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Sensitivities of the runaway current in JET disruptions to massive gas injection and
initial plasma current

CHRISTTIAN GUSTAVSSON

Department of Physics

Chalmers University of Technology

Abstract

The Joint European Torus (JET) tokamak, located at the Culham Centre for Fusion
Energy in the UK, has been a leader in magnetic confinement fusion (MCF) research
for decades. As the world’s largest operational tokamak until 2023, JET has sig-
nificantly advanced the understanding and technology needed for controlled fusion
energy, which aims to provide a clean, large-scale energy source by replicating the
processes that power the Sun. A primary challenge in tokamak operation is man-
aging plasma disruptions, which can terminate plasma confinement and generate
runaway electrons (REs). These high-energy electrons can damage reactor compo-
nents, thus studying REs is vital for the viability of fusion energy. As the fusion
community progresses towards advanced reactors like ITER in France and SPARC
in the USA, understanding and controlling REs becomes even more important.

This study uses the Disruption Runaway Electron Analysis Model (DREAM) to
investigate the conditions under which REs form during tokamak disruptions. The
main objective of this thesis is to model the conditions for the existence of REs
in JET massive gas injection (MGI) discharges, focusing on their dependence on
magnetic field strength, initial plasma current, as well as the ratio of injected argon
to deuterium. Furthermore, we are interested in how much current is carried by
the REs after a disruption. The analysis is conducted through a series of parameter
scans using the simulation tool DREAM. Our simulation results show that the RE
current is influenced by the initial plasma current and the ratio of injected argon
to deuterium, with only a very weak dependence on magnetic field strength. More-
over, our findings suggest that the injection profile of argon significantly affects the
parametric trends of the maximum RE current. A uniform injection profile yields
an inverted current trend compared to an edge-peaked injection profile, where the
latter yields results that are more in line with experimental results.

Keywords: fusion plasma, runaway electron, massive material injection, massive gas
injection, disruption mitigation, JET
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Below is the nomenclature of parameters and variables that have been used through-

out this thesis.

Parameters

Plasma current [MA]
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Magnetic field strength [T]

Electron temperature [eV]

Electron density [m™3]

Thermal quench duration [s]

Current quench duration s
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Injected gas amounts for argon and deuterium [Pa m?]
Ton densities for argon and deuterium [m~3]

Major and minor radii of the tokamak [m]

Wall radius of the tokamak [m]

Electric field strength [V/m]

Plasma volume [m?]

Electrical conductivity [S/m]
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1

Introduction

Plasma, often referred to as the fourth state of matter, is the most common state
of matter in the universe, where it seems that 99% of all visible matter is currently
in the plasma state (Anderson et al., 2008). For example, it is what stars are made
of. In essence, a plasma is an ionized gas consisting of charged particles—ions and
electrons. Unlike the solid, liquid, and gaseous states the dynamics of plasmas are
highly dependent on electromagnetic forces. This means that plasmas may, in cer-
tain circumstances, be modelled with the same equations as liquids and gases, but
under the additional constraint of Maxwell’s equations.

Plasma physics combines electromagnetism, fluid mechanics, and statistical physics
to realistically model and explain observed phenomena. This field of physics has a
wide range of applications, from microchips in our computers that rely on plasma-
etched semiconductors to the way we use it to study plasmas in space. Moreover,
plasma physics plays an important role in the renewable energy sector, where the
forefront of research partly concerns fusion energy. The goal of fusion energy re-
search is to create a clean energy source that is able to meet the energy needs of
humanity. The two most researched approaches in fusion energy are: Magnetic
Confinement Fusion (MCF), that operates practically continuously using low den-
sity but high temperature plasmas, and Inertial Confinement Fusion (ICF), where
fusion is achieved under extremely high pressures on a very short timescale. In this
thesis our focus will be on the prior.

The tokamak device is one of the most widely researched devices for achieving
MCEF energy, and it is designed to confine the plasma in a torus (doughnut) shape
using magnetic fields (Energy.gov, 2023; Greenwald, 2016). The name “tokamak”
comes from Russian and is an abbreviation for “toroidal chamber with magnetic
coils” (Merriam-Webster, 2024). By using strong magnetic fields to contain and
control the high-energy plasma, tokamaks prevent the hottest regions of the plasma
from coming into contact with any material surfaces, thus allowing it to reach the
extreme temperatures and densities necessary for fusion reactions to occur at a suf-
ficiently high rate. Figure 1.1 shows an illustration of a tokamak, and its magnetic
field lines. The toroidal and poloidal magnetic fields are orthogonal components of
the total magnetic field. When combined, they give rise to a total magnetic field
which is helical. This ensures that the plasma does not drift into the reactor wall,
potentially damaging it.
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Figure 1.1: Tllustration of a tokamak, showing the plasma current (red arrows
within the purple plasma) and the magnetic field components: the toroidal field
(green arrows parallel to the red arrows), the poloidal field (green arrows
orthogonal to the red arrows) and the helical field (black arrows). Image from:
Max Planck Institute for Plasma Physics, Germany.

The JET (Joint European Torus) tokamak at Culham centre for Fusion Energy,
UK, is a collaborative project among European countries, and was the largest mag-
netic confinement fusion experiment in the world between 1983 and 2023. It began
operation with the hopes of achieving scientific break-even, where the fusion energy
gain factor @ = 1.0 (i.e. output power per input power) (European Union, 2008).
Over the years, a series of improvements were made to JET. In October 2023 it
set a new record by producing 69.29 MJ of energy over 6 seconds (EUROfusion,
2024). However, in December 2023 JET finished operations, and decommissioning
is expected to last until 2040 (Crepaz, 2023).

