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Abstract

Tokamak disruptions can convert a large fraction of the plasma current into a
beam of relativistic runaway electrons. In a reactor-scale device such as ITER,
a runaway electron beam could carry several megaamperes and, if left uncon-
trolled, could cause severe damage to plasma-facing components. Predicting
whether a given disruption scenario leads to a dangerous runaway beam, and
designing injection schemes that prevent it, requires models that capture the
interplay between material injection, rapid plasma cooling, electric field evo-
lution, and the various mechanisms by which runaway electrons are born,
multiply, and are lost. This thesis addresses runaway electron physics from
seed formation to disruption mitigation through numerical modelling.

A synthetic electron cyclotron emission (ECE) framework is developed
and applied to vertical ECE measurements on the TCV tokamak, combin-
ing Fokker-Planck calculations of the electron distribution function with ray
tracing and radiative transfer. The analysis demonstrates that vertical ECE
can resolve the energy-dependent dynamics of suprathermal electrons in the
20-100 keV range, providing constraints on the nascent runaway seed that
are difficult to obtain with conventional diagnostics.

The disruption simulation framework DREAM is then extended with sev-
eral physics models relevant to ITER: runaway electron losses from vertical
plasma displacement, cross-field drift of pellet ablation material, stochasticity
driven current-profile relaxation, and an updated Compton scattering source
for the ITER first wall. These are applied to a systematic study of shattered
pellet injection scenarios in ITER showing that avoiding a multi-megaampere
runaway beam depends sensitively on the thermal quench timescale, the in-
jected material composition, and the competition between runaway multipli-
cation and scrape-off losses. Finally, a viable theoretical pathway that limits
the runaway current to tolerable levels even in the presence of nuclear runaway
sources is identified.
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Sammanfattning

Vid avbrott i en tokamak kan en stor del av plasmastrommen omvandlas till en
strale av relativistiska skenande elektroner. I en reaktor i ITER-skala skulle en
sadan strale kunna béara flera megaampere strom och orsaka allvarliga skador
pa komponenter niira plasmat om den inte kontrolleras. For att forutsiiga om
ett visst avbrott leder till en farlig strale av skenande elektroner och utforma
injektionsmetoder som kan forhindra detta krdvs modeller som fangar sam-
spelet mellan materialinjektion, snabb plasmakylning, det elektriska faltets
utveckling samt de olika mekanismer genom vilka skenande elektroner upp-
star, multipliceras och férloras. Denna avhandling behandlar fysiken bakom
skenande elektroner fran deras bildande till mitigering av avbrott, med hjilp
av numerisk modellering.

Ett syntetiskt ramverk for elektron-cyklotron-stralning (ECE) har ut-
vecklats och tillimpats pa vertikala ECE-métningar vid experimentet TCV.
Fokker—Planck-berdkningar av elektronernas fordelningsfunktion kombineras
med straloptik och stralningstransport. Analysen visar att vertikal ECE kan
upplosa den energiberoende dynamiken hos supratermala elektroner i energi-
intervallet 20-100 keV, vilket ger information om den begynnande populatio-
nen av skenande elektroner som annars ar svar att erhalla med konventionell
diagnostik.

Det integrerade ramverket for avbrottssimuleringar DREAM har dérefter
utokats med flera fysikmodeller relevanta for ITER: forluster av skenande
elektroner till f6ljd av vertikal plasmaférskjutning, tvarfaltsdrift av materi-
al fran pelletablation, stokasticitetsdriven relaxation av stromprofilen samt
en uppdaterad killterm for Compton-spridning motsvarande ITER:s priméra
végg. Dessa modeller har tillimpats i en systematisk studie av scenarier med
injektion av pellet-splitter i ITER, vilken visar att mojligheten att undvika
flera megaampere av skenande elektronstrom beror starkt pa tidsskalan for
varmeforlusten, sammansédttningen hos det injicerade materialet samt balan-
sen mellan multiplikation av skenande elektroner och hur snabbt de skrapas
av mot viggen. Slutligen identifieras en teoretiskt mojlig vig framat for ITER
som begrénsar strommen som bérs av de skenande elektronerna till tolerab-
la nivaer, dven i de fall da skenande elektroner kan uppsta genom nukledra
processer.
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Chapter 1

Introduction

For decades, the prospect of abundant and low carbon energy from con-
trolled nuclear fusion on Earth has been an ambitious goal. Despite sus-
tained scientific and technological progress, substantial challenges remain.
Among the most concerning is the generation of large and energetic beams
of relativistic electrons during tokamak disruptions. These are commonly
referred to as runaway electrons and are the focus of this thesis.

To motivate their study, this chapter first clarifies the role of fusion as
an energy source and introduces the basic principles of magnetic confine-
ment, with emphasis on the tokamak concept and briefly introduces the
concepts of disruptions and runaway electrons.

1.1 Global energy demand

Global energy demand continues to rise to unprecedented levels. In 2023,
worldwide primary energy consumption reached a record high of about
620 exajoules (EJ), having grown at an average rate of roughly 1.5% per
year over the past decade [1]. This upward trend is driven by a growing
population and rising standards of living: advances in energy efficiency
have been unable to offset increased demand from population growth and
higher per-capita consumption as developing regions industrialize [2]. In
a current-policies scenario, global primary energy use in 2050 is projected
to be 16-57% higher than in 2022 [2], continuing the historical growth
trajectory. Providing secure, sufficient energy to a larger and more affluent
world is thus a central challenge for the coming decades.

Equally important is doing so sustainably. Fossil fuels still supply more
than 80% of world primary energy today, and are responsible for the major-
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CHAPTER 1. INTRODUCTION

ity of anthropogenic greenhouse gas emissions [1]. The resulting climate
impacts, together with air pollution and other environmental pressures,
imply that a major energy transition is needed to meet global energy
needs while eliminating net carbon emissions.

Recent years have seen rapid expansion of renewable energy sources,
but current renewables alone face limitations in meeting global demand at
scale. Solar and wind power are variable by their intermittent nature, re-
quiring energy storage or backup generation to ensure a continuous supply.
They also have relatively low energy density, implying large land, or off-
shore area requirements per unit of energy. For example, supplying today’s
energy consumption using only solar photovoltaics has been estimated to
require on the order of a 550 km by 550 km area of panels (roughly 0.2% of
Earth’s land area), illustrating the immense scale of infrastructure needed.
Moreover, not all energy end-uses are easily electrified, and integration
challenges and reliability issues grow as variable renewables approach a
dominant share of the supply [3]. Continued progress in batteries, grid
expansion, and demand management can enable very high renewable pen-
etrations, but it is likely that additional low-carbon, dispatchable energy
sources will be needed to fully decarbonize the system.

Against this backdrop, nuclear energy provides a high-density, low-
carbon option. Current fission reactors supply low-emission electricity in
many countries, yet concerns about safety, waste and proliferation still
limit their broader acceptance. Fusion, by contrast, aims to deliver the
benefits of a nuclear energy source with inherently favourable safety char-
acteristics. Its development is driven not only by climate considerations
but also by the need for a sustainable, large-scale power source as global
demand grows through mid-century. Fusion offers an energy density of
~ 3.4 x 101 J/kg for the deuterium-tritium reaction 4], roughly seven
orders of magnitude above chemical fuels, and relies on fuel resources
(deuterium from water and lithium for tritium breeding) that are effec-
tively inexhaustible on human timescales [5]. A reactor would produce
electricity with negligible greenhouse-gas emissions and without long-lived
radioactive waste [5], while delivering steady, dispatchable power. Unlike
fission, it involves no risk of runaway chain reactions or large-scale melt-
down and poses minimal proliferation concerns. Most importantly from
a systems perspective, the enormous energy density of fusion decouples
fuel availability from the scale of infrastructure required to deliver a given
power output: tiny quantities of widely accessible fuel can sustain very
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large power outputs. In contrast to fossil fuels and many renewables, fu-
sion’s long-term potential is not constrained by resource limits or land
use, but by our ability to resolve the remaining physics and engineering
challenges.

1.2 Nuclear fusion

At the heart of the fusion energy concept lies a nuclear process in which
two light nuclei fuse to form a heavier one, releasing energy in the process.
To understand on general grounds why fusion of light elements can be an
energy source, it is useful to introduce the binding energy of a nucleus.
For a nucleus in its ground state, the binding energy (B.E.) is defined as

B.E. = Zmyc® + (A — Z)muyc® —U

where Z is the atomic number, A is the mass number, m,, is the proton
mass, my is the neutron mass, ¢ is the speed of light in vacuum, while U
is the total energy (rest energy) of the nucleus.

=~ (@} oo

[\]

B.E. per nucleon (MeV)

o

0 50 100 150 200
Mass number

Figure 1.1: Binding energy (B.E.) per nucleon as a function of the mass number.
Red markers highlight isotopes of special significance.

Figure [I.I] shows the binding energy per nucleon as a function of mass
number. Nuclei lighter than iron have, on average, a lower binding energy
per nucleon than medium—mass nuclei. When two light nuclei fuse to
form a heavier one, the product typically lies higher on this curve, and
the increase in total binding energy is released as kinetic energy of the
reaction products. Conversely, very heavy nuclei can release energy by
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splitting (fission) into fragments closer to iron. In both cases, energy
can be extracted by exploiting the increase in binding energy per nucleon
between reactants and products.

Energy—producing fusion is most favourable for the lightest nuclides
for two independent reasons. First, light reactants lie on the rising side
of the binding—energy—per—nucleon curve, so the fusion product is more
tightly bound and the corresponding increase in total binding energy is
released as kinetic energy. Second, charged nuclei experience a Coulomb
repulsion whose potential barrier scales with the charge product Z;Zs.
The quantum—tunnelling probability through this barrier decreases ap-

proximately as exp (—\/ Eg/ E) where E is the centre—of—mass energy and

Eq < p(Z173)? is the Gamow energy, with p the reduced mass. Hydro-
genic isotopes minimise both Z; 75 and p, leading to comparatively large
tunnelling probabilities at temperatures that are conceivably attainable in
the laboratory [6].

10721

10722

1072

v) (m? s

2107

(o

I

1072

10! 10 103
T (keV)

Figure 1.2: Maxwellian-averaged fusion reactivity (ov) as a function of temperature
T for the D-D (black), D-T (green), and D-3He (red) reactions. Both axes are
logarithmic; the D—T channel attains the largest reactivity, peaking near T ~
100 keV.

In a thermonuclear plasma, fusion reaction rates are characterised by
the Maxwellian-averaged reactivity (ov), which depends on the plasma
temperature. Figure shows (ov) as a function of temperature T for
the most relevant light—element fuel pairs: D-T, D-D and D-2He. The
D-T channel attains the largest reactivity and does so at the lowest tem-
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peratures (tens of keV; the peak of (ov) lies around T' ~ 100 keV). Conse-
quently, the main fuel candidates of practical interest for terrestrial fusion
are the light-element pairs D-T, D-D and D-?He, with D-T being the
most favourable. Specifically, the D-T reaction

D+T — «a(3.5MeV) + n(14.1 MeV),

partitions about 20% of the released energy to a charged « particle and
about 80% to a neutron. The « particles are confined by the magnetic
field and can transfer their energy back to the plasma, providing self-
heating that is essential for ignition. The high D-T reactivity lowers the
confinement requirements relative to alternative fuels, while the neutrons
carry most of the energy to the surrounding blanket, where it can be
converted to heat and, in a reactor, used to breed tritium from lithium.
These features, together with deuterium’s abundance and the possibility of
tritium breeding, make the D—T reaction the near-term choice to produce
energy from fusion on Earth.

1.3 Magnetic confinement and the tokamak concept

To exploit the D-T fusion reaction discussed in Section 1.2 as an energy
source, the fuel must be heated to temperatures of order 10-20 keV. Under
such conditions, the gas is fully ionised and exists in the plasma state: a
(quasi-)neutral mixture of charged particles whose dynamics is dominated
by collective electromagnetic interactions rather than by binary collisions.
A simple set of criteria to define a plasma emphasises three basic fea-
tures. First, charge perturbations are screened over the Debye length

80]€BTe
Ap =4/ 1.1
D n362 ) ( )

meaning that electric fields are shielded on scales 2 Ap; second, the plasma
parameter A = n)\?jj > 1, ensures that many particles reside within a De-
bye sphere and that the system is weakly coupled. Third, the characteristic
collective time scale is set by the electron plasma frequency

[ 2
Nee
= 1.2
Wpe come’ (1.2)

which is typically much faster than collisional rates. When these condi-
tions are satisfied, external electromagnetic fields can be used to control
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transport losses, enabling sustained thermonuclear reactivity in laboratory
devices.

