in tokamak
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plasmas. For our numerical simulations, we selected the equilibrium profiles from
JET discharge #102371, where n = 0 modes destabilized by energetic ions were ob-
served. Our simulations reveal the presence of two distinct Alfvén modes that could
potentially explain the observed phenomena in JET: a lower-frequency n = 0 mode
at approximately 180 kHz, identified as a VDOM, and a higher-frequency n = 0
mode at around 310 kHz, identified as a Global Alfvén Eigenmode (GAE). We also
outlined key distinctions between GAE and VDOM that could aid in experimental
identification, as both modes are plausible candidates for interpreting the observed
n = 0 modes in JET discharges.

In conclusion, this thesis has introduced a new type of fast-ion-driven instability
in tokamak plasmas, dubbed as fast-ion-driven Vertical Displacement Oscillatory
Modes (VDOM). The results presented are a comprehensive discussion based on the
author’s publications and research carried out during the Ph.D. period. Both analyti-
cal and numerical results consistently depict VDOM as external modes characterized
by a nearly rigid shift mode structure, describing the entire plasma’s oscillation
in the vertical direction with an Alfvénic frequency. Notably, the mode frequency
falls below the minimum of the Alfvén frequency for standard tokamak param-
eters, rendering them immune to strong continuum damping. Consequently, the
resonant interaction with MeV fast ions has the potential to drive them unstable.
The theoretical framework presented here serves as an initial description of these
fast-ion-driven VDOM, aiming to provide a possible interpretation for the observed

n = 0 perturbations in recent JET experiments.

The theory outlined in this thesis marks an initial exploration into understanding
these n = 0O instabilities. However, further theoretical advancements are essential to
achieve a comprehensive understanding of these phenomena, particularly in more
realistic scenarios that account for non-uniform profiles and equilibrium flows. Addi-
tionally, a thorough investigation into the sources of inverted distribution functions,
which drive these modes, is required. Furthermore, experimental validation of
these modes through rigorous modeling remains a crucial aspect under investiga-
tion. Through such validation, the theoretical framework can be refined and its

applicability to real-world plasma systems might be fully assessed.

Despite these considerations, we can highlight the significance of fast-ion-driven
VDOM in tokamak plasmas. Firstly, addressing the challenge of n = 0 Vertical Dis-

placement Events (VDE) is crucial for ensuring the safe operation of fusion machines.
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In this context, fast-ion-driven VDOM may serve as valuable precursor modes. Their
frequency carries essential information about the vertical stability of the plasma,
making them potentially useful for VDE mitigation. Another intriguing aspect of
fast-ion-driven VDOM is their destabilization through wave-particle resonance with
MeV ions. Typically, n = 0 perturbations do not directly induce radial transport of
resonant particles. However, they may facilitate a faster relaxation of the fast ion
distribution function towards a standard slowing down distribution. In the context of
alpha particles generated by fusion reactions, these processes could enhance particle
slowdown, with alphas exchanging energy with plasma waves rather than electrons.
This collisionless extraction of alpha particle energy, known as ¢-channeling, holds

significant implications for the feasibility of controlled fusion energy.
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Appendix A

Derivation of the time-dependent
temperature profiles and distribution
functions in presence of sawtooth
oscillations

A.1 Kadomtsev reconnection

The well known Kadomtsev reconnection model described in [54] prescribes a
method for the determination of the post-crash pressure profile making use of he-
lical flux and energy conservation arguments. In particular situations, it allows for
analytical work. Starting from the q profile described in Eq. (3.63), it is possible
to determine analytically the mixing radius r,,;,. Kadomtsev model is based on the
assumption that magnetic surfaces with equal helical flux y, reconnect, due to a
growing magnetic island with poloidal and toroidal mode numbers m/n = 1, and that
during reconnection the toroidal flux yr is conserved. In cylindrical approximation

we can express the normalized helical flux up to leading order in r/R as:
2

v () = /0 " [q(P) ' 1] (A.1)

Within the cylindrical approximation, assuming nearly constant toroidal magnetic

field, the toroidal flux conservation constraint can be reconsidered as the conser-
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vation of the cross-sectional area between reconnecting surfaces. The helical flux
corresponding to the q profile of Eq. ( 3.63), reads:

A 4
Ilzkpre(rz) 29 .2 (rz r ) (A2)

qo 2r?