Despite this, fusion energy research is more active than ever with many new reactor-
scale devices planned for the future and some currently under construction. Two
such reactor-scale devices include SPARC (Creely et al., 2020), a compact high-
magnetic field device constructed by Commonwealth Fusion Systems in close collab-
oration with MIT in the USA, and ITER (ITER, 2023), a reactor-scale device under
construction in France. Another reactor-scale device is STEP (Spherical Tokamak
for Energy Production) (Andrei, 2019), being developed by the UK Atomic Energy
Authority. Common for these future tokamaks is that they are expected to produce
net energy gain (@ > 1). ITER will be the largest among the next generation fusion
reactors, and it will manage significantly higher energy compared to present day de-
vices, which therefore also increases the risks and severity associated with so-called
plasma-terminating disruptions (Vallhagen, 2023).

Disruptions begin with a sudden loss of plasma confinement, leading to stored ther-
mal energy being dispersed to the surrounding reactor wall (Reux et al., 2015). As
a result, the temperature of the tokamak wall material increases, causing the release
of impurities which can further cool the plasma. An impurity is any material that is
not hydrogen. The cooling results in a reduced electrical conductivity, which means

2
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that the plasma current must drop. According to Faraday’s law, this induces a
strong toroidal electric field, which can accelerate electrons to extremely high ener-
gies. Such high-energy electrons, called runaway electrons (REs), pose a major risk
to the operation of the tokamak. In order to produce REs, a critical threshold in the
induced electric field must be exceeded. In that case, the braking friction force on
the electrons from collisions with other plasma particles is no longer enough to over-
come the force from the electric field (Chen, 1974). Once formed, REs can further
accelerate, and through close collisions with thermal electrons, they can generate
additional energetic electrons (secondary generation). This process can result in an
exponential increase in the number of REs, called an avalanche (Chen, 1974).

The dynamics of RE beam formation in tokamaks is significantly influenced by the
plasma current. In present day tokamaks with plasma currents of a few megaam-
peres, REs undergo an avalanche gain of a factor of about 5. However, this amplifica-
tion is expected to be much larger, potentially several orders of magnitude greater,
in next-generation tokamaks with substantially higher plasma currents. This is
because the avalanche gain is exponentially sensitive to the initial plasma current
(Hender et al., 2007; Pusztai et al., 2022). This poses a serious challenge since
REs could cause significant damage to plasma-facing components in larger devices.
Repairing a reactor wall is both expensive and time-consuming, and can lead to a
long shutdown of the reactor. To address this, control measures such as Massive
Material Injection (MMI) or magnetic perturbations are necessary (Chen, 1974).

Developing a deeper understanding and more accurate modelling of REs is crucial
for advancing safe tokamak operations. Given the urgency of addressing disruption
issues in future tokamaks, it is important to develop robust models of REs and dis-
ruptions that can inform the design of these reactors. Current tokamak experiments
are vital in this endeavour, as they provide a testing ground for validating models
and simulating both normal and off-normal operational scenarios on a smaller scale.
By comparing model predictions to measurements from existing devices, these ex-
periments can help ensure the success of future reactors.

1.1 Purpose

In this thesis we model the RE existence condition in JET discharges (a tokamak
experimental run) using JET discharge #85943 as a baseline case, although the
results are not specific to this discharge. To do this, we employ the numerical
tool DREAM (Disruption Runaway Electron Analysis Model) (Hoppe et al., 2021),
which evolves the electron distribution function, temperatures and electric fields self-
consistently. The inputs to DREAM are the initial profiles of the plasma currents,
particle densities, temperatures, magnetic geometry, transport coefficients, the elec-
trical properties of the wall, and the parameters describing the material injection.
We analyze and compare the simulation results with data from an experimental
analysis by Reux et al., 2015. The data from the analysis of Reux et al., 2015 for
the RE current existence domain is shown in figure 2 in their article and also in
figure 4.1 in section 4.1.1. We are interested in how much current is carried by
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REs after a disruption and how this depends on the magnetic field strength, initial
plasma current and the ratio of injected argon to deuterium.

1.2 Outline

In chapter 2, we present the underlying plasma and tokamak theory necessary to
understand disruptions. Chapter 3 gives an overview of DREAM, presenting its
physics content and the most important numerical aspects. Chapter 4 begins by
presenting the experimental data, followed by a description of our simulation model.
Chapter 5 presents the results and discusses our findings. In chapter 6, we summarize
our most important findings and provide an outlook with possible future directions
and generalizations of the current work.



2

Plasma and tokamak theory

Before we dive into the numerical analysis of plasma disruptions and runaway elec-
tron dynamics, we start by going through some of the fundamentals of plasma
physics, as well as material relevant for the study of disruptions, runaway electrons
and tokamak fusion energy.

2.1 What is plasma physics?

Plasma physics is, simply put, the study of ionized gases, where ionization means
that an atom loses one or more of its electrons, forming a positively charged ion.
Plasma is often referred to as the fourth state of matter—going one above a regular
gas in the hierarchy of states: solid, liquid, gas, and then plasma. Loosely speaking,
transitions occur between these states by a change in temperature, where typically
solids form at low temperatures and gases at high temperatures. By further increas-
ing the temperature a gas will, due to the high energy of the individual particles,
start to ionize and hence form a plasma.

The ionization degree of a gas can be expressed through the Saha equation

(7%)2:2‘4,1015,%])3/26@( Ui ) (2.1)

Ny Ny [m—3]  keT

which gives a relation between the degree of ionization of a gas and its temperature
T. Here n; is the number density of ions, n, is the number density of neutral atoms,
T is the temperature in K (note that in plasma physics temperature is usually given
in eV, where 1[eV] =~ kg[eV/K] - 11605 [K], i.e. 1 eV ~ 11605 K), U; is the ionization
energy for the gas, and kg is the Boltzmann constant (Bellan, 2008; Anderson et al.,
2008). For reference, U; = 13.6 eV for hydrogen gas.