On the single-particle level, the motion of a charged particle with charge
q and mass m in electric and magnetic fields E and B is governed by the
Lorentz force

F=q(E+vxB), (1.3)

where v is the particle velocity. In the simplest case with £ = 0 and uni-
form B, particles perform fast gyromotion about magnetic field lines with
cyclotron frequency 2. = |¢|B/m and Larmor radius p;, = v, /Q., while
streaming freely along B at the parallel velocity v). The superposition
of these motions produces helical trajectories that tend to keep particles
close to magnetic field lines. This suggests that a strong magnetic field
whose lines are closed in space could, in principle, confine a plasma.

However, a purely toroidal field By, is not sufficient for this purpose.
Field-strength gradients and toroidal curvature give rise to systematic
guiding-centre drifts (such as curvature and VB drifts) that push ions
and electrons in opposite vertical directions. The resulting charge sepa-
ration drives an electric field that, together with the drifts, leads to net
cross-field transport and, ultimately, to loss of confinement. To cancel
these drifts and produce nested magnetic surfaces that effectively trap
particles, a poloidal field By must be superimposed so that the total field
is helical. The pitch of the helical field lines is commonly characterised
by the safety factor ¢(r) which measures how many toroidal turns a field
line makes per poloidal turn on a flux surface. Appropriate g-profiles are
crucial for stability and transport: they help suppress magnetohydrody-
namic (MHD) instabilities and reduce radial transport, thereby improving
confinement.

The tokamak is one of the magnetic configurations that realises this
concept. The toroidal field By, is generated by a set of toroidal-field (TF)
coils encircling the vacuum vessel. The poloidal field By is primarily pro-
duced by a toroidal current I, driven in the plasma itself, which acts as
the secondary of a transformer whose primary is a central solenoid. Ad-
ditional poloidal-field (PF) coils provide vertical positioning and shaping
control and help tailor the g-profile. The superposition of the TF and PF
systems yields helical field lines that define a family of nested flux surfaces
as shown in Fig.

Tokamaks emerged in the late 1950s and 1960s from pioneering work
in the Soviet Union by Tamm and Sakharov [7], followed by rapid inter-
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Figure 1.3: Tokamak geometry and coordinate conventions. The plasma is or-
ganised in nested magnetic flux surfaces (coloured shells). A toroidal coordinate
system (1,6, ) is used: r is the minor radius (distance from the magnetic axis), 6
the poloidal angle around the small cross-section, and ¢ the toroidal angle around
the machine. Together with the cylindrical frame (R, Z), these define the major-
radius and vertical directions. The zoom on the right shows a poloidal cross-section
with closed flux contours (black), from the magnetic axis (red) to the last closed
flux surface (LCFS).

national development. Decades of advances in magnet technology, plasma
control, and plasma-facing components have made the tokamak the leading
magnetic confinement concept and the basis of ITER, designed to explore
burning-plasma physics and integrated operation at reactor scale, with a
target fusion gain of @ = 10 and a plasma current of 15 MA [5].

1.4 Disruptions and runaway electrons

Paradoxically, the solution that makes a tokamak work, driving a large
plasma current I, to generate the poloidal field and helical flux surfaces,
also constitutes one of its greatest hazards. The stored poloidal magnetic
energy can cause an abrupt disruption and, possibly, the generation of
runaway electrons.

1.4.1 Disruptions

Tokamak disruptions are off-normal events which cause the abrupt termi-
nation of the plasma in an uncontrolled way. Disruptions have multiple
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Figure 1.4: Illustration of the three main stages of a tokamak disruption. During
the thermal quench (TQ) the electron temperature collapses, generating a large
toroidal electric field FE) that can accelerate electrons into the runaway regime. As
the ohmic plasma current I decays during the current quench (CQ), a sufficiently
large runaway population may form a runaway electron plateau, where the RE
current I, carries most of the total current I,.

possible causes, but most arise when departures from stable operating con-
ditions destabilise global magnetohydrodynamic (MHD) modes [§]. The
dominant causes of disruptions are the excitation and nonlinear interplay
of MHD instabilities, such as Neoclassical Tearing Modes (NTMs) and
Resistive Wall Modes (RWMs), or parameter changes that push the equi-
librium into an unstable regime, usually via modification of the current
density profile as in the case of impurity accumulation [8].

Although the specific causes of a disruption can vary, the overall evo-
lution of these events exhibits well-defined and recurrent features [4], as
illustrated in Figure The sequence begins with the thermal quench
(TQ), triggered by the growth of large-scale MHD instabilities that lead
to the ergodisation of the magnetic field lines. As a consequence, both
particles and heat are rapidly transported to the first wall, resulting in a
sudden and drastic drop in plasma temperature. The time scale of this
event is usually <1 ms.

The collapse of the electron temperature boosts electron—ion collision-
ality and raises the plasma resistivity since n o« T7~3/2. The plasma thus
becomes a poor conductor, yet a macroscopic toroidal current is still flow-
ing. In the absence of external drive, the plasma—vessel system behaves like
an inductive circuit and the current drops on a short resistive timescale.
By flux conservation, the rapid fall of plasma current generates a large
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toroidal electric field F). In impurity-rich post-TQ conditions, this se-
quence leads to a rapid current drop on millisecond timescales.

The rapid transport of thermal energy to the first wall during the TQ
imposes large transient heat loads on plasma-facing components, while
halo currents exert significant electromagnetic forces on the vessel struc-
ture [8]. Additionally, the strong parallel electric field induced during the
current quench can accelerate electrons to relativistic energies, creating a
population of runaway electrons (REs). If the post-TQ runaway popula-
tion, referred to as the runaway seed population, is large enough, it can
be efficiently amplified through knock-on collisions during the CQ. The
resulting runaway current can carry a large fraction of the total plasma
current. When this occurs, the disruption enters a phase called runaway
plateau.

On reactor-scale devices such as ITER, projections indicate that dis-
ruptions could generate runaway currents of several megaamperes. If not
controlled, these highly energetic electron beams may impact the first wall
or plasma-facing components, causing severe localised damage through
melting, erosion and activation. To reduce these risks, future tokamaks
rely on active disruption-mitigation schemes based on massive material in-
jection (MMI), in which large quantities of mixed low-Z and high-Z impu-
rities are injected into the plasma on a millisecond timescale. On current
devices this is typically achieved through massive gas injection (MGI),
where high-pressure gas is released from fast valves, while for ITER the
baseline concept is shattered pellet injection (SPI), in which cryogenic im-
purity pellets are shattered into a spray of fragments just upstream of
the plasma to improve penetration and assimilation. Understanding how
such injections cool the plasma, modify the current quench and influence
runaway generation is therefore a central element of ITER disruption miti-
gation. These aspects are investigated in this thesis through the numerical
studies presented in Papers II, IIT and IV.

1.4.2 Runaway electrons

The electron runaway phenomenon can be understood by looking at the
collisional friction force experienced by an electron moving in a plasma,
as shown in Figure [[.5] This function is non-monotonic in the electron
parallel velocity: it peaks around the thermal speed and then falls off like
1/v%. Once electrons are pushed beyond the velocity at which collisional
drag can balance the accelerating electric force, they cross a threshold
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in velocity space and are continuously accelerated, hence the term run-
away [9]. Importantly, the electron acceleration is limited at very high
energies due to synchrotron radiation, bremsstrahlung losses and partial
screening effects [10-12].

().21(?E|) """""" :

Friction Force
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Figure 1.5: Collisional friction force versus parallel velocity v experienced by elec-
trons in a plasma. The drag peaks near the thermal speed vy, and decays as o< 1/ vﬁ
at high v||. For a given electric field F, electrons above the critical velocity v. ex-
perience a friction force smaller than the accelerating force eE and are therefore
freely accelerated. In the presence of partially ionised impurities, bound electrons
contribute additional friction, raising the effective critical field EST > E.. and shift-
ing the critical velocity to v<f [12].

Two important electric fields can be defined when studying the runaway
problem. The first one is referred to as the Dreicer field

e3nelnA

Ep = —5—
b 43T’

(1.4)

where In A is the Coulomb logarithm, a parameter which quantifies the
strength of Coulomb collisions. Ep is a characteristic electric field scale,
defined by the condition that the accelerating force on a thermal electron
equals the maximum collisional friction force. It sets the natural unit for
electric fields in runaway physics, with all thermal electrons running away
at F =~ 0.21 Ep when the full friction force is accounted for [9].
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The second one is the critical electric field

e3nelnA
B, = Sl 1.5
¢ 4redmec? (15)

representing the relativistic limit for the existence of runaway electrons.
The expression (|1.5)) was first derived by Connor and Hastie in 1975 |13].
This expression neglects radiation losses and incomplete screening in par-
tially ionised plasmas. At high energy, electrons penetrate bound-electron
shells and feel a larger effective ionic charge; together with bremsstrahlung
and synchrotron, this raises the drag at high velocity. When these effects
are included, the minimum electric field that can sustain runaway electrons
becomes the effective critical electric field EST [12].

Runaway electrons are also a powerful source of electromagnetic ra-
diation. Relativistic electrons spiralling in the tokamak magnetic field
emit synchrotron and electron cyclotron radiation, and this emission can
be exploited as a diagnostic of the underlying fast—electron distribution.
Conventional electron cyclotron emission (ECE) systems are primarily de-
signed to infer the bulk electron temperature under the assumption of a
Maxwellian distribution. However, in the presence of a suprathermal tail
the ECE spectrum becomes sensitive to the non-thermal population and,
with an appropriate viewing geometry, may provide information on the
nascent runaway seed. In this thesis, we make use of a dedicated Vertical
ECE (VECE) system on TCV and of a synthetic ECE diagnostic to access
the mildly relativistic part of the electron distribution and to characterise
early runaway generation; these aspects are developed in Paper 1.

1.5 Thesis outline

After this introduction, Chapter [2] develops the theoretical foundations of
runaway electron generation, explaining how electrons can “run away”,
and distinguishing between the primary and secondary generation mecha-
nisms, along with runaway loss mechanisms.

Chapter [3] then turns to mitigation strategies aimed at preventing or
suppressing runaway formation, with particular focus on shattered pellet
injection (SPI), the leading technique for ITER, and on the processes gov-
erning the ablation and assimilation of injected material into the plasma.
The numerical framework used to simulate disruptions and runaway gen-
eration is also introduced there.
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Chapter [4] examines how runaway seed populations can be detected and
characterised experimentally, presenting the development and modelling of
the Vertical Electron Cyclotron Emission (VECE) diagnostic on the TCV
tokamak, designed to measure cyclotron emission from suprathermal elec-
trons. This is complemented by the modelling of suprathermal electron
cyclotron emission through a synthetic diagnostic, combining wave prop-
agation, radiation transport, and kinetic reconstruction of the electron
distribution to enable direct comparison with experiments.

Chapter [5] concludes the thesis with a summary of the main findings
and an outlook on future research directions, with particular relevance
to forthcoming experiments and predictive modelling for ITER and next-
generation fusion devices.



Chapter 2

Runaway electrons

The concept of “runaway” charged particles in an electric field is older
than fusion research. Already in the 1920s, Wilson proposed that electrons
in atmospheric electric fields could be continuously accelerated when the
frictional force decreases sufficiently with energy, in order to explain high
energy phenomena such as cosmic rays and lightning [14]. This qualitative
idea of electrons “running away” was later placed on a firm kinetic foot-
ing by Dreicer, who solved the Fokker—Planck equation for a fully ionised
plasma in a uniform electric field and derived both the critical “Dreicer
field” and the corresponding runaway generation rate [15,/16]. Subsequent
work by Gurevich and co—workers further elucidated the role of collisional
diffusion and the formation of a diffusive flux across a critical momen-
tum surface in phase space [17]. In the 1970s the theory was extended to
relativistic energies and to parameters relevant for magnetically confined
fusion plasmas. Connor and Hastie derived a relativistic expression for the
critical field and showed how relativistic effects modify the runaway condi-
tion and generation rates in tokamak-like plasmas [13]. Around the same
time, runaway electrons were being routinely observed in early tokamaks
and other toroidal devices, both during current ramp—up and following
plasma disruptions, and interpreted in terms of Dreicer—like acceleration
in the large toroidal loop voltage |4}[18]. These observations established
runaway electrons as a characteristic feature of tokamak plasmas.