The magnetic axis will reconnect with the magnetic surface at r = ry;y, Y (0) =
Y. (r mlx) resulting in rmlx = 2r§. Each magnetic surface inside r; will reconnect with
one outside: labeling an arbitrary radius inside the resonant surface r;, there will
be a radius r, at which W, (r?) = y.(r3). From Eq. (A.2), we obtain r = 2r2 — r?
and r]2 = 2r32 — r%. After the reconnection process, each reconnected surface will be
again circular, with radius ry, that can be determined form the toroidal flux (area)

conservation constraint as r,% = r% — r% Combining the two expressions we can write

11 =r?—r?/2 and r3 = r? +r7/2. In particular, the magnetic surfaces after the
reconnection will be characterized by W." (r7) = y.P™(r?). Since ry is an arbitrary
radius of the reconnected magnatic surfaces, we can obtain the reconnected helical

flux, and therefore the relaxed q profile:

_1,A r
~ rel 2 q
g —ri—(1—— A3
d,™ () ] lAqr
N T = A4
dr? C[(l" )rel 4 90 1"2 ( )

In order to determine the relaxed pressure profile, we consider that, during the
reconnection, the thermal energy of the plasma involved in the process is conserved,
i.e. we impose the conservation of the thermal energy integral within the cross-

sectional area between reconnecting surfaces.

rn 2 rf 5
27[/ drppre(r’) = 277:/ drpre(ro) (A.S5)
r1 0
After simple manipulations, we can write

P 2
/0 dr prel<r =

rg—o—r]%/Z ry —rk/2
/2 ppre(rz)a’r2 —/2 ppre(rz)dr2 (A.6)

s
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and, differentiating with respect to r,%:

1
prel(rz) = 5 [ppre(r52+r2/2) +Ppre(r52 _r2/2)} (A7)

If we assume that the pre-crash pressure profile inside the mixing radius ry,;x = V2r,
is parabolic,

2
r
ppre(r2> = Po [1 - _2] (A.8)
r
p
where py is the onaxis pressure, and r, > ry;y, then the relaxed pressure profile is
constant:
2 n
Pret(r?) =po |1 — r—; = const (A.9)
p

Note that a different assumption for the pre-crash pressure profile in general leads to

a non-constant relaxed pressure.

The pressure profile is assumed to depend on time during sawtooth ramps ac-

cording to:

r2
p(rt) = p1(1) [1 B ] . (A10)

2
rS
Thermal energy conservation determines the value of p,,;,

2

Timix
A dr’p(rt) = prelrrznix, (A.11)
and of the parameter () = 1 — p,,;/p1(t). The time dependent parameter p;(t)
can be determined describing the temperature evolution during the ramp. Here, we
assume that the on-axis temperature increases linearly in time from p,; to pp(0).

In this way one obtains:

t
p1(t) = po ll—g(l—fmw)]. (A.12)
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With B(t) = 1 — pye1/pi1(t), the pressure profile evolution reads:

2 2
r t r-t
p(rt)=po|1—= <1——>——
( ) [ 7-127 Tsaw rlzyfsaw

2 2
r.—r- t

=pret |1+ 5—5— (A.13)
"y =15 Tsaw

A.2 PDE solution

In this appendix we detail the solution of the differential equation

8V3foc _ Lav3fa
ot Tsd dv

+ VoV fo =1V Sq (A.14)

under the different assumptions considered in the main body of this article. Defining
Fy =13 fo, One must solve
JF, dF,
_OC —l_a +VO¢FO(:V3S(X (A'ls)
ot Tod dv
It is possible to restrict the analysis to the solution of the differential equation for
particles born during the generic n-th sawtooth cycle (with nty,, <t < (n+ 1)Teq).
Considering a constant slowing-down time and a varying source term, as in Sec. 3.3.3,
we can solve Eq. (A.15) using the method of characteristics. The characteristics

equations are:

v =cre !/ To (A.16)
) = ve'l o, (A.17)

These are used to solve the differential equation:

dFy

= V3 San(t,r,v) — ViFan. (A.18)
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To solve Eq. (A.18) we consider:

Fon(t,r,v) =C(t,r,v)e """ (A.19)
dc
= Vv San(t,rv)e (A.20)

and thus the integral equation:

Z/
Clt,r,v) = / dtv3Sn(t,r,v)e™. (A21)

The time-dependent source term can be expressed as

Seun(r,1,v) = Syer {1 A ( ! —nﬂ .