From the Saha equation we see that the degree of ionization n;/n, depends strongly
on the exponential factor. The degree of ionization varies very sharply for kgT =~ Uj;
it is very close to zero when kg7’ < Uj, and is very high when kg7 > U;. The tem-
peratures that are required to reach the plasma state lie in the range T' ~ 10* — 10°
K, because the ionization energy for most gases lies in the range 1 —10 eV (Anderson
et al., 2008). However, due to n, in the denominator, it is also possible for a plasma
to form at lower temperatures if the density is kept low.
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Plasmas can be observed in many naturally occurring phenomena on Earth, such
as lightning discharges and aurorae. Moreover, plasma physics has a wide range of
applications, from lasers and modern semiconductor technology to the way we use it
to study plasmas in space. A particularly important application of plasma physics
is fusion energy research, that aims to replicate the processes that power the Sun.

In fusion, specific atomic nuclei combine to form one or more atomic nuclei, along
with subatomic particles such as protons and neutrons. The fusion of deuterium and
tritium, known as the D-T reaction, is particularly important in fusion research be-
cause it requires the least demanding conditions. This reaction produces a helium-4
nucleus, a neutron, and a significant amount of energy, approximately 17.59 MeV
(Shultis and Faw, 2002). This energy is a direct consequence of the mass-energy
equivalence principle, coming from Einstein’s equation E = mc?, which is consistent
with that the observed energy release is due to a reduction in mass.

In the Sun, gravity confines the plasma, which provides the necessary pressure
needed to maintain fusion reactions for a long period of time. The fusion reac-
tion rate remains very low until the plasma reaches temperatures around 10® K. On
Earth, replicating conditions using gravity is not a viable option. Instead, one op-
tion is to use magnetic confinement as a means to hold and confine the plasma. The
fundamental challenge in fusion energy research is to create plasmas with extremely
high temperatures and at the same time sufficiently high densities (~ 10?° m~3) and
energy confinement times (~ 1 s) (Bellan, 2008).

2.2 The basics of plasma physics

Although a plasma is an ionized gas, in order for the typical plasma properties to
dominate the physics of the gas, certain conditions have to be fulfilled. One way of
defining a plasma is the following: “A plasma is a quasi-neutral medium consisting
of charged and neutral particles exhibiting collective behaviour” (Anderson et al.,
2008). We now discuss what the terms quasi-neutral and collective behaviour mean
in the context of plasma physics.

Quasi-neutrality means that plasmas are electrically neutral on a macroscopic scale,
despite there being localized charge imbalances at the microscopic scale (Bellan,
2008). When a positively charged ion is introduced into a plasma, it attracts elec-
trons and repels other ions, forming a surrounding cloud of negative charge. This
phenomenon is known as Debye screening. The cloud screens the ion’s charge, di-
minishing its electrical influence as observed from a distance. Thus, the overall effect
is charge neutrality on sufficiently large spatial scales despite the individual charged
particles within the plasma.

The Debye length A\p is a measure of the distance over which electric fields are

screened out in a plasma. It represents the scale at which charge carriers (electrons
and ions) rearrange themselves to shield out external electric fields. The Debye

6
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€0]€BT
Ab = 4/ 2.2
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where g is the vacuum permittivity and e is the electron charge.

length is defined as:

The term collective behaviour refers to a fundamental distinction between plasma
and neutral gases in terms of particle interaction dynamics. Unlike in a neutral
gas, where particles interact by pairwise nearly instantaneous collisions character-
ized by short-range forces, a plasma particle is subject to simultaneous interactions
with many other charged particles. This increased amount of interactions arises
due to the inherent long-range nature of the electrostatic forces within the plasma
(Chen, 1974). Consequently, this collective interaction is fundamental for many of
the unique physical properties and phenomena observed in plasma systems. We will
discuss some of these properties and phenomena in section 2.4, but first we will
review some of the fundamentals of tokamak physics.

2.3 Magnetic confinement in a tokamak

Magnetic confinement in a tokamak is a method used to maintain a high-temperature
plasma necessary for nuclear fusion. In a tokamak, a helical magnetic field in a
toroidal chamber is used to maintain the plasma, as shown in figure 1.1. When a
charged particle, such as an electron or ion with charge e, (a = e, i), moves within
this magnetic field, it experiences the Lorentz force F' = e,v x B perpendicular to
both its velocity and the magnetic field. This force causes the particle to gyrate
around the magnetic field lines in a circular motion known as gyro-motion.

A purely toroidal magnetic field is insufficient for stable confinement due to mag-
netic field inhomogeneities and resulting drifts. Particles would naturally drift away
from the centre of the confinement region due to gradients in the magnetic field
strength. To eliminate the effect of these drifts and achieve effective confinement,
a strong current is driven through the plasma, generating a poloidal magnetic field.
The helical field lines resulting from the combined toroidal and poloidal magnetic
fields, which are shown in figure 2.1, help maintain the plasma’s stability by ensur-
ing that drifts in different sections of the torus counteract each other. The helical
magnetic field lines wrap around surfaces of constant poloidal magnetic flux, which
is the magnetic flux passing through a surface perpendicular to the poloidal direc-
tion in a toroidal plasma. These surfaces are known as flux surfaces, and they are
illustrated in figure 2.1. However, during disruptions these flux surfaces can break
up due to instabilities, leading to chaotic magnetic fields. This can result in plasma
energy being rapidly transported to the reactor wall, potentially causing damage.
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Figure 2.1: Illustration of the tokamak cross-section showing the toroidal and
poloidal magnetic fields, which create helical magnetic field lines around the
plasma, forming flux surfaces. Source: (Vallhagen, 2023).