2.1 The kinetic equation

Runaway electrons are inherently a phase—space phenomenon and, in prin-
ciple, must be described by a kinetic equation for the electron distribution

15
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function

dN
d3x d3p’
which gives the number of electrons in an infinitesimal phase—space volume
d3z d3p around position & and momentum p at time t.
The evolution of the distribution function for a species a is described
by the kinetic equation

Ofa . P Ofa
ot mgy Ox

f(x,p,t) = (2.1)

P Ifa
+ qq <E + — X B) : % = zb:cab{favfb}a (2.2)
where E and B are the macroscopic electric and magnetic fields, v =
\/1 + p? is the Lorentz factor, while C};, represents the general Boltzmann
collision operator which accounts for the effect of Coulomb interactions
between species a and b. This operator is exact, but requires the solution
of the full Boltzmann collision integral over the two-body cross section,
which is outside the scope of the present work.

For the purposes of this thesis, the collisional dynamics will be de-
scribed using the relativistic Fokker—Planck operator, which captures the
cumulative effect of the many small-angle Coulomb collisions that domi-
nate interactions between charged particles in a hot, fully ionised plasma.
In particular, we model the interactions of species with both electrons and
ions through the corresponding Fokker—Planck collision operator

C{f} = Cee{f} + Cei{f}u (23)
which can be written in conservative form as
C{f}= —Vp- [K(p)f —D(p) - fo] ) (2.4)

where K is the friction (or drag) vector and D the momentum-space diffu-
sion tensor. In a plasma near thermodynamic equilibrium these coefficients
can be computed from the Landau collision operator and depend on the
local density, temperature and effective charge of the plasma.

In the context of studying the runaway electron momentum space dy-
namics, it is convenient to adopt a spatially homogeneous description and
treat the distribution function as a function of only p and ¢, so that the
Fokker-Planck equation can be rewritten as

of

o TP Vel =C{f}+5{f} (2.5)
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where C{ f} represents the Fokker-Planck collision operator and S{f} con-
tains additional sources and sinks. The quantity p = dp/dt contains all
systematic forces acting on the electrons, such as acceleration by the in-
ductive electric field and radiation reaction forces.

2.2 Runaway generation

In a kinetic description, runaway electrons are generally not a separate
species but the high-energy, field-accelerated part of the electron distri-
bution function. Their generation is therefore most naturally formulated
as transport in momentum space. Neglecting spatial inhomogeneities, the
kinetic equation can be written as a continuity equation in momentum

space,
of

where Jp, is the total momentum-space flux arising from systematic forces
and Coulomb collisions. In a Fokker—Planck description

Jop=pf+Kf-D-Vyf, (2.7)

where p contains only the non-collisional forces acting on the electrons:
acceleration by the inductive electric field and, when relevant, radiation-
reaction forces, while K and D are the collisional friction vector and dif-
fusion tensor introduced in ([2.4)).

Defining the runaway region {dgg as the part of momentum space above
the instantaneous critical momentum p. (and within a pitch-angle domain
relevant for sustained acceleration), the runaway population

Ngg(t) = fd?p (2.8)
QrE
evolves according to
ON,
RE _ ]{ J, - hdY + S{f}d%p, (2.9)
ot OQRE QRrE

so that runaway generation corresponds to a net flux of electrons from
the thermal bulk into Qrg. Figure illustrates the separation between
the thermal bulk and the runaway region (g, where the separatrix 0Qrg
delineates the region where the electric field acceleration p overcomes the
collisional drag K.
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Figure 2.1: Schematic representation of runaway electron generation in momentum
space (p,pL1). The electron distribution is divided into a thermal bulk (blue)
and a runaway region Qrg (red), separated by a critical momentum boundary
O0rg (dashed line). The total momentum-space flux Jp is determined by the
competition between the electric field acceleration p and the collisional friction
vector K. Runaway generation corresponds to the net flux of electrons crossing the
separatrix from the thermal bulk into Qgrg.

In principle, the kinetic equation for the electron distribution
function, solved self-consistently with the macroscopic electric and mag-
netic fields and supplemented by a radial transport operator to describe
spatial losses, captures all RE dynamics known to be important for prac-
tical applications. However, this description is itself an approximation:
the radial transport operator is a phenomenological representation of ef-
fects, such as collisional or turbulent transport, that would arise naturally
from more complete kinetic frameworks (e.g. drift-kinetic or gyrokinetic
equations). While it provides the most complete description currently
tractable, solving the kinetic equation is numerically demanding, partic-
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ularly in disruption scenarios where rapid profile evolution, strong trans-
port, and wide parameter scans are required. In such cases, reduced fluid
models offer a computationally efficient alternative by replacing the full
momentum-space flux across 0QQrg with closed-form expressions for the
primary sources and the avalanche growth rate, while retaining the same
conceptual separation between seeding (flux into Qrg) and multiplication
(growth within Qrg). The remainder of this chapter therefore describes
runaway generation primarily in terms of such fluid models, where the
runaway population is represented by a fluid density ngrg.

In the following, mechanisms that establish the initial RE population
in Qrp (often called seeds) are referred to as primary. The source asso-
ciated with large-angle knock-on collisions is denoted as the secondary,
or avalanche, mechanism, since it exponentially amplifies an existing RE
seed. All of these generation and loss mechanisms are implemented in
DRreEAM (Disruption Runaway Electron Analysis Model) [19], the primary
numerical framework used throughout this thesis.

2.2.1 Primary mechanisms

Primary generation mechanisms correspond to processes where electrons
from the thermal bulk are directly promoted into the runaway region by
the action of the electric field in combination with collisions, transient
temperature changes or nuclear processes.

Dreicer generation. For a locally Maxwellian plasma, the classical Dre-
icer mechanism corresponds to a steady-state flux of electrons promoted
from the thermal core across the runaway boundary by collisional diffusion
in momentum space [15H17]. This boundary is set by the critical momen-
tum p. at which the accelerating electric force eE overcomes the collisional
friction (Fig. , so that electrons diffusing past p. are freely accelerated
into the runaway region Qgrg (Fig. [2.1)).

In reduced (fluid) runaway models, Dreicer generation is represented
by a volumetric source term for the runaway density,

on
( aRE> = (E)|, Te, ne, Zett), (2.10)
t Jp

3

with units m 3 s~!. In steady state, yp can be defined as the net momentum-
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space flux into the runaway region,
YD = —7{ Jp -ndy, (2.11)
OQRE

where 1 is the outward normal of dgg, and Jp, is the total momentum-space
flux.

Using a Fokker—Planck description with small-angle Coulomb colli-
sions, Kruskal and Bernstein [20] and later Connor and Hastie [13] de-
rived asymptotic expressions for the steady-state Dreicer generation rate.
Written in the commonly used form,

e <E” >_136(1+Zeff)h

Ep Ep
A2+ Zg) =2, (2.12
= (5 w0+ Za) 2| (212)

= AE) B

exp

where 7. is the electron—electron collision time, Z.g is the effective ion
charge, and C, h, A and 7 are correction factors calculated by solving the
relativistic Fokker-Planck equation in the limit of | — E. [13]. Equa-
tion applies when the background plasma is stationary on the col-
lisional timescale around the runaway threshold and the low-energy part
of the distribution remains close to Maxwellian. It shows the strong (ap-
proximately exponential) sensitivity of Dreicer generation to E) /Ep: the
source is negligible for £y < Ep, but can become significant already when
EH /Ep reaches a few percent.

Hot—tail generation. A second primary mechanism which can provide a
significant runaway seed in tokamak disruptions is hot—tail generation. It
occurs when the bulk electron temperature collapses on a timescale com-
parable to, or shorter than, the collisional relaxation time of suprathermal
electrons. For example, in a thermal quench, the electron temperature typ-
ically drops from a pre—disruption value 7, ~ 5-10 keV to a post—quench
value T, ~ 10-100 eV on a timescale 7rq < 1 ms, while the electron den-
sity and effective charge can change substantially due to impurity ionisa-
tion. As a consequence of the strong velocity dependence of the collisional
friction and scattering frequencies, the fast part of the pre—quench distri-
bution cannot follow this rapid cooling and retains a non-Maxwellian “hot
tail” which, in the presence of a rising inductive electric field, can feed the
runaway region of phase space.

In a fluid description, hot—tail seeding can be represented in reduced
form as a boundary—fluz source into the runaway region. Denoting by p.(t)
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the instantaneous critical momentum defining the runaway boundary, the
hot—tail source term for the runaway density is written [21]

<anRE> = _47sz De fO(pmt)a (2'13)
ot HT

where fo(p,t) is the angle—averaged hot—electron distribution during the
cooling phase, evaluated at the boundary p = p.. The factor 4wp? arises
from integrating the flux over the momentum—space surface at p., and p.
accounts for the time dependence of the boundary as plasma parameters
evolve. In the Lorentz (high-Z) limit, a pitch-angle averaged description
yields the critical momentum p. as the solution of

1/EN> 1 p3oafy, >
0== — D4 . 2.14
( ) 1+ Zg v Op p2f0 (2.14)

E.

This is the default reduced model implemented in the fluid-kinetic frame-
work DREAM |[19], which provides an analytical option for fy based on the
hot-tail model of Smith and Verwichte [21]. In this approach, the survival
of the tail during rapid cooling is captured by an isotropic slowing—down
solution, which is inexpensive and therefore attractive for large scenario
scans. However, it relies on the assumptions of strong pitch—angle scatter-
ing and negligible depletion of the suprathermal tail, and can therefore be
sensitive to mechanisms that efficiently remove fast electrons during the
thermal quench (e.g. stochastic magnetic transport), motivating bench-
marking against higher—fidelity kinetic descriptions in regimes where hot—
tail seeding is important.

Tritium S—decay. During nuclear operation, tritium nuclei present in the
plasma undergo 5~ —decay,

T — 3He+e + 7, (2.15)

with a half-life 7p ~ 12.3 yr, corresponding to a decay rate A = (In2) /7 ~
1.8 x 107s~!. Each decay produces an electron with kinetic energy W
drawn from a continuous f spectrum with endpoint Wiax >~ 18.6 keV and
a broad maximum around a few keV [6]. For a given electric field and
plasma composition, the critical Lorentz factor 7. (or momentum p.) de-
fines the runaway boundary; a fraction of the emitted electrons are born
with v > 7. and can therefore enter the runaway region {)grg, essentially
independently of the details of the bulk distribution. In more detailed
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kinetic treatments, electrons born somewhat below the nominal threshold
may also run away due to collisional diffusion in momentum space [22].

In the kinetic formulation of Eq. , tritium decay can be seen as
an explicit source term St{f} acting in momentum space. Assuming that
the emission is isotropic in the tritium rest frame, St is nearly isotropic
in pitch angle and localised at suprathermal energies W < Winax. Its
normalisation is fixed by

/ Se{f} % = Ap nr(t), (2.16)

so that the total production rate of 8 electrons is Apnp, where nr is the
tritium density. The detailed momentum dependence of St (in terms of
the normalised § spectrum fg) is not needed here and can be found in
dedicated kinetic treatments [22].

Integrating the kinetic source over the runaway region Q2rg yields the
corresponding fluid runaway—generation rate

(anRE> _ St{f}d®p ~ Arnr Fs(7e), (2.17)
ot T Org

where ,
Fs(ye) = / f5(7) dy (2.18)

is the fraction of 8 electrons born above the critical Lorentz factor ~.
associated with the runaway boundary [19,23,24]. The rate (2.17)) is inde-
pendent of the electric field except through the slowly varying threshold

Ye(E)))-

Compton scattering. Fusion neutrons in a reactor—scale device activate
the first wall and surrounding structures, producing a substantial flux of
v-rays toward the plasma [25]. Energetic y—photons crossing the plasma
can transfer part of their energy to background electrons through Compton
scattering; if the scattered electron energy exceeds the runaway threshold,
a new runaway is created. This provides a volumetric, field-independent
seed that depends mainly on the v—ray flux and on the total number of
target electrons, both free and bound [23,25].

The kinematics of a single Compton event between a photon of initial
energy F, and a stationary electron is described by the standard Compton
formula. For a scattering angle 6 between the incoming and outgoing
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photon directions, the final photon energy is
E
r_ ot
E, = , (2.19)

Ly
1+ e (1 —cosf)

and the electron kinetic energy gain is

We=E, - E., 7:14—%, p=+7%2-1 (2.20)
e

Only scattering events with v > 7. (or p > p.) contribute to runaway gen-

eration. Their probability is determined by the Klein—Nishina differential

cross section do /dQ)(E,, ) and by the range of scattering angles that place

the scattered electron above the runaway threshold [23}25].