TSCIW

H[(n+ 1)Tgqy —t|H[t — nTyq] 0 (v — vp) (A.22)

with S, = cSngTOZ.rel / v,% being the source term associated with the relaxed tem-
perature after a sawtooth crash. Applying the characteristic relation of (A.16) and
integrating by exploiting the delta function properties within (A.22), we then consider

the second characteristic relation A.17, leading to the following expression:

) v ViTsdo
tv
C(t,r,v) = viTeo (E) e'viS, o1 ¥

t T v 2
1+A(r) + D 0g(— ) —n| } x
Tsaw Tsaw Vb

Tsd0 | %

Hlvy —v[H[(n+ 1) Tsq — t — og —|x
Tsaw Vb
T.
Hlt+ 2P 1og ¥ — i) (A.23)
Tsaw Vb

Lastly, from expression (A.19) for Fy ,, and manipulating the argumet of the Heavi-

side function, one obtains the relevant distribution function describing particles born
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during the n-th sawtooth cycle:

fon(rt,v)= Tsdovi%l“v%%l"‘H [vp — V] X (A.24)

t T v 2
st [ e () ]
saw saw

H [v — Vbe(nfsaw*l)/%do} H [Vbe((nﬂ)fsaw*f)/?vdo _ v} : (A.25)

where Iy = V;Tyq0/3.

The same technique can be considered in order to solve Eq. (A.15) with constant
source term and varying slowing-down time, as in Sec. 3.3.4). However, more care
is required due to the discontinuities in Ty, introduced by the sawtooth crashes. For
simplicity, we neglect the loss term, i.e. we set v; = 0. Due to the discontinuities in
Tsd, We consider again particles born during the n-th sawtooth cycle, but we solve the
differential equation (A.15) separately for each successive sawtooth cycle. During

the n-th sawtooth cycle, the slowing-down time varies according to:
= Ty rethn(r; 1)/ A26
Tsd<r7t) Tsd rel n(rvt) ( . )

defining hy,(r,t) = 1+ A(r) (t/Tsqy — 1), While the constant source can be expressed
as Sa = 505(\/ — Vb).

We can proceed using the method of characteristics, with characteristic equations:

2Tsaw 1/2:|
v=ciexp | ——————hu(rt A.27
1exp |:Tsd,relA(r) n( ) ( )
c] =vexp [—Mhn(r,t)_l/z] (A.28)
Tsd,relA(r)
in order to solve

dF(;};,”‘ o,

=Y So0(v—vp). (A.29)

Integrating in time, Using Eqs. (A.27) and A.28, one obtains the solution valid for
the n-th sawtooth period:

FIM,1,v) = VS0 Ty rethn (r " (12,v)) 3/

H[" (e V) H[t — " (r1,v)]

n

H [ Toy — 1" (r,1,v)] (A.30)
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where

Lsaw {[A(r)n 1]+

M (rt,v) = A0
. ! . } (A31)
[—T"‘dz*’;;w(r) log (*2) + hn(r,t)*l/z}

We can rewrite the Heaviside function in terms of velocities:

FI (1, 1,v) = V2S0Tsd rethn (1 (1,2,v)) 32
(A.32)

with:

vz;,ii};(r,t) =X
2Tsaw [ 1/2 }
expd — | — hy(rt } (A.33)
P { Tsd relA(r) n( )
vz;,fgx(r,t) = VX
2Tsaw 1 -1/2
exps — — hy,(rt A.34
p{ Tsd,relA(r) A(I’)+1 ( ) ( )

We now look for the solution associated to particles born during the n-th cycle

during the (n+1)-th sawtooth cycle. In this case the source term is zero and we have

to solve the following differential equation:

dFy v dFy
T . (A.35)