The drifts that affect particle motion in a tokamak are:

1. VB-drift (Grad-B-drift): Due to the magnetic field strength varying over
the major radius of the tokamak, particles experience a drift perpendicular to both
the magnetic field and its gradient. This drift is charge-dependent and causes charge
separation, leading to an internal electric field.

2. E x B-drift: The internal electric field generated by charge separation, in
combination with the magnetic field, results in a drift that is independent of the
particle’s charge, and it can lead to plasma displacement.

3. Curvature-drift: As particles follow the curved magnetic field lines of the
tokamak, they experience a centrifugal force that causes them to drift perpendicu-
larly to both the magnetic field and the centrifugal force.

2.4 A theoretical description of plasmas

In this section most of the basic plasma physics concepts are introduced as in Ander-
son et al., 2008. We previously emphasised the collective nature of plasma behaviour.
Within a plasma, each particle interacts not only with externally applied fields but
also with fields generated by the collective movement of other particles within the
same plasma. These interactions can lead to localized charge imbalances, which
in turn induce electric fields. Moreover, the motion of charged particles generates
electric currents and, consequently, magnetic fields. The dynamics of the particles
in a magnetic confinement fusion plasma are well described by classical physics.
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In a plasma, the motion of charged particles under the influence of electromagnetic
fields is described by the Lorentz force

F =¢,(E+vx B). (2.3)

The fundamental (non-relativistic) equation of motion is governed by this force. For
a particle with charge e, mass m, moving at velocity v in an electric field E and
magnetic field B the equation of motion is

mi’: =e(E+ v x B). (2.4)

The dynamics of electromagnetic fields are governed by Maxwell’s equations
Gauss’s law for electricity: V-E= gﬁ, (2.5)
Gauss’s law for magnetism: V-B= O,0 (2.6)
Faraday’s law of induction: VxE= —88?, (2.7)
Ampere’s circuital law (+ Maxwell’s correction): V x B = ugj + ,uoeoa—E (2.8)

ot’
where p is the charge density, 7 denotes the current density and gy is the perme-
ability of free space.

In principle, plasma dynamics could be described by solving (2.4) for every par-
ticle, considering both external fields and fields generated by the plasma itself. For
N particles, there are N nonlinear coupled differential equations of motion to solve
simultaneously. However, this would require a self-consistent formulation since the
fields and the trajectories of the particles are coupled, which means that internal
fields that affect the particles’” motion are modified by the particles’ collective be-
haviour (Anderson et al., 2008). Solving (2.4) for every particle is not very practical
due to the large amount of particles in a plasma. In tokamak research, it is more
common to describe the collective behaviour of particles using statistical physics.

2.4.1 Kinetic theory

Kinetic theory, which comes from statistical mechanics, significantly reduces the
analytical complexity compared to solving (2.4) for every particle. This approach
utilizes the distribution function f(r,v,t)—a statistical representation of the par-
ticles in phase space. The main task involves solving the kinetic equations for the
various particle species that describe how the distribution function evolves over time.

The distribution function f(r,v,t) specifies the probability density of particles
within a small volume element d3rd3v at position r, velocity v and time ¢ in phase
space (Anderson et al., 2008). The function f is fundamental in the sense that all
macroscopic properties of the plasma can be derived by taking integral moments
with respect to velocity of f. For example, the particle number density n(r,t) is
obtained by integrating f over all velocities

n(r,t) = /d3v f(r,v,t). (2.9)
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Consequently, the total particle number N(¢) within the plasma at any given time
t is given by

N(t) = /d3rn(r,t) :/ dPrd’v f(r,v,t). (2.10)
Other important macroscopic quantities include
1
Mean velocity u(r,t) = D) /d3v vf(r,v,t), (2.11)
Pressure tensor P(r,t) = m/d3v (v —u)(v—u)f(r,v,t), (2.12)
Energy density W (r,t) = 2n(m'r,t) /d?’v v —ul*f(r, v, 1), (2.13)
Heat flux vector Q(r,t) = % /d3v v —ul?(v —u)f(r,v,t), (2.14)

where (2.12), (2.13), (2.14) only hold in the non-relativistic limit.

An important aspect of plasmas is that when plasma particles are in thermody-
namic equilibrium they follow a Maxwell distribution

Fulv) = ( L )3/2 exp (-”j) . (2.15)

Ty, Uth

Here, we introduced the thermal velocity, which is the average velocity of the plasma
particles that follow the Maxwell distribution, for a given particle species a = e, i

(electron, ion)
2T,
fUth7 a — ) <2 16)
Mg

where T, and m, are the temperature and the mass of the particle respectively.

The time evolution of the distribution function f is described by the kinetic or
Boltzmann equation

of

ot
where F' is the Lorentz force, the Boltzmann collision operator C'(f) describes the
effects of particle collisions, and the source term S accounts for variations in parti-
cle number resulting from phenomena such as ionization and recombination (Chen,
1974). Recombination means that an electron binds with an ion.

+v-Vf+Z-VUf:C(f)+S, (2.17)

The Boltzmann equation is often simplified by using the Fokker-Planck collision
operator, giving the more manageable Fokker-Planck equation. This approximation
assumes that collisions in the plasma are dominated by small-angle (grazing) colli-
sions, i.e. collisions only transfer a small amount of momentum. These small-angle
scattering events can be represented by a differential operator in velocity space as
follows

0 0

C(f) = Jor —Arf + aT)l(Dsz) ; (2.18)

10
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where the advection and diffusion coefficients are given by

. <A1}k> . <AUkAUZ>
A = AL Dy = SAL (2.19)

and k and [ are summed indices (Helander and Sigmar, 2005). In this description,
the first term in equation (2.18) represents a drag or frictional force acting on the
particles, and the second term characterizes diffusion within velocity space. The
terms (Avy) and (AvgAv;) denote the expected change in velocity due to collisions
over a short interval At, which captures the impact of many small interactions
among the plasma particles.