In the kinetic formulation of Eq. , Compton scattering enters as an
explicit source term S,{f}. For an approximately isotropic photon field
with spectral flux density I'(E,) (number of photons per unit area, time
and energy), and denoting by ne the total electron density (including
bound electrons), its normalisation is fixed by

/Sv{f}d?’p = ntot/F(EV)a(Ew)dEv, (2.21)

where o(E,) is the total Klein-Nishina cross section. The detailed mo-
mentum dependence of S, (in terms of the differential cross section and
the photon spectrum) is obtained numerically in dedicated studies [22,23].

As for tritium decay, a fluid description of Compton seeding is obtained
by integrating the kinetic source over the runaway region,

on
( RE) = SASY D ~ ngor / T(E,) 0run(Ey, pe) B, (2.22)
ot ¥ QrE

where oun(Ey, pe) is the Klein—Nishina cross section integrated over scat-
tering angles that produce electrons with p > p. [19,23]. This “run-
away—effective” cross section depends on plasma parameters only through
the critical momentum pC(E” , Ne, Zegt) that defines the runaway boundary.

2.2.2 Secondary mechanism — avalanche generation

In addition to primary mechanisms, runaway electrons can be produced
by secondary, or avalanche, generation: a relativistic runaway electron un-
dergoes a large—angle Coulomb collision (Mgller scattering) with a ther-
mal electron and transfers sufficient momentum that both of the outgoing
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electrons cross the runaway boundary. This “knock—on” mechanism was
identified early on by Sokolov and later by Jayakumar et al. as a po-
tentially dominant multiplication channel in high—current devices [26,[27].
Since each runaway electron can generate further runaways, the process
is intrinsically multiplicative and leads to an exponential increase of the
runaway density once a seed population is present [2§].

In fluid models, avalanche generation is represented by a source term
proportional to the existing runaway density,

OngE
ot

) = Pava(E|; Ne; Zeft, - - - ) NRE, (2.23)
ava

where I',y, is the avalanche growth rate. In the fully ionised, relativistic
limit, Rosenbluth and Putvinski obtained the expression
E)

1 T E
L(RP) o 2y | 112 2.24
e = A 3(Zes + 5) \ Ee g VI Zan (224)

where 7. is the relativistic electron collision time, In A, the relativistic
Coulomb logarithm, and E. the Connor—Hastie critical field [13,28]. This
expression captures the approximately linear scaling I'aya o< E) at large
fields and the vanishing of avalanche multiplication as Ej — E.

In plasmas containing partially ionised impurities, large—angle collisions
on bound electrons and partial screening effects must be included, which
modify both the effective critical field and the collision frequencies expe-
rienced by fast electrons [29,30]. In that case, the avalanche growth rate
can be written in the form [31]

€ Ne tot E|| B ngf
Y S A TIE )

where 7, st is the total density of target electrons (free plus bound), ngy,
the free thermal electron density, ES® an effective critical field including
screening effects, and 7 and 7p are the normalised slowing—down and
deflection frequencies evaluated at an effective critical momentum p7. The
prefactor ne tot/nn accounts for the increased number of available targets
when partially ionised impurities are present, while the dependence on
E¢f [12] and the collision frequencies accounts for the enhanced drag and
pitch—angle scattering. In disruption—mitigation scenarios with substantial
amounts of injected high—Z material, the increased number of targets often
dominates, leading to a higher avalanche multiplication rate than in the
fully ionised case [31].

I‘ava =

(2.25)
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2.3 Runaway electron losses

The final population of runaway electrons is determined by the competition
between the generation mechanisms described in Section and various
loss channels. In the context of tokamak disruptions, confinement is de-
graded significantly and losses occur primarily through two distinct mech-
anisms: radial transport across magnetic flux surfaces driven by magnetic
perturbations, and direct scrape-off against plasma-facing components due
to the macroscopic vertical motion of the plasma column.

2.3.1 Transport losses

During the thermal quench, the rapid cooling of the plasma is typically pre-
cipitated by the destabilisation of magnetohydrodynamic (MHD) modes.
These instabilities break the toroidal symmetry of the magnetic field, lead-
ing to magnetic islands and, in many cases, a stochastic field-line topology.
In such a field, magnetic field lines wander radially as they traverse the
torus; since charged particles stream primarily along field lines, this in-
duces strong radial transport of heat and particles [32].

A common reduced description models the radial dynamics as diffusion
with a coefficient D,.. In the collisionless limit relevant for relativistic
electrons, the Rechester—Rosenbluth [32] estimate gives

2
Dy, = mqRolvy| (i?) , (2.26)
where ¢ is the safety factor, Ry the major radius, v is the parallel electron
velocity, and 0 B/ B is the relative amplitude of the magnetic perturbations.

However, energetic runaway electrons do not remain tied to a single
perturbed field line. Because of curvature and VB drifts, their guiding-
centre orbit deviates from the original field line over a parallel correlation
length. When this drift-induced displacement becomes comparable to or
larger than the correlation length of the magnetic perturbation, the elec-
tron samples effectively decorrelated fluctuations and the radial transport
is reduced at high momentum [33]. A simple momentum-dependent dif-
fusion coeflicient capturing this decorrelation, used in reduced disruption
modelling, is [34}35]

P p>1 1

DRE(p) = Dy 1+ p2 — Dy, ];7 (2.27)
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written in terms of the normalised momentum p = |p|/(mec). This form
leaves the transport of the thermal bulk to a separate heat-transport
treatment, while capturing the reduced stochastic transport of suprather-
mal/runaway electrons during the thermal quench, which is critical for
determining whether an initial seed survives to be amplified during the
current quench.

In a fluid description of the runaway density ngrg, transport losses are
described by the divergence of the radial runaway flux I'rg,

on 1 0
(%) =TT 02
ranspor

where V' is the radial Jacobian. Consistent with the phase-space definition
f = dN/(d3z d?p), the runaway particle flux is obtained by integrating
the local diffusive flux over pitch angle £ and momenta above a runaway
threshold py,

oty OfrE
FRE = —/ /127Tp DRE(p) 87’ df dp. (229)
In disruption scenarios where the runaway population is dominated by
avalanche multiplication, frg(p, &) may be approximated by an analytical
avalanche distribution, which enables an efficient closure of Eq. (2.29)
without fully resolving the runaway electron distribution function [34].

2.3.2 Scrape-off losses

In disruptions of highly elongated plasmas such as ITER, an additional and
often decisive loss mechanism is the scrape-off of runaway electrons caused
by the vertical plasma motion. As the plasma current I, decays during the
current quench, inductive coupling to passive conducting structures can
destabilise the vertical position of elongated equilibria and drive a vertical
displacement event (VDE) [36]. Unlike stochastic transport, which can
be modelled as diffusion across flux surfaces, a VDE causes macroscopic
flux surfaces to intersect material boundaries. Runaway electrons residing
on flux surfaces that become open are then lost essentially on the parallel
transit time to the wall,

R
Thoss ~ — ~ 10751077, (2.30)

which is effectively instantaneous compared to the millisecond-to-100 ms
disruption evolution timescales.
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Modelling this process self-consistently generally requires 2D MHD sim-
ulations, at least. To enable efficient integrated simulations in DREAM, a
reduced scrape-off model was developed in Paper III [37]. The model ex-
ploits that, in reactor-scale devices such as ITER, the resistive time of the
conducting wall is typically long compared to the current-quench duration.
As a consequence, the poloidal magnetic flux at the last closed flux surface
(LCFS) remains approximately constant on the disruption timescale, and
the position of the LCFS can be estimated by solving [37,/38]

LZJp(Tchs(t), t) ~ p(a, t =0), (2.31)

where a is the initial minor radius and r is the (fixed) flux-surface label
used in the 1D transport model. The scrape-off losses are implemented as
a localised sink acting only outside the LCF'S,

0
(Bmm) =D rns), (232)
scrape-off

Tloss

so that runaway electrons on open flux surfaces are removed on the fast
timescale Tjoss. Since Tpgs is orders of magnitude shorter than all other rel-
evant timescales, it may be chosen on the order of the numerical timestep
(e.g. Tioss ~ 10At) without loss of accuracy and without imposing excessive
time resolution requirements.

This reduced model is primarily intended for scenarios where scrape-
off overlaps with the runaway generation phase, for which the constant-
1, approximation is valid; it is generally not suitable for describing the
termination of long-lived runaway plateaus on times comparable to the
wall resistive time [37]. The implications of scrape-off for ITER disruption
scenarios are investigated in detail in Papers II and III.






Chapter 3

Disruption mitigation

Disruptions in reactor-scale tokamaks pose three main challenges: (i) the
rapid release of thermal and magnetic energy, driven by the ergodisation
of flux surfaces illustrated in Fig. which can produce intolerable heat
loads on plasma-facing components; (ii) strong electromagnetic forces aris-
ing from halo currents and fast current decay; and (iii) the production of
RE that can evolve into a confined beam and, upon termination, deposit
energy in a highly localised region. In ITER, as well as in other advanced
devices such as STEP and SPARC, these hazards justify the use of an
active Disruption Mitigation System (DMS) based on massive material
injection (MMI), realised either through Massive Gas Injection (MGI) or
Shattered Pellet Injection (SPI). The purpose of MMI is not to prevent
a disruption after it has been initiated, but rather to control the disrup-
tion dynamics so that energy is dissipated mainly through radiation, the
current quench proceeds on acceptable timescales, and the post-quench
electric field remains sufficiently low to limit significant runaway multipli-
cation.

This chapter is structured as follows. Section presents the two prin-
cipal forms of massive material injection (MGI and SPI), together with the
injection-scheme variants relevant to ITER. Then, Section develops,
step by step, the integrated disruption model applied in Papers II-1V.
Finally, Section introduces the DREAM framework, which is one of the
main numerical tools used in this thesis.

29
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Figure 3.1: Evolution of the Poincaré plots for a positive triangularity plasma
for varying magnitude of magnetic perturbations 6 B/B. At §B/B = 0 all the flux
surfaces are intact and closed; at §B/B = 5 x 10~* the magnetic field starts to form
islands with some local ergodicity; at high magnetic perturbation §B/B = 5x 1073,
the magnetic confinement is mostly lost and the magnetic field lines are mostly
ergodic.

3.1 Massive material injection

The primary class of actuators used for disruption mitigation is massive
material injection (MMI), meaning the rapid introduction of a large parti-
cle inventory (typically a combination of low-Z fuel and radiating impuri-
ties) into the plasma just before or during a disruption . Two forms of
MMI are employed in current experiments and considered in the design of
future devices: massive gas injection (MGI) and shattered pellet injection
(SPI).

3.1.1 Massive gas injection

In MGI, a pre-filled high-pressure reservoir is connected to the vacuum
vessel through a fast valve, releasing a short, intense gas pulse into the
edge plasma [39]. MGI is mechanically straightforward and capable of
delivering large particle inventories on millisecond timescales. Its main
drawback for disruption mitigation in hot, large-scale plasmas is assim-
ilation: the injected gas quickly ionises and becomes magnetised near
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the plasma edge, which can decrease deep penetration and produce pro-
nounced spatial asymmetries in both deposition and radiation [39,40].
These limitations become more important as plasma temperature and size
increase, providing the main motivation for pellet-based methods under
ITER-scale conditions.

3.1.2 Shattered pellet injection

SPI is a specialised form of conventional cryogenic pellet injection, devel-
oped specifically to transport MMI inventories further into the plasma [41].
In this method, a cryogenic pellet is produced in a cooled barrel and then
pneumatically accelerated. Immediately before entering the vacuum ves-
sel, the pellet is deliberately fragmented, typically through impact within
a bent “shatter” tube or against a dedicated shattering element, thereby
generating a spray of a number of shards [41]. This fragmentation increases
the effective surface area of the injected material, which enhances ablation
and reduces the likelihood that a large intact pellet will traverse the plasma
and deposit material in an overly localised manner. By construction, the
resulting shard-size distribution, and therefore the penetration depth and
deposition profile, can be influenced through the choice of pellet material
composition, injection velocity, and shatter geometry [41].

This injection scheme was first established experimentally for disrup-
tion mitigation on DIII-D [42] and has subsequently advanced from a
proof-of-principle method to the baseline concept for the ITER DMS
[43,44]. Compared to MGI, SPI provides a more effective route towards
high impurity assimilation and more spatially distributed radiation in
reactor-relevant plasmas, which is why it plays a central role in the mod-
elling and scenario optimisation examined in this thesis.