It is still possible to proceed considering the characteristic equation, but during this

cycle the slowing-down time follows
(A.36)

Tsd(rat) = Tsd,relhn-i-l (l’,l‘)3/2.
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Accordingly, our characteristic equations read

2Tsaw _1/2:|
v=ciexp | ———h,1(rt (A.37)
P |:Tsd,relA(r) * ( )
C1 = vexp {_Mhn+l(r7t)_l/2:| ’ (A.38)
Tsd,relA(r)
that we can use to solve:

anJrlfth

— =0 R =t (A.39)

and then match its solution with the one from the previous sawtooth period. Con-
sidering the characteristic equation (A.37), we obtain the following relation for the
constant:

cst = F&‘;h(r, (n+1)Tsan,
ZTSQW

~1/2
ot A () hys1 (r, (n+ 1) Teaw) ) (A.40)

c1exp

Considering then the expression for #*~"#(r,t,v) of Eq. (A.31) and the Heaviside
functions of Eq. (A.32), together with the second characteristic Eq. ( A.38), it is
possible to obtain the solution during the (n+1)-th sawtooth period:

FE (e, 1v) = vESoToa pethn (1,101 (r,1,v)) /2

H(vy, —v|H[" It Ay V| H [y — Lt py) (A41)

n,max n,min

where

TYa
rIh g g ) — T {[A(r)n— 1+

)
[TSdz”;jjv(r) log (2) + hyy1 (1) =12 — (1 - )]

and Av is defined as:

—2Tsaw 1
Av = 1—- A43
' exp{fsd,relA(r) ( A(l’)+ 1) } ( )
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while the new maximum and minimum velocities are:

VL (1) = vy x
2Tsaw [ -1/2 }
expq ———2 [ _p (e } (A.44)
p{ Tsd,relA(r> " ( )
Vﬁﬁla}lh(hf) =VpX
2fsaw 1 ~1/2
expd — —hyi(rt . (A.45)
p{ Tsd,relA(r)[ A(F)—|—1 n—i—( )

4 The same procedure can be followed in order to derive the solution for later
sawtooth periods (n+2,n4-3,...). A recursive expression for the distribution function
can be obtained for the evolution of the particles born during the n-th cycle for all

times:

Fan(rt,v) = SoviH [vp — v] X
Tsd,relhn(ra fn(r,t,v))3/2><
H [v—"0y min(r,t)| H [V max(r,1) — V] (A.46)

where the generalized functions for the characteristic time, maximum and minimum

velocities are defined as follows:

sl [Gc o | I E,

ﬁn,min(rat) = VbAVLl_gf‘swcfwJ X

exp {——ZTWW 3 [1 — hn(r, t)*l/ﬂ } (A.48)

Tsd 7relA(
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ﬁn,max(’”,f) = VbAvL%J X

2TSdW 1 ~ _]/2
— — hy(r,t A.49
P { Toa,retA(r) | \/A(r) +1 () ]} (A4

and the generalized function fz(t, r) depends on the integer part of (f — nTsqy)/ Tsaw:

(1) = 1+A(r)( L - {wD (A.50)

TSGW TS(IW

Remembering the definitions of Fy, , and £, (¢, r), the distribution function reads:

2
1%
fmn(r,t,v) :S()V—Z;H[Vb—v] X

2 3/2
Tsd,rel{1+A(r) {M_n] } X

Tsaw

H [v ="V min(r,t)| H [Pp max(r,1) — V] . (A.51)

In the situation with both the source term and slowing-down time depend on time
through the plasma temperature, as in Sec. 3.3.5, the analytic procedure is again
the one just described for the case of non-constant slowing-down time of Sec. 3.3.4.
Since the source term and the slowing-down time vary in the same way, following the
temperature evolution, the only additional effect of the varying source with respect
to the previous case lies in the exponent of the varying temperature function, A, (r,?).

The full distribution function can then be expressed as:

2
1%
fa,n(’”atav) :Srelv_gH[Vb_V] X

~ 7/2
Tsd,rel{l+A(r) {M_n] } X

TS aw

H [v ="V min(r,t)| H [Ppmax(r,1) — V] (A.52)
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