Finally, we mention fluid theory which is a simplified version of kinetic theory—
where the particle velocities are averaged over. By taking integral moments with
respect to velocity of the Boltzmann equation, one obtains fluid equations. An
advantage of this theory is the reduced analytical complexity compared to kinetic
theory.

2.4.2 Collisions and conductivity

We have already seen that plasma dynamics differ fundamentally from that of other
states of matter. Compared to gases, where collisions are governed by short-range
forces, plasma interactions are mainly regulated by long-range Coulomb forces. As
a result, high-energy plasma electrons exhibit lower collisionality compared to low-
energy plasma electrons—a behaviour opposite to that of neutral particles in regular
gases. This distinction is crucial for understanding plasmas, particularly in the ex-
treme environments of reactor-scale tokamaks. To improve our understanding of
tokamak plasmas, we will briefly examine particle collisions in plasmas and investi-
gate the resulting physical phenomena.

We start by discussing the collision frequency for electron-electron (e - e) and
electron-ion (e - i) Coulomb interactions. The momentum of individual electrons is
mainly affected by many small-angle collisions (Helander and Sigmar, 2005). How-
ever, when dealing with high-energy electrons one may consider an effective potential
to describe the average impact of all particles in the plasma. The collision frequency
is given by the expression

nye2ed In A npe2ed In A (2.20)
Va,b = = .
Aregm2u, . 8med\/2m,To?

where n; represents the density of particle species b and e, and e, are the electric
charges of particle species a and b respectively (Helander and Sigmar, 2005). Finally,
In A is the Coulomb logarithm which quantifies the maximum impact parameter of
Coulomb collisions (Chen, 1974).

Equation (2.20) contains the T~%?2 temperature scaling, which is crucial in the
context of tokamak disruptions. The conductivity of the plasma, which was first

11
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formulated by Lyman Spitzer (Cohen et al., 1950; Spitzer and Harm, 1953), is given
by

2
Be® 732 (2.21)

o ~
meVe,i

(Helander and Sigmar, 2005), and this expression implies that as the plasma tem-

perature drops its conductivity decreases. According to Ohm’s law

j=0oE, (2.22)

a lower conductivity must give rise to a proportionally higher induced electric field
to maintain the same current (Chen, 1974). This compensation effect is important
because, in a plasma environment like that of a tokamak, the current cannot change
instantaneously. If the temperature of the plasma suddenly drops rapidly, which it
commonly does during a disruption, an electric field will be induced. This force will
accelerate plasma electrons to relativistic energies, in a process that leads to the
formation of a beam of REs (Vallhagen, 2023).

2.4.3 Electron runaway

Super-thermal electrons, those electrons with velocity v > vy, feel a braking drag
force proportional to
Flrag ~ Moo p X v72, (2.23)

due to Coulomb interactions—which normally decelerate them (Helander and Sig-
mar, 2005). However, when these electrons exceed a critical velocity, where an
externally applied electric field’s accelerating force is stronger than the drag force,
they can be accelerated to relativistic velocities (Anderson et al., 2008). This sce-
nario leads to an unlimited acceleration of electrons to very high energies, where
non-collisional mechanisms determine the electron dynamics.

To better understand the above scenario, we may study the one-dimensional dynam-
ics of an electron under the forces of an externally applied electric field E = —F&
and collisional drag Fi.e (2.23). Newton’s second law gives

d
med—: =eF — meuv, i, (2.24)

which can be rewritten by using (2.20) and (2.23) to give

d 2
medi; —¢E <1 . ;) , (2.25)
where we defined v, as the critical velocity
3
9 e’ In A
= 2.26
Ve (4meg)?meE (2.26)

The critical velocity is the velocity where the electric force equals the collisional
drag force. When the electron’s velocity v is less than v, the velocity will tend to

12
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decrease due to the larger friction force compared to the accelerating electric force.
On the other hand, if v is greater than the critical velocity the electron experiences
a net acceleration (dv/dt > 0), reducing the effective drag as the velocity increases.
This case allows for the continuous acceleration of the electron to relativistic en-
ergies (Anderson et al., 2008). When the friction force becomes weaker with the
increasing speed of the electron, the phenomenon is called electron runaway, and is
a major concern for future large-scale tokamaks. Electrons with velocities greater
than the critical velocity are known as runaway electrons, and they may lose mag-
netic confinement and damage the reactor’s wall, leading to high repair costs and
long operational downtime (Chen, 1974).

To further our understanding of the implications of electron runaway, we may com-
pare the critical velocity v, with the thermal velocity of electrons vy, . If the thermal
velocity is significantly less than the critical velocity (v, « < vc), then only a small
amount of electrons at the upper end of the Maxwell distribution are likely to be-
come runaway. However, when the critical velocity approaches the thermal velocity
(ve & vy,) a substantial portion of the electron population would be subjected to
acceleration.

The electric field strength at which the critical velocity equals the thermal velocity
is defined as 0.215Fp, where Ep is the Dreicer field

mne’In A

Ep=—" "
b (47T€0)2]{?BT

(2.27)

The fraction F/FEp becomes significant (but still much smaller than unity) during
plasma disruptions.

If one includes relativistic effects then the drag force does not fall all the way down
to zero with increasing electron energy—since there is some saturation that occurs
when electrons approach the speed of light (Helander and Sigmar, 2005). This im-
plies that there is a minimum electric field for the creation of REs, which produces
the same acceleration as the collisional drag at the speed of light. The electric field
is called the critical electric field F, and is given by

g nedln A

e A 2.98
dmedmec? (2.28)

where c¢ is the speed of light (Connor and Hastie, 1975). Thus, in order to produce
REs an electric field must exceed the critical field.