Although SPI denotes the fragmentation-based delivery method itself,
the resulting mitigation outcome depends strongly on what is injected
(the material composition), how it is injected (the staging and timing),
and where it is injected (the number and spatial distribution of injection
locations). The principal scheme variants considered in present devices
and in ITER-oriented studies are:

(i) Single-stage injection. In the single-stage approach, one shattered
pellet contains both low-Z fuel, intended to increase the plasma density
and collisionality, and a high-Z radiating impurity, intended to convert
thermal and magnetic energy into radiation and thereby reduce conducted
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heat fluxes. For ITER, the baseline concept focuses primarily on mixtures
based on hydrogen isotopes with neon, and in some studies argon, as the
radiating species [43-45]. The main practical advantage of this scheme is
its operational simplicity.

(ii) Staggered injection. An alternative strategy is to separate the func-
tions of dilution and radiation by injecting material in two successive steps.
In this case, a predominantly low-Z pellet is injected first to raise the den-
sity and shorten the characteristic timescales of collisional processes, after
which an impurity-rich pellet is injected following a controlled delay to
maximise radiative dissipation once the plasma has already been diluted.
The purpose of this approach is to influence both the thermal-quench dy-
namics and the conditions for RE generation by shaping the temperature
and density evolution during mitigation [46]. This staged concept, often
referred to as staggered injections, can be of particular interest for reactor-
scale devices, where RE avoidance and mitigation are key drivers in DMS
design.

(iii) Multi-pellet single-stage injection. More generally, beyond two dis-
tinct stages, an SPI system may in principle inject a train of pellets with
prescribed temporal spacing in order to control the effective deposition
rate and reduce sensitivity to timing jitter relative to the disruption on-
set. Such schemes represent a natural extension in systems with multiple
injectors that can be triggered independently [44,45].

SPI facilities are now present on several tokamaks as part of the ex-
perimental program supporting validation of the ITER DMS. The first
demonstrations of SPI for disruption mitigation were performed on DIII-
D [42]. Since then, SPI systems and SPI-based disruption mitigation ex-
periments have also been implemented on JET [47], ASDEX Upgrade [48],
and KSTAR [49], among others, making possible systematic investigations
of penetration, assimilation, radiation peaking, and RE mitigation across
a range of machine sizes and plasma operating regimes.

Looking ahead, SPI is expected to remain a key element of disruption
mitigation in next-step and reactor-oriented tokamaks. In fact, the ITER
DMS is explicitly founded on SPI, using multiple toroidally distributed
injectors to improve radiation symmetry and to provide flexibility in both
the injected material mixtures and the injection timing [43H45]. Beyond
ITER, disruption and RE mitigation requirements are also being assessed
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for future power-plant concepts, including STEP [50] and the Chinese
reactor development pathway toward CFETR [51].

3.2 Disruption modelling

Predictive assessment of disruption mitigation by massive material injec-
tion requires a coupled description of (i) how material enters the plasma,
(ii) how it is ablated and ionised, (iii) where the resulting particles and
radiative power are deposited, and (iv) how the evolving composition, tem-
perature and electric field feed back into runaway-electron generation. In
integrated disruption simulations, the material injection is modelled as a
set of discrete “shards” whose trajectories determine localised sources of
particles and energy. These sources are then mapped to flux-surface aver-
aged quantities through a deposition kernel, and evolved self-consistently
with the plasma. The present section describes each component of this
coupled model in turn.

3.2.1 Material injection

In SPI, a cryogenic pellet is fragmented in a shatter tube before entering
the vessel. From a modelling perspective, the main output of the shattering
process is an ensemble of shards, characterised by radii {Tp7k};€vil7 velocities
{v,x} initial propagation directions that define a plume opening angle and
composition. Because fragmentation is inherently stochastic, it is natural
to describe the shattering process by a probabilistic model for the shard-
size distribution and, where appropriate, for correlated shard velocities,
and then to carry out sensitivity studies over multiple realizations.

A useful statistical description of fragment sizes is obtained by assum-
ing that the pellet breaks through random fragmentations, which yields a
shard-radius probability density of the form

P(r,) = k‘g rp Ko(kprp), (3.1)

where K denotes the modified Bessel function of the second kind. The
characteristic inverse length k), is determined by requiring consistency with
the total injected inventory,

Nin' _1/3
b= (o) (32)

6721, N
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where Nj,; is the total number of injected atoms, n, is the number density
of the solid pellet material, and Ny is the number of shards. Fragmenta-
tion models of this type have been employed in SPI studies of disruption
mitigation to generate shard ensembles for subsequent ablation and depo-
sition modelling, and they can be combined with machine-specific plume
models describing the velocity spread and opening angle [52H54].

Once a shard ensemble has been specified, the simplest treatment of
the shard kinematics is to model each shard as a ballistic projectile until
complete ablation:

Xp,k(t) = Xpk(to) + vpi(to) (t —to), (3.3)

where g is the time at which the shard ensemble is initialized, typically
near the plasma boundary. The distribution of v, is then chosen to
represent a conical plume with a prescribed effective opening angle and
speed dispersion [53},54].

This model neglects acceleration arising from asymmetric ablation, of-
ten referred to as the “pellet rocket effect” [55]. Nevertheless, it is sufficient
to capture the dominant parameters governing penetration and assimila-
tion, namely the characteristic shard size, the injection speed, and the
shard composition.

3.2.2 Material ablation and deposition

After entering the hot plasma, each shard rapidly forms a dense and cold
neutral cloud. Plasma electrons incident on the shard are cooled and
scattered within this cloud, which shields the solid surface and thereby
reduces the ablation rate well below what would be predicted from a direct
free-streaming estimate. This effect constitutes the physical foundation
of the neutral gas shielding (NGS) model [56,/57] and of its more recent
extensions developed for mixed-material pellets and disruption-relevant
conditions [58].

In the modelling framework used in this thesis, it is convenient to de-
scribe the ablation process through an evolution equation for the shard
radius 7y, ; in the form of a radius recession law. One practical expression,
used in reduced kinetic SPI modelling, is

Tok = — )\(Xk) <Qin,k>1/3 (Eln,k) 7/6 <Tp,k>4/3 (3 4)
p, 47T7’I%’]€pdens dch Ech Ten s
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where pgens 18 the solid density, X denotes the shard composition, for
example the neon fraction in a D—Ne pellet, and A(Xj) is a dimension-
less prefactor that accounts for the dependence of the ablation physics on
composition.

The normalisation parameters are a characteristic shard radius rq, =
2 mm, a characteristic electron energy flux go, = neny/27en/(7me), and a
characteristic electron energy E., = 27,, with the reference temperature
and density set to Tu, = 2000 eV and ng, = 102 m=3, respectively [59].
For a D-Ne pellet with deuterium fraction X = Np,/(Np, + Nxe), the
composition-dependent prefactor takes the form [35]

A(X) = 2.99 x 10%*[27.08 + tan(1.49 X)] s~ . (3.5)

The quantities g, » and Ei, i, denote, respectively, the incident electron
energy flux and a characteristic incident electron energy at the shard posi-
tion. For an approximately isotropic electron distribution f.(p), they are
defined as

¢in = i/d?’p mec?(y — 1) v fo(p), (3.6)
Bu= 2 [@pml -0 L@ wwe= [Epne). 6D

where m. is the electron mass, v the speed corresponding to momentum
P, 7 the relativistic factor, and ngee the free-electron density.

For a Maxwellian plasma, ¢, reduces, up to a numerical factor, to
the one-sided thermal flux nevrT,/4, while E;, = 2T,. The more general
definitions in Egs. f additionally retain the contribution from
suprathermal electrons, which may become important if a hot tail persists
during the thermal quench.

The ablation rate expressed in atoms per unit time follows directly from
the rate of pellet-volume loss,

N, = — A7 Ny T ks (3.8)

where n,, is the solid atomic number density. For a pellet composed of
several atomic species s with atomic fractions f; , for example D and Ne,
the source term for each species is then N = f, 1 Ni.

Cross-field drift. Ablated material is ionised and initially transported
along magnetic field lines. However, experiments have long indicated that
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pellet ablation clouds can undergo a systematic drift toward the low-field
side. This plasmoid drift is commonly interpreted as an interchange-like
response of a dense, high-3 filament, or “plasmoid”, embedded in a curved
magnetic field: grad-B and curvature effects generate a net diamagnetic
current that must be balanced by polarisation and parallel closure currents,
thereby producing a poloidal electric field and an associated radial £ x B
drift [60H62].

A reduced current-closure model captures the essential physics by im-
posing current continuity,

V- (jvs +ipol +Jj) =0, (3.9)

where a standard estimate for the grad-B/curvature-driven current within

the plasmoid is
ORI 3.10)
ve~—pp-¥ (3.
with p denoting the plasmoid pressure, B the magnetic-field strength, R,,
an effective magnetic-curvature radius, and y a direction that is approxi-
mately poloidal in the local cross-section. The polarisation current can be

written as
p OE

Jool = 2 r
with p the mass density. The resulting poloidal electric field E,(t) then
gives rise to a radial E x B drift velocity,

(3.11)

t '
va(t) = Egt), Ax(t) = /O E"é” ar. (3.12)
In the long-time limit, Az(oco) represents the net radial displacement of
the deposited material relative to a picture in which the material simply
follows the magnetic field lines. Inclusion of plasmoid drift corresponds to
taking

rE(t) = rp ik (t) + Axg(t), (3.13)

with Azy(t) obtained from the drift model in Eq. (3.12). This formulation
isolates the dominant systematic outward bias in assimilation and enables
its impact on mitigation performance to be quantified. A semi-analytical
plasmoid-drift model of this kind was formulated and benchmarked for
pellet-ablation conditions in [63]. In the present thesis, the same model
plays a central role since it was implemented in DREAM in Paper IV,
validated against SPI disruptions in ASDEX Upgrade, and extrapolated
to ITER-like conditions [64,65].
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3.2.3 Density and charge-state evolution

The ablation model of the previous section gives us localised particle
sources, while the evolution of the charge-state distribution of all ion
species self-consistently with ionisation, recombination, and transport de-
termines the plasma composition. This affects the energy balance through
radiation, the evolution of the electric field through conductivity, and the
evolution of the runaway electrons through their charge and number of
bound electron targets.

Once the material is ablated, the dense plasmoid material drifts across
the magnetic field lines and expands along them on a timescale < 1ms,
comparable to that of thermal quench but much shorter than that of cur-
rent quench. In the 1D framework used here, homogenization is assumed
to happen instantaneously, i.e., the material is homogenized in the poloidal
direction instantly, with ablated material entering as a flux surface aver-
age, a similar approximation to that used in other disruption mitigation
studies [66,67].

If n;; is the density of charge state ¢ of ion species j, then the evolution
of the charge-state distribution is governed by

Onyj _ Onyg + i, 1)
ot ot ioniz/rec
P ) (3.14)
N4
t 95, [V' <—Aij nij + Dijarjﬂ )

where the three terms on the right-hand side represent, respectively, ion-
isation and recombination, the ablation source, and advective—diffusive
cross-field transport prescribed to approximate the enhanced transport
observed in stochastic magnetic fields.

The ionisation and recombination term is computed by integrating the
time-dependent rate equations,

8nij

=11 jni—1jnm — Iijnggny
ot ioniz/rec (315)

+ Rit1,5 nig1,5 v — Rijnignar,
where 1;;(Ty, nar) and R;j(Tar, nas) are the ionisation and recombination
rate coefficients, interpolated from tabulated values in the ADAS [68] and

AMJUEL databases, and njs, Ty denote the thermal (Maxwellian) elec-
tron density and temperature. The free-electron density ngee (including
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both Maxwellian and non-Maxwellian populations) is determined at each
time step by the quasi-neutrality constraint

Mfree = » 1745 (3.16)
ij
Importantly, the freshly ablated material is deposited into the neutral
charge state of the relevant species. When the plasmoid drift model is
active (as in Papers II and IV), the ablated material has already been
ionised to at least the singly charged state by the time the drift terminates;
it is then deposited in the singly charged state [63].