2.5 Runaway generation mechanisms

Runaway electron generation in tokamaks arises through various mechanisms. These
mechanisms can be broadly classified into primary (seed) and secondary (avalanche)
mechanisms. Primary generation occurs independently of existing REs, while sec-
ondary generation relies on an initial population of REs to increase in number.

13
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The following sections detail the most significant runaway generation mechanisms
in tokamaks.

2.5.1 Primary generation mechanisms

Dreicer mechanism: The Dreicer mechanism describes the process by which an
electric field accelerates electrons to runaway velocities, overcoming the collisional
friction in the plasma (Dreicer, 1959). As the electric field strength increases, a
fraction of electrons in the high-energy tail of the Maxwellian distribution can ac-
celerate past the critical velocity v. and continue to gain energy, thereby becoming
REs. This process is self-sustaining because the remaining electron population con-
tinually re-equilibrates the Maxwellian due to particle collisions, thus maintaining
the high-energy tail and consequently RE generation.

Hot-tail mechanism: The hot-tail mechanism occurs during rapid and steep
plasma temperature drops. Initially, the high-energy tail of the Maxwellian, being
at a higher temperature, cools more slowly than the bulk population. This results in
a temporary non-Maxwellian distribution with an excess of super-thermal electrons.
If an external electric field increases in strength, these super-thermal electrons can
surpass the critical velocity and become REs before thermalizing with the cooler
bulk electrons (Smith and Verwichte, 2008; Smith et al., 2005). The efficiency of
hot-tail generation depends on the rate of temperature decrease, with faster drops
generally leading to higher RE production (Svenningsson et al., 2021).

Tritium decay and Compton scattering: In deuterium-tritium (D-T) plasmas,
tritium decay and Compton scattering can also generate REs. Tritium decay pro-
duces high-energy electrons that, if exceeding the critical velocity threshold, become
runaway electrons (Fulép et al., 2020). Additionally, gamma photons resulting from
neutron interactions with the tokamak wall can scatter electrons via the Compton
effect, transferring sufficient energy to make the electrons runaways (Martin-Solis
et al., 2017).

2.5.2 Secondary generation mechanism

Avalanche: The avalanche mechanism can drastically increase the population of
REs. During a Coulomb collision, a runaway electron can transfer significant mo-
mentum to a thermal electron, accelerating it above the critical velocity. If the elec-
tric field is sufficiently strong, this process becomes self-sustaining with each new
runaway electron potentially generating more REs, which leads to an exponential
increase in the RE population. Moreover, avalanche gain is exponentially sensitive
to the strength of the initial plasma current in a tokamak. The avalanche effect is
particularly dominant during the current quench (CQ) phase of a disruption (to be
discussed in the next section) in large tokamaks, and poses a significant challenge
in controlling runaway currents (Embréus et al., 2018; Rosenbluth and Putvinski,
1997). Minimizing the initial number of REs during a disruption is very important
to prevent the avalanche from producing excessive runaway currents.

14
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In summary, mitigating these runaway generation mechanisms is vital for the safe
operation of tokamaks, particularly as we move towards larger devices such as ITER,
which will operate with much larger plasma currents compared to current tokamaks.
Hence for future large-scale reactors, controlling REs becomes even more important
for preventing damage of the plasma facing components.

2.6 Tokamak disruptions

Tokamak disruptions are abrupt and often violent events that lead to the loss of
plasma confinement. These disruptions result from too high plasma density, large
plasma currents or the accumulation of heavy impurities, leading to a sudden release
of energy, loss of plasma confinement and potential damage to the tokamak’s internal
components (Koslowski, 2012; Hender et al., 2007). An impurity is any material that
is not hydrogen. Figure 2.2 illustrates a typical disruption evolution along with the
behaviour of the electron temperature 7T, induced electric field E), plasma current
I,,, Ohmic current I, and runaway current /gg. The Ohmic current in a tokamak
is the electric current generated by the resistive heating of the plasma due to the
applied electric field, analogous to the current produced in a conventional conductor
due to Ohm’s law.

2.6.1 The three phases of a disruption

The first phase of a disruption is the thermal quench (TQ). During this phase, the
plasma experiences a rapid and drastic drop in temperature, typically within a time
span of 0.1-1ms. The sudden decrease in temperature raises the plasma resistiv-
ity as particle collisions become more frequent (Hoppe, 2021). The rapid cooling
is primarily caused by increased radiation from impurities and heat transport due
to magnetic perturbations. The latter refers to disturbances or fluctuations in the
magnetic field that can affect plasma stability and confinement.

The CQ (current quench) in a tokamak disruption refers to the phase where the
plasma current rapidly decreases due to a significant rise in plasma resistivity. The
CQ typically takes place after the T(Q phase and happens over a time span of around
10 ms in a JET-sized device. During this phase, the decay of the plasma current
results in the formation of induced eddy and halo currents, which in combination
with the tokamak’s magnetic fields, causing electromagnetic forces that can impose
mechanical stresses on the tokamak’s components (Shiraki et al., 2016). Moreover,
the rapid current decay during the CQ is also important since it impacts the forma-
tion of runaway electrons. The high resistivity in the post-T(Q plasma environment
accelerates the decay of the initial current, and, due to Faraday’s law, a current drop
must result in an induced electric field. This electric field may lead to the generation
of REs, which can cause localized melting of the tokamak wall or other structural
damage to the tokamak device (Breizman et al., 2019; Helander et al., 2002; Shiraki
et al., 2016).
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Figure 2.2: Illustration of the typical behaviour of the electron temperature 7,
induced electric field E), plasma current I;,, Ohmic current /o, and runaway
current Igg during a disruption. Source: (Hoppe, 2021).