3.2.4 Energy balance and thermal quench

Within the integrated 1D disruption-modelling framework adopted in this
thesis, the thermal quench is not modelled as a fully resolved MHD event.
Instead, it is treated as a rapid transition phase in which transport and
radiation deplete the plasma thermal energy, driving the plasma into a
cold and highly resistive state. In this framework, the evolution of the bulk
“cold” Maxwellian electron population is described through a flux-surface-
averaged energy-balance equation. This population is characterised by
density njs and temperature Ty, with thermal energy density Wy, =
%n m . For the studies presented in Papers II-IV, this energy balance
is solved self-consistently as

oWy 3 a(n , aTM>

ot 2V'or or
oW oW oW
ot line ot ioniz ot ohm (3 1 7)
n OWy B oWy B oW
ot col ot brem ot halo ,

where the right-hand-side terms account for radial heat transport caused
by stochastic magnetic fields, line-radiation losses, ionisation losses, ohmic
heating, collisional energy exchange with ions, bremsstrahlung losses, and,
when relevant, parallel heat losses in the halo region during vertical dis-
placement events. The first six contributions are included in all disrup-
tion simulations. The final term, by contrast, is only activated when the
plasma experiences a vertical displacement such that the flux surfaces be-
come open. A brief account of these terms is given below, while a full
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description of their physical meaning and numerical implementation can
be found in [19].

During a disruption, MHD activity can stochasticise the magnetic field,
so that electrons follow perturbed field lines and their radial motion may
be approximated as diffusive. For a single test electron moving along the
field with parallel velocity v||, the Rechester-Rosenbluth model gives the
radial diffusion coefficient

Dggr(v) = mqRo v (0B/B)?,

where ¢ is the safety factor, Ry the major radius, and §B/B the relative
magnetic perturbation amplitude [32]. The corresponding heat diffusion
coefficient entering the energy-balance equation is obtained by taking the
heat-flux moment of Drr over a Maxwellian distribution. In other words,
the velocity-space average is weighted by the energy transported by each
particle relative to the mean, which introduces the factor v /’U% —3/2.
This gives

1 mev? [(v? 3 v?
Dy = ——=|D —— | dv, 3.18
W T TR Ty / 2 <U% 2) rr(0) eXp( v%) o (318)

where vp = /2Ty /me is the electron thermal speed.

Because a self-consistent calculation of 0B/B would require a fully
three-dimensional MHD description, its time evolution is prescribed in
the 1D model employed in this thesis.

In this modelling framework, stochastic transport is not assumed to be
active throughout the disruption, and a criterion is therefore required to
determine the onset of the thermal quench following material injection.
One possible choice is to activate it when the local temperature falls be-
low a critical value, T4 ~ 10eV, which may indicate the development
of sufficiently sharp ohmic current density gradients to destabilise resis-
tive MHD modes. An alternative is to use the passage of impurity-doped
pellet shards across the ¢ = 2 surface as the trigger. The consequences
of adopting these different onset criteria are examined in Paper II. Once
activated, d B/ B amplitudes in the range 0.1-1% are typically sufficient to
reduce the temperature to about 100eV within a few milliseconds, consis-
tent with expected ITER thermal-quench timescales [25].

At temperatures below roughly 100 eV, the cooling is primarily driven
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by radiation and ionisation losses,

oW

W hne:nM%:nij Lij(TM,nM), (319)
8WM IOHIZ
> = nu an ES™ I (Tor, mo), (3.20)

where L;; denotes the line-radiation rate coefficients, taken from the ADAS
database, I;; the ionisation rate coefficients appearing also in Eq. ,
and E;3™ the corresponding ionisation energies from the NIST database.
As the plasma cools, these loss channels are eventually offset by ohmic
heating,

oW

2

where o is the Spitzer parallel conductivity and E| is the representative
flux-surface-averaged parallel electric field, defined in Section [3.2.5 The
competition between radiative cooling and ohmic heating determines the
post-thermal-quench equilibrium temperature, which typically lies in the
range of a few eV.
Energy exchange between electrons and ions is described by the colli-
sional term
Mr| =2 gy, (322)

col m; Te

where m; is the ion mass, T; the ion temperature, and 7. the electron
collision time. Although this contribution is usually subdominant during
the thermal quench, it is important for maintaining energy conservation
between the two species.

Lastly, an additional loss channel can appear during plasma vertical
displacements. In this case, the plasma column moves vertically as the
elongated equilibrium loses vertical stability while the plasma current de-
cays. Once the displacement becomes sufficiently large, the outermost flux
surfaces intersect the vessel wall and become open, thereby forming a halo
region. Electrons in this region stream along open field lines and trans-
port energy directly to the wall, creating a parallel heat-loss channel that
may dominate the conducted heat load in disruptions with a low radiated
power fraction.
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Following the model introduced in Ref. [69], this effect is represented
by the sink term

oW 4 ne s Te

——| = 3%
ot halo 3 L”

@(7’ — T'LCFS); (3.23)

where © is the Heaviside step function, rp,crs is the instantaneous position
of the last closed flux surface, and L = 2mqRy is the parallel connection
length of the flux tube. The sheath heat-transmission coefficient ~g, mea-
sures the energy carried through the sheath per escaping particle. In the
simulations, the value 4, = 8 is adopted, consistent with standard sheath
theory for a hydrogen plasma with T, =~ T;. The ion sound speed is taken

as
Te +~T;
Cs=\———,
m;

with v = 5/3 corresponding to an adiabatic transformation with isotropic
pressure, and m; taken as the mass of the majority ion species. This loss
term is only active in the open-field-line region, r > rpcpg, but in low-
radiation disruptions it can generate substantial heat loads on the vessel
wall, consistent with observations from JET with the ITER-like wall.

3.2.5 Electric field and currents

The rapid cooling described in the previous section leads to a sharp in-
crease in the plasma resistivity, since 1 o T-3/2. As a result, a large
toroidal electric field is induced as the system responds to approximately
conserve the poloidal magnetic flux. Within the 1D framework, the par-
allel electric field is therefore obtained self-consistently from the evolution
of the poloidal flux v, (r,t).

Expressed in terms of the flux-surface label r and the toroidal flux v,
the mean-field induction equation takes the form

0y _ 0 ]
ot - ‘/loop + Moawt (Zz)tA 8¢t B’ (324)

where Vigop = 2m(E - B) /(B - V¢) is the loop voltage. The final term, pro-
portional to A, is included to model the flattening of the current-density

profile caused by magnetic stochasticity [70,/71]. In the limit A = 0,
Eq. (3.24) reduces to the usual Faraday induction law. The poloidal flux
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is related to the total parallel current density j; through Ampere’s law,

' 10 /(. ,/|Vr*\ o
2wp0<B.v¢>‘;:ww<V<‘Rg >6w7f’> (3.25)

which closes the relation between the current profile and the evolving mag-
netic flux.

At the plasma boundary, the poloidal flux is coupled to the surrounding
conducting structures through the mutual inductance M,,. The wall flux
then evolves according to

0
¢wall = *Lext(Ip + Iwall)a "lg&t/all = Rwall Iwall) (326)

where Loyt = pioRoIn(Rg/b) is the external inductance, Ryan = Lext/twall
is the wall resistance, and ty, is the resistive wall time.

The total parallel current density is written as the sum of an ohmic
and a runaway contribution,

J|| = Johm + JRE, (3.27)
where the ohmic current is carried by the thermal Maxwellian population,

ohm E-B
Joh =0 <<B2>>’ (328)

while the runaway current is given by

JRE NRE

—— =ec—- 3.29

=T (3.29)
assuming that the runaway electrons stream along the magnetic field at
approximately the speed of light. The evolution of the runaway density
nrE is discussed in the next section.

3.2.6 Runaway electrons

In DREAM, the time evolution of the runaway-electron density nrg during
a mitigated disruption is obtained by combining the generation mecha-
nisms introduced in Chapter [2] with the relevant loss channels, all evalu-
ated using the self-consistent electric field and plasma profiles described
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in the previous sections:

Onre  Ongre ONnRE ONnRE
ot ot | Ot |gr Ot |p
8TZRE anRE anRE
T ot ot (3.30)
vy ava transp
OngRE
ot scrape—off’

where the terms on the right-hand side represent, respectively, Dreicer gen-
eration, hot-tail generation, tritium g-decay, Compton scattering, avalanche
multiplication, radial transport losses, and scrape-off losses. The corre-
sponding expressions were introduced in Sections of Chapter

The coupling between Eq. and the electric-field evolution ([3.24)
is a key element of the disruption dynamics. As ngrg increases, the run-
away current replaces an increasing fraction of the decaying ohmic
current. This slows the overall current decay and, in turn, reduces the
induced electric field. This negative feedback ultimately sets the final
runaway plateau current in a self-consistent simulation.

The fluid model also requires a prescription for the critical momentum
pe that separates the thermal bulk from the runaway region in momen-
tum space. In a fully ionised plasma subject to a uniform electric field,
p. follows from the balance between electric-field acceleration and colli-
sional drag. In realistic post-disruption plasmas, however, this balance is
modified by both pitch-angle scattering and partial screening. The expres-
sion adopted in DREAM is obtained by matching asymptotic solutions of
the bounce-averaged kinetic equation in the limits of strong pitch-angle
scattering and near-threshold electric field [19]:

P ( [24(0) 70 (p2) + 47292 E) " a1

fo (B — EgT)2

where 7, and Up are the normalised slowing-down and deflection frequen-
cies, describing respectively the rate of parallel-momentum loss and the
rate of pitch-angle scattering. These quantities are evaluated at an ef-
fective critical momentum p}, which accounts self-consistently for partial
screening. The quantity EST is the effective critical electric field [12], while
fp is the passing-particle fraction, reflecting the fact that only passing elec-
trons can undergo sustained acceleration by the parallel electric field.
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3.3 Numerical tools

The disruption simulations presented in Papers II, IIT and IV of this
thesis were carried out using the DREAM code [19]. DREAM is a fluid-
kinetic modelling framework that solves the coupled system of equations
described in the preceding sections, including SPI particle sources, charge-
state and density evolution, self-consistent energy balance, electric-field
diffusion, and runaway-electron dynamics. Starting from prescribed pre-
disruption profiles and injection parameters, it evolves the plasma self-
consistently through the disruption.

In the context of this thesis, the DREAM fluid model is employed. Here,
the electron distribution is divided into a Maxwellian bulk, characterised
by nys and Ths, and a runaway population, characterised by ngrr and
assumed to travel at the speed of light. The runaway density is then
evolved using the analytic generation and loss terms collected in Eq. .
This mode is computationally efficient, typically requiring < 1 CPU-hour
per simulation, and is therefore well suited for the large parameter scans
performed in Paper II.

The full equation system is discretised using a finite-volume method on
a one-dimensional radial grid in configuration space and, in kinetic mode,
on the corresponding (p, &) grid in momentum space. Time integration is
performed with a backward-Euler scheme. At each time step, the resulting
implicit nonlinear system is solved by Newton iteration using analytically
constructed Jacobians [19]. The finite-volume formulation ensures exact
conservation of particle number and energy, up to machine precision, in
the absence of source terms and edge losses.



Chapter 4

Suprathermal electron cyclotron
emission

The detection of runaway electrons is notoriously difficult in their initial
phase as “seeds”, particularly when their energy is only mildly relativistic
with a phase-space density that is a small perturbation on the overall
Maxwellian distribution. Nevertheless, this phase is critical to the future
behaviour of runaway electrons, as once a seed population is established
and conditions are appropriate for avalanche-type multiplication |28|, the
growth in runaway current can be significant and difficult to control.

The majority of conventional methods for detecting runaways are in-
trinsically biased toward ultra-relativistic electrons with energy in the
range of MeV to tens of MeV, either because this is when a given ra-
diation mechanism is significant or because background signals are more
significant at lower energy. Hard X-ray cameras with bremsstrahlung de-
tection rely on runaways with energy in the MeV range to produce copious
numbers of high-energy photons [72-74]. Synchrotron-based diagnostics
can provide powerful constraints on the behaviour of the high-momentum,
high-pitch part of the distribution function [75-77], but are again intrinsi-
cally biased toward ultra-relativistic electrons. Diagnostics involving wall
interactions, such as loss monitors, infrared thermography, power balance,
etc., are invaluable tools for understanding loss channels [39] but provide
little direct constraint on the confined seed population.

By contrast, the mildly relativistic domain of interest for runaway seed-
ing generally corresponds to an electron energy in the range 10-10%keV, in
which the radiation from bremsstrahlung processes tends to be less signifi-
cant and may be spectrally contaminated by background radiation, and in

45



46 CHAPTER 4. SUPRATHERMAL ELECTRON CYCLOTRON EMISSION

Synchrotron imaging
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Figure 4.1: Schematic coverage of fast-electron diagnostics as a function of elec-
tron momentum p, expressed as qualitative sensitivity to different regions of the
distribution function f.(p). At low to intermediate momenta, VECE constrains the
mildly relativistic, confined electron population in the seed and early suprather-
mal regime, where the emission is optically thick and the spectrum encodes the
shape of the distribution function. At intermediate to high momenta, HXR /v
spectrometry provides energy-resolved information on the suprathermal tail. At
high momenta, synchrotron imaging and wave emission diagnostics (e.g. whistlers)
constrain the ultra-relativistic population, while particle loss detectors and IR ther-
mography characterise losses and power deposition at material surfaces.

which neutron detection does not offer an independent handle on the seed.
To overcome this blind spot in the standard set of diagnostics, illustrated
schematically in Fig. specialised diagnostics have been developed that
project the phase space information of suprathermal electrons into some
form of spectral measurement.

The Vertical Electron Cyclotron Emission (VECE) diagnostic realises
this principle by looking at the plasma from above, i.e., along a nearly
vertical line of sight, and measuring the spectrum of ECE radiation over
a broad frequency band, in order to project the measured radiation fre-
quency into the information of the electron energy rather than the emission
radius. By doing so, the VECE diagnostic fills an important gap in the ex-
isting set of diagnostics, as it allows for the measurement of suprathermal
electrons in the confined, mildly relativistic domain of interest, relevant
for the seeding and the initial formation of the suprathermal tail. The
principle was pioneered in the 1980s and 1990s on the PLT (78], Alcator
C [79], Tore Supra [80,81], and DIII-D [82] devices, and has recently been
pursued on TCV [83,84].
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4.1 Vertical Electron Cyclotron Emission

Diagnosing the mildly relativistic stage of fast-electron formation using
ECE requires a viewing geometry that lets frequency encode electron en-
ergy rather than position. In a conventional horizontal LOS, the strong
radial variation of the magnetic field couples ECE frequency to both ra-
dius and electron energy, so a spectral change cannot be unambiguously
attributed to the suprathermal tail rather than a shift in the emitting
layer [85,/86], obscuring the suprathermal tail. VECE adopts a wvertical
LOS so that, at nearly fixed major radius, the ECE frequency is governed
mainly by the harmonic number n and the relativistic factor . In the
weakly relativistic limit, the cyclotron frequency scales as frcrp o n/7v;
when a single harmonic dominates, the spectrum can therefore be inter-
preted as an energy spectrum, with frequency broadening mapping pri-
marily to energy broadening through & = m.c?(y — 1).

This energy selectivity originates from the relativistic cyclotron—Doppler

resonance condition 0
Ndlce
w—kyy = ot (4.1)

where Q. = eB/m, is the non-
relativistic electron cyclotron fre- Ule

quency, kj is the component of 09l PO 17§ B —
the wavevector along the magnetic
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the electron parallel velocity. 0.45
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large energies. Figure 4.2: Poloidal view of the VECE

The reference diagnostic for  diagnostic lines of sight in TCV [83].
this thesis is the TCV VECE (83|
84], whose poloidal viewing geometry is shown in Fig. It measures
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in the 78-114 GHz band with 10 us time resolution and ~ 750 MHz chan-
nel bandwidth. A wire-grid polariser splits X- and O-modes, the optics
form a Gaussian beam with a ~3 cm waist at the midplane, and the LOS
terminates on a highly absorbing dump at the vessel bottom [87] to sup-
press wall reflections. In this configuration VECE is primarily sensitive
to down-shifted X3-X4 emission from fast electrons; within the observing
band the accessible energies extend from tens to a few hundred keV (up
to ~250keV before harmonic overlap becomes important) [83].

Operation requires attention to constraints that define the effective
“clean window” of the measurement. Refraction can bend the LOS so
that it misses the dump, reintroducing thermal background through multi-
path reflections; density and viewing frequency must therefore be chosen
so that the ray bundle remains well controlled [83}84]. Channels that in-
tersect strongly opaque thermal layers (notably thermal X2 in many con-
figurations) become contaminated and are excluded. Conversely, By can
be tuned so that usable channels avoid thermal resonances while retain-
ing sensitivity to the desired suprathermal energies. At the high-energy
end, overlap between adjacent harmonics limits unique energy assignment;
at the low-energy end, the thermal brightness sets the dynamic range for
detecting a sparse non-thermal tail.

4.2 Suprathermal ECE modelling

Interpreting VECE measurements requires a forward model that connects
a phase-space electron distribution function to the spectral signal recorded
by the radiometer. Reconstructing a 3D distribution from a limited num-
ber of frequency channels is an ill-conditioned inverse problem, while the
forward problem, given f. and equilibrium, to predict the detected inten-
sity, is well posed and can be validated. This forward-modelling philoso-
phy, adopted in Paper I [88] and earlier works on JET [89] and ASDEX
Upgrade [90], is the approach followed throughout this thesis.

The modelling strategy constructs a synthetic VECE diagnostic that
combines: (i) a kinetic calculation of the suprathermal electron distribu-
tion function, (ii) a geometrical-optics description of propagation along
the diagnostic LOS, and (iii) a radiation transport solver that includes
emission and (re)absorption along the ray. This section summarises the
physical ingredients and approximations relevant to the mildly relativistic
regime targeted by VECE.
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4.2.1 Wave propagation

When the vacuum wavelength is short compared with equilibrium scale
lengths, ECE modelling can be cast in the geometrical-optics (WKB) ap-
proximation [91,/92]. Wave propagation is then described by rays whose
trajectories are governed by a local dispersion relation

D(w,k,x) =0, (4.2)

where D is determined by the cold-plasma dielectric tensor and by the
selected polarisation branch. The corresponding ray equations, written
in terms of the determinant A of the dispersion tensor and used by the
C3PO code [93], take the Hamiltonian form

dr  9A/0k dk  9A/or
At~ OANow|,_,t At OAjow|,_,’

(4.3)

Ray tracing of this kind has been extensively applied to lower-hybrid and
electron-cyclotron wave propagation [94-97].

In the present context, ray tracing serves two purposes. First, density
gradients refract the rays, altering k| and thereby shifting the Doppler-
broadened resonance condition , while also displacing the spatial re-
gion that contributes to the measured signal. Refraction can further cause
the ray bundle to miss the viewing dump, reintroducing reflected ther-
mal radiation into the line of sight. A synthetic diagnostic therefore must
use ray tracing to determine validity windows (frequency band, density
regime, field ramp) within which the intended near-vertical propagation
and isolation from wall reflections are guaranteed [84,(88].

Second, the ray trajectory supplies the local quantities that enter the
emission and absorption coefficients: the magnetic field B (and hence the
cyclotron frequency Q.), the refractive-index vector N = ck/w with its
parallel and perpendicular components, and the branch-dependent polar-
isation factors. Together, these determine which regions of momentum
space contribute to the emission at each observed frequency.

4.2.2 Radiation transport

Along a ray trajectory x(s) parameterised by path length s, the specific
spectral intensity I, obeys the radiative transfer equation [91,/92]

= 33 B [jw(s) — ay(s) Iw(s)], (4.4)
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where j, is the emissivity, o, the absorption coefficient for the selected
mode and harmonic, and N, , the ray refractive index. When only the
intensity at the antenna is required, the prefactor me can be set to unity
— a simplification shown to hold also for non-thermal distributions [92].
The transfer equation then reduces to dl,/ds = j, — ay I, whose formal
solution between a source point sy and the receiver at s; reads

S1
I,(s1) = L, (sg) e ™(s0=s1) 4 / Ju(s) e w579 g, (4.5)

S0

with optical depth 7,(s— s1) = [ aw(s') ds’. If the line of sight termi-
nates on a viewing dump of negligible reflectivity, as is typically the case
for the TCV VECE diagnostic, the boundary term vanishes (I, (sg) = 0).

For suprathermal ECE the emission and absorption coefficients must
be evaluated from the full electron distribution function, which may be
decomposed as

fe=fu+1f, (4.6)

where fy/ is the bulk Maxwellian (with spatially varying n., T.) and f the
suprathermal component. In the spectral windows exploited by VECE,
the two populations play distinct roles: the thermal bulk can dominate
absorption and hence set the optical thickness, while the suprathermal
tail dominates emission at frequencies down-shifted from the cold reso-
nance, where the Maxwellian contribution is exponentially small. This
separation is precisely what makes VECE viable: the plasma must remain
sufficiently transparent for suprathermal emission to reach the antenna,
yet optically thick enough for the signal to be interpretable through the
resonance condition .

4.2.3 Emission and absorption coefficients

The radiative transfer equation (4.4]) requires explicit expressions for j,
and . Following standard practice in synthetic ECE modelling, mo-
mentum components (pj,p1) are normalised to m.c, and the cyclotron
resonance condition takes the compact form

w

)
QC@

n —
Y _pHNH — 5 = 0, w (47)

with N| = ck|/w evaluated along the ray.
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The harmonic-n contributions to the absorption coefficient and the
emissivity are obtained by integrating over momentum space [98.|99]:

27r
a&n)(s) = o p()/ |@| nfe (’y p”NH — *) fdpl de, (4 8)

n\ pL
pow/ O f.o ’Y—p||N||—5)7dmdPH,
(4.9)

- 47rc3

where wp, o is the electron plasma frequency at the local density, © a mode-

dependent polarisation factor incorporating finite-Larmor-radius effects,

and N, , the ray refractive index for the relevant branch. The differential
operator

R = chei + ]\7'”i

wpy Opy Ip|

(4.10)

acts on f. in the absorption integral but is absent from the emissivity.
This asymmetry reflects a basic physical distinction: emission samples f.
directly on the resonance surface, whereas absorption depends on velocity-
space gradients of f. through R,. For a Maxwellian the two are linked
by detailed balance, recovering the Kirchhoff relation; for a non-thermal
distribution, however, the gradient structure of f can make the absorption
spectrum qualitatively different from the emission spectrum.
The total coefficients are obtained by summing over harmonics,

Jo=>_0"  aw=> alY, (4.11)

neN neN

where the set A is chosen to cover the VECE frequency band, typically
the third and fourth X-mode harmonics, which dominate the down-shifted
emission in the regimes of interest.

A compact way to connect the distribution function to the measured
signal is through a Green’s function Dy, (s,p)) [88], defined such that

w—/ fe[r(s), pj] Du(s,p)dsdpy, (4.12)

where r(s) is the radial location as a function of the ray path coordi-
nate s, while the kernel D, encapsulates the ray geometry, the resonance
condition, the polarisation factors, and the optical-depth weighting from
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Egs. - . The integrand f. D,,, referred to as the birthplace dis-
tribution, identifies which regions in physical and momentum space domi-
nate the detected signal at a given frequency, providing a direct map from
features in f. to signatures in the VECE spectrum, as demonstrated in
Paper 1.

4.3 Numerical tools

The suprathermal ECE modelling described above is implemented through
an integrated toolchain whose components are summarised in this section.
The guiding principle is to separate kinetic modelling of f., wave prop-
agation, and radiative transfer into distinct codes and then couple them
consistently through a synthetic diagnostic. Figure [£.3|illustrates the data
flow.

LUKE fe C3PO rays, B, Nj Yobpa s
Fokker—Planck Ray tracing Synthetic ECE “
A

Equilibrium, :T(37 Ne, Vioop Antenna, frc:qucncy band Egs. (4.8)—(4.11), (4.4)

_____________________

EC deposition Q

Figure 4.3: Forward-modelling pipeline for synthetic VECE emission, coupling the
LukE Fokker—Planck solver, the C3PO ray-tracing code, and the YODA synthetic
diagnostic.

Figure [4.3] illustrates the forward-modelling pipeline. LUKE solves the
Fokker—Planck equation for the electron distribution function f. given
equilibrium inputs (7%, ne, Vioop) and, optionally, the EC wave deposition
profile provided by C3PO. C3PO traces rays along the VECE line of
sight, supplying the local magnetic field B and refractive index N| to
YoDA, which evaluates the emission, absorption, and radiative transfer to
produce the synthetic intensity I,. The three numerical tools and their
coupling are briefly described in the following sections.

4.3.1 LUKE: Fokker—Planck solver

The electron distribution function is computed with LUKE [100], a bounce-
averaged, relativistic Fokker—Planck code that evolves f. under four opera-
tors: Coulomb collisions C, parallel electric-field acceleration £, quasilinear
EC diffusion Q (evaluated with the ray-tracing code C3PO [93]), and ra-
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dial transport §. The formulation is numerically conservative, ensuring
particle-number preservation on each flux surface [100].