The runaway plateau is the final stage of a disruption. During this phase, the
RE current can dominate the plasma current if a sufficiently strong induced electric
field was sustained during the CQ. This situation is particularly dangerous because
REs carry large amounts of energy and momentum.

2.6.2 Miscellaneous

To quantitatively analyze the temperature evolution of the TQ an exponential tem-
perature decay model is often used, given by

T(t,r) =T (r)+ [To(r) — Tr(r)] exp (—t>. (2.29)
T TQ

Here, Ty(r) represents the initial temperature profile of the tokamak plasma, which
is typically deduced from experimental data. The parameter 7pq denotes the decay
time scale, giving an estimate of the rate at which the temperature falls during the
TQ. The term T(r) refers to the final temperature, which corresponds to the tem-
perature at the onset of the CQ phase. Commonly, Tt is treated as a free parameter
and may be set to a constant. However, this model is not explicitly employed in
this work. Instead, it is used indirectly to provide a reference point for the thermal
quench duration in our disruption model, which will be discussed in more detail in
section 4.2.

The duration of the CQ phase tcq is defined in this work as

Ul final — LIg=0.81,
tcg = ——= pR (2.30)
@ 0.8 — IQﬁnal/I ,init
where [, represents the total plasma current and I denotes the Ohmic current
component. A too short CQ time can generate large electromagnetic forces from
the eddy or halo currents. Conversely, a prolonged CQ duration increases the risk
of plasma drift, leading to potential impacts against the containment wall.
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2.7 Disruption mitigation

Managing disruptions in tokamaks involves several strategies to predict, prevent,
and mitigate their effects (Lehnen et al., 2015). In this section we discuss a common
disruption mitigation technique employed in tokamaks.

2.7.1 Massive material injection (MMI)

Massive material injection, which has been successfully implemented in JET and is
planned for future use in ITER involves the deliberate introduction of large quanti-
ties of material into the plasma to trigger a controlled cooling disruption. Examples
of MMI are Massive Gas Injection (MGI) and Shattered Pellet Injection (SPI), which
are employed to rapidly cool the plasma and reduce the current before a disruption
can fully develop (Hollmann et al., 2014). Moreover, these methods aim to increase
the plasma density, thereby raising collisionality and reducing the likelihood of run-
away electron formation. However, it is important to note that injecting impurities
into the plasma may also have the opposite effect, namely it can generate additional
REs. Therefore, it is crucial to identify the optimal injection conditions that mini-
mize the production of runaway electrons while still maintaining an adequate fusion
reaction rate.

MGTI introduces large amounts of neutral gases, particularly noble gases like neon
or argon, to increase electron density. This gives rise to an increase in collision-
ality resulting in a greater braking force on the electrons, thereby reducing their
energy and decreasing the risk of reactor damage. Furthermore, the introduction
of heavier noble gases increases heat loss through radiation (Hu et al., 2021). Note
that increased heat loss implies quicker and more significant plasma cooling, which
inherently results in a stronger induced electric field, and consequently a higher pro-
duction of REs. Finally, one may also inject deuterium, which becomes fully ionized
at relatively low temperatures, to dilute the plasma. This helps with plasma sta-
bilization by mitigating the more severe radiation losses that heavier atoms might
cause (Nardon et al., 2020).

2.7.2 Assimilation of the injected material

Assimilation in tokamak experiments with MGI refers to the process by which in-
jected material are incorporated into the plasma. This process involves several
stages, starting with the gas crossing the plasma boundary and distributing uni-
formly throughout the plasma volume. Upon entering the plasma, the injected gas
begins to ionize, allowing it to interact electromagnetically with the existing plasma
particles. Successful assimilation is characterized by the thermal and chemical equi-
librium of the injected gas with the plasma. This means the gas reaches a uniform
temperature distribution and mixes homogeneously with the plasma. The effective-
ness of this process directly impacts the efficiency of plasma cooling. For example,
impurities that have assimilated well can enhance radiation cooling, which could
help in reducing the thermal load on the plasma-facing components and to stabilize
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the plasma during disruptions (Effenberg, 2022; Zeng et al., 2023).

18



3

Simulation framework: DREAM

This chapter provides an overview of DREAM (Disruption Runaway Electron Anal-
ysis Model) (Hoppe et al., 2021). Developed by the Plasma Theory Group at
Chalmers University of Technology, DREAM is a simulation framework that models
the dynamics of REs during tokamak disruptions. It solves a system of nonlinear
equations that govern the time evolution of plasma parameters, including tempera-
ture, electron density, current density, and electric fields. Moreover, DREAM sup-
ports various operational modes, from a fluid mode to a fully kinetic mode.

More specifically, this chapter aims to provide an overview of the DREAM methods
used in our study, primarily based on the theory outlined in the original paper by
Hoppe et al., 2021 and the DREAM documentation by Hoppe, 2024. For a com-
prehensive understanding of DREAM, it is recommended to read both the original
paper and the documentation.

3.1 Electron populations and plasma models

DREAM solves the electron distribution function through the Fokker-Planck equa-
tion. For efficient computation, DREAM considers three groups of electrons: cold
electrons, hot electrons, and REs, each characterized by their respective densities
(Neold), (Mhot), and (ngrg). These groups are ordered by momentum, with cold elec-
trons having the lowest momentum and REs the highest momentum. These electron
populations are shown in figure 3.1.