In the electron-cyclotron current-drive (ECCD) scenarios analysed in [84,
88|, the non-inductive current modifies the total current profile and thereby
the induced loop voltage, which in turn governs the ohmic acceleration
shaping the suprathermal tail. To capture this feedback, LUKE evolves
the flux-surface-averaged toroidal induction equation, coupling the radial
redistribution of loop voltage to changes in the current density in a self-
consistent way, essential for reproducing VECE signals [8§].

4.3.2 C3PO: ray tracing

Wave propagation between the plasma and the antenna is modelled with
C3PO [93], which integrates the cold-plasma dispersion relation for the
selected O- or X-mode branch following Eq. . The VECE antenna
pattern is represented as a Gaussian beam with waist wg ~ 3cm at the
tokamak midplane [83], discretised into a bundle of rays whose number is
chosen so that the calculated ECE intensity is converged. Diffraction is ne-
glected within the geometrical-optics approximation; refraction is retained
through the spatially varying dielectric response. Rather than launching
rays from every emitting point toward the antenna, the model exploits
electromagnetic reciprocity: rays are traced from the antenna into the
plasma and onward to the viewing dump, and the resulting beam pattern
weights the emission collected at the antenna [88]93].

4.3.3 YODA: synthetic ECE diagnostic

The synthetic diagnostic YODA, developed in Paper I [88], closes the
forward-modelling chain by coupling the kinetic distribution function to
radiative transfer along the traced rays. For each channel and polarisation,
the code imports the equilibrium and ray-path quantities — magnetic field
strength B, parallel refractive index NN|, and polarisation factors — eval-
uates the emission and absorption coefficients from the numerical f. via
Egs. 7, and integrates the radiative transfer equation to
obtain the specific intensity I, at the antenna, with the boundary condi-
tion 1,(sp) = 0 at the viewing dump.

A distinguishing feature of YODA relative to earlier synthetic ECE
codes such as SPECE [89] is that the emission and absorption integrals
are evaluated on the full numerical distribution function, rather than on
parametric approximations such as sums of drifting Maxwellians. This
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generality is important because the resonant interaction and quasilinear
diffusion sculpt f. in ways that analytic approximations cannot realistically
reproduce [88].

Beyond enabling quantitative comparison with experiment, the forward
model preserves a transparent link to the underlying phase-space dynam-
ics. VECE channels with different frequency down-shifts probe different
parts of the suprathermal tail, making it possible to constrain the energy
dependence of f and to disentangle the respective roles of ohmic acceler-
ation, quasilinear diffusion, and radial transport.



Chapter 5

Summary and outlook

This thesis addresses two complementary aspects of non-thermal electron
dynamics in tokamak plasmas: the characterisation of suprathermal elec-
trons as primary runaway seeds, and the generation and mitigation of run-
away electrons during disruptions. While these may seem distinct, they
are connected by the fact that a reliable estimation of the seed population
is essential for predicting the runaway current that develops during a dis-
ruption. The four papers span a range from experimental diagnostics on
present-day devices, where the YODA framework is developed and applied
to study runaway seeds in existing tokamaks such as TCV, to predictive
modelling of ITER disruption scenarios, where the sensitivity of the final
runaway current to the seed is quantified. Below, a brief summary of each
paper is given, followed by an outlook on future research directions.

5.1 Paper I — Experimental and numerical investigation of
suprathermal electron dynamics using vertical electron
cyclotron emission

This paper presents the development and application of YODA, a new
synthetic electron cyclotron emission (ECE) diagnostic framework capa-
ble of computing ECE spectra from arbitrary numerical electron distri-
bution functions. The code solves the radiation transport equation along
ray paths obtained from the C3PO ray-tracing code, accounting for emis-
sion and reabsorption at multiple harmonics. YODA is validated against
the established synthetic ECE code SPECE in a thermal TCV discharge,
showing excellent agreement.
The framework is then applied to two TCV discharges featuring suprather-
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mal electrons produced by electron cyclotron current drive. The electron
distribution functions are obtained from the 3D bounce-averaged relativis-
tic Fokker—Planck solver LUKE. In the first discharge (#72644), where the
EC launcher angle is varied in discrete steps, time-asymptotic LUKE simu-
lations coupled with YODA reproduce the characteristic staircase pattern
observed in the vertical ECE (VECE) signal. The analysis reveals that the
109 GHz channel (sensitive to ~20keV electrons near the thermal bulk)
responds to each angular step, whereas the 96 GHz channel (sensitive to
~90keV electrons) only rises appreciably at larger toroidal angles, reflect-
ing the slower build-up of the high-energy tail. In the second discharge
(#73217), time-dependent Fokker—Planck simulations capture the rapid
decay of the VECE signal when EC heating is switched off, as well as a
thermal ECE peak during the subsequent magnetic field ramp-down that
enables an absolute calibration of the diagnostic. The simulations also
demonstrate that both the ohmic electric field and the EC wave interac-
tion must be included to accurately model the suprathermal population.

5.2 Paper II — Runaway electron generation in ITER
mitigated disruptions with improved physics models

This paper presents a comprehensive assessment of RE generation in SPI-
mitigated ITER disruptions using an extended version of DREAM that
incorporates four new physics models: (i) the reduced scrape-off loss model
from Paper III; (ii) the plasmoid drift model developed in Ref. |63]; (iii) an
adaptive hyper-resistive transport model; and (iv) an updated Compton
scattering seed for the ITER tungsten first-wall design. The study covers
15MA L-mode (H26) and H-mode (DTHmode24) scenarios, as well as a
7.5 MA H-mode case (DD7.5MA).

A systematic parameter scan confirms that complete avoidance of a
multi-megaampere RE beam requires simultaneously: a pre-thermal-quench
duration long enough to thermalise the hot-tail seed, sufficient hydrogen
assimilation with limited neon content, and a representative seed current
comparable to that of a single relativistic electron. In L-mode H26, stag-
gered and low-neon single injections satisfy these conditions; in the DT
H-mode scenario, however, the Compton seed prevents full RE suppres-
sion unless nuclear sources are artificially disabled.

Among the new models, VDE scrape-off losses play a decisive role in
near-mitigated scenarios, where they can make the difference between a
residual current and a multi-MA beam. Hyper-resistive current-profile re-
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laxation reduces the available poloidal flux variation and thereby decreases
the potential avalanche gain by up to four orders of magnitude. Rechester—
Rosenbluth RE transport during the current quench reveals a clear thresh-
old: for 6B/B > 4 x 1074, the RE current is suppressed below 150kA in
all cases studied. A proposed two-stage SPI scheme for DT H-mode oper-
ation yields a representative RE current of only 0.24 MA, demonstrating
a viable route to tolerable RE levels even with nuclear seeds.

5.3 Paper III — Reduced modelling of scrape-off losses of
runaway electrons during tokamak disruptions

This paper introduces a reduced model for RE losses caused by the ver-
tical displacement of the plasma during the current quench. The model
exploits the observation, from 2D axisymmetric JOREK simulations, that
the poloidal magnetic flux at the instantaneous last closed flux surface
(LCFS) remains approximately constant during the current quench. This
allows one to track the inward motion of the LCFS in DREAM’s otherwise
fixed flux-surface geometry: flux surfaces whose self-consistent poloidal
flux exceeds its initial edge value are deemed closed, while the region out-
side is treated as open and unable to sustain an RE current. A loss term
removes REs from the open region on a time scale much shorter than any
other relevant dynamics.

The model is validated against JOREK results, reproducing the avalanche
gain to high accuracy. It is then applied to two SPI-mitigated ITER sce-
narios at 15 MA. In a non-nuclear L-mode case with relatively poor mit-
igation performance, the scrape-off losses reduce the RE plateau current
only moderately, from 6.6 MA to 6.2 MA, because the RE current grows
fast enough to halt the inward motion of the LCFS before the core flux
surfaces are opened. In contrast, a DT H-mode scenario with a staggered
injection and more favourable conditions produces a slower RE build-up,
enabling all flux surfaces to be scraped off before a macroscopic RE beam
forms; the maximum RE current is reduced to 250kA. This sharp transi-
tion between the two regimes arises from a positive feedback loop: slower
RE generation allows faster poloidal flux decay, which accelerates scrape-
off and further suppresses RE growth. The results also reveal a significant
sensitivity to the current-profile relaxation during the thermal quench,
modelled here through hyper-resistivity.
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5.4 Paper IV — Simulation of shattered pellet injections
with plasmoid drifts in ASDEX Upgrade and ITER

This paper describes the implementation of a semi-analytical plasmoid
drift model in DREAM and its application to SPI experiments at ASDEX
Upgrade (AUG) and to ITER disruption scenarios. The model, based
on the formulation in Vallhagen et al. (2023), calculates the radial dis-
placement of the ablation cloud as a function of the cloud half-width Ay,
temperature, composition, and background plasma conditions.

The model is first benchmarked against two AUG discharges. For a
pure deuterium injection (#40743), the experimental density profile mea-
sured by Thomson scattering is well reproduced with Ay = 8.7 mm, a value
consistent with previous measurements and simulations. For a neon-doped
injection (#40732), the drift is strongly suppressed by radiative cooling
of the ablation cloud, and the simulated density rise agrees with the ex-
periment when material drifting past the LCFS is assumed to be recycled
rather than lost. The results confirm that pure hydrogenic pellets are
far more susceptible to drift losses than neon-doped pellets, owing to the
higher plasmoid temperatures and pressures in the former case.

In ITER, the drift can reduce the assimilation of a pure deuterium first-
stage pellet from 94% to as little as 4%, depending on the assumed Ay.
Adding a small neon fraction (~0.3%) to the first pellet is found to largely
restore the assimilation by cooling the ablation cloud and suppressing the
drift. The resulting RE currents are, however, only moderately affected by
the drift in the scenarios studied, because reduced assimilation of the first
pellet is partly compensated by increased assimilation of the second, neon-
doped pellet. A stronger sensitivity is observed when the thermal quench
is fast and early, pointing to the possibility that it could become more
important when RE scrape-off losses associated with the vertical plasma
motion are taken into account.

5.5 Outlook

Several directions for future work emerge from this thesis. On the syn-
thetic diagnostic side, the LUKE-YODA framework developed in Paper I
opens the possibility of using VECE data, in combination with hard x-ray
spectroscopy, to more tightly constrain the suprathermal electron distribu-
tion function. Embedding YODA in a Bayesian inference framework would
enable a systematic inversion of combined VECE and hard x-ray data to
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recover the suprathermal distribution function f(p, &) together with quan-
tified uncertainties.

On the disruption modelling side, the results of Papers II-IV identify
several areas where further refinement is needed. The scrape-off model
relies on the assumption of constant poloidal flux at the LCFS, which is
completely violated during the RE plateau phase; relaxing this assumption
would require coupling to a full MHD equilibrium evolution, which remains
an open challenge. The plasmoid drift model is highly sensitive to the cloud
half-width Ay, and developing a predictive, self-consistent model for this
parameter, accounting for striation, plasmoid—plasmoid interaction, and
scrape-off-layer dynamics, would greatly reduce the uncertainty in material
assimilation predictions and in the effect of the pellet rocket force.

Crucially, hot-tail generation, which dominates the runaway seed in
poorly mitigated ITER disruptions, is treated in the present work through
the Smith—Verwichte analytical model, which is a simplified fluid model
derived from a kinetic treatment. In reality, the interplay between stochas-
tic magnetic transport, momentum and pitch-angle dynamics introduces
qualitative features that a fluid model cannot capture. Overcoming this
limitation will require extending the reduced kinetic models in DREAM
to SPI disruption scenarios, capturing the complex momentum-space dy-
namics of the hot tail without the computational cost of the full kinetic
equation.

A second limitation concerns electron—electron thermalisation. Follow-
ing impurity injection, a cold Maxwellian population forms and gradually
merges with the pre-disruption bulk. In the reduced kinetic models of
DREAM, this cold population serves as the background fy against which
the hot electrons scatter, and is assumed to remain Maxwellian through-
out the process. In the fully kinetic approach, the same assumption enters
through the linearised Fokker—Planck operator: at low injected densities,
the perturbation § f to the cold population may become comparable to fy
itself, rendering the linearisation inaccurate. In this regime, a nonlinear
electron—electron collision operator is needed to describe the kinetic evo-
lution of the injected population correctly, with potential consequences for
both the thermalisation rate and the distribution function near the run-
away boundary. Incorporating such an operator into DREAM is therefore
an important direction for future work.
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