DREAM employs various plasma models that each model the electron populations
differently. This work uses the isotropic mode, which simplifies computation by
analytically averaging over the pitch angle, which refers to the angle between a
charged particle’s velocity vector and the magnetic field line along which it is trav-
elling, based on an asymptotic expansion where pitch-angle scattering predominates
(Hoppe et al., 2021). This assumption considerably reduces the model’s complexity
and computational cost by decreasing the dimensionality of the distribution func-
tion. Although less computationally demanding, the isotropic mode accounts for
the essential dynamics that are fully described by more computationally demanding
modes, giving a good trade-off between model accuracy and computational cost.

In the isotropic mode, only hot electrons are treated kinetically. In general, ki-
netic modelling means that the full phase space, including momentum and pitch
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0 Prot PR P

Figure 3.1: Electron populations as modelled in DREAM.

angle, is considered in the modelling. However, in the isotropic mode the pitch
angle is averaged over. Meanwhile, cold electrons and REs are modelled as fluids.
This means that the plasma evolution is not governed by the Fokker-Planck equa-
tion, but rather by other self-consistent equations, such as energy conservation and
charge neutrality. Since cold electrons are fluid quantities, this implies that the mo-
mentum boundary pp, = 0 in the figure 3.1. To model how electrons are transferred
from the hot to the cold population, there is a particle sink at p = 0 in this mode,
which converts hot electrons to cold electrons. Almost all electrons are initialized
as hot electrons in an isotropic simulation, and more cannot be created while the
simulation is underway. A further motivation for using the isotropic mode is that
most of the interesting physics occurs in the hot momentum region. For instance,
this is typically where the critical momentum lies under our conditions. Therefore,
it is important to model this region kinetically to achieve a realistic disruption model.

As mentioned, cold electrons are characterized by having lower kinetic energy than
hot electrons, and they can be assumed to follow a Maxwell distribution, which
is characterized by their density (neq), temperature T, q and the Ohmic current
density jo. The density of cold electrons is calculated to preserve net neutrality
according to

<ncold> = <nfree> - <nhot> - <nRE> (31)

Here, (nge.) represents the total density of free electrons in the plasma, obtained
from quasi-neutrality (ngee) = >; Zo,ini, where Zy; is the charge number, sum-
ming over all ion charge states 7. The electron temperature on flux surfaces T..q is
modelled through the evolution of the thermal energy density of the cold electron
population

3
Wcold = §<ncold>Tcold- (32)

Hot electrons, with momentum pnt < p < pgrg, are kinetically modelled using
the distribution function fi;. Parameters such as the density of hot electrons ny¢
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and their current density jy.; are obtained as different moments of this function.

REs, which have momentum p > pgrg, are assumed to move along magnetic field
lines at the speed of light. Moreover, they are represented by the RE density nrg and
the current density jrg. For simulations relevant for this work, the time evolution
of nrg is governed by

dn 1 0 on
dle = Fuot + Iavanre + 75 lV/ (ATLRE +D RE>‘| . (33)

The term Fj, is the flux of runaways through the upper boundary of the hot momen-
tum grid, so that electrons flow into the runaway region. It combines contributions
from the Dreicer and the hot-tail generation mechanisms. The avalanche growth
rate is denoted by ['av., radial transport effects, both advective and diffusive, are
accounted for with A and D, respectively, and V'’ denotes the spatial Jacobian at a
given radius r.

3.2 lons

Ion species in DREAM, each identified by an atomic number Z;, are modelled by
their densities ngj ) for each charge state j. The evolution of the ion states is governed
by the ion rate equation

on)
ot

= (L7 (neaa) + (om0} ) ™

— (17 {ncoa) + (o0, 0)) i’ (34
+ joJrl) <ncold>nz('j+1) - Rz(j) <ncold>n§j)7

where Ii(j ) denotes the ionization rate coefficients and Rl(j ) denotes recombination
rate coefficients. These rates represent transitions between the different charge
states. The rate coefficients come from the OpenADAS database (OpenADAS,
2024). When we involve hydrogen isotopes, such as deuterium, where low-temperature
opacity to Lyman radiation is significant, the coefficients come from the AMJUEL
database (Reiter, 2000). Lyman radiation refers to the series of spectral lines in the
ultraviolet region that are emitted by hydrogen atoms when an electron transitions
from a higher energy level (n > 2) down to the lowest energy level (n = 1).

3.3 Poloidal magnetic flux

The evolution of the poloidal magnetic flux 1) is governed by the equation

oY
i —Vioop- (3.5)
The loop voltage Vieop is defined as
(E - B)
Vioop = 2m—————, 3.6
oo = =T B V) (3:6)

21



3. Simulation framework: DREAM

where ¢ is the poloidal angle. The total current density is given by jiot = jo + Jhot +
JjrE, Where the time evolution is governed by Ampere’s law

.tot 1 8 / v 2 8
27 (B - V) B = Vi [V <| R7;| >;ﬁ] . (3.7)

Boundary conditions for ¢ are set at teqee = Y(r = a) and Yy = Y(r = b),
where a is the minor radius and b is the wall radius. We assume that the plasma is
surrounded by a perfectly conducting wall, which imposes the condition Vjoep = 0
at r = b.

3.4 Magnetic geometry, time stepper and numer-
ical solver

DREAM can employ numerically defined magnetic fields, which allow for the sim-
ulation of realistic tokamak geometries—accounting for variations in the magnetic
field across different flux surfaces.

Time evolution of the array of unknowns in DREAM is handled through either
an adaptive time stepper or a fixed time stepper, where the former is based on an
estimate of the ionization time scale (Hoppe et al., 2021).

The system of equations for the next time step is expressed as f(x(t),t) = 0, where
x(t) is the solution vector. DREAM solves this using Newton’s method

el =" = (@) fal) (3.8)

where J~! is the inverse Jacobian matrix of the function f. Upper indices represent
time step and lower indices represent the current approximation. The iteration
continues until convergence is reached or until a specified number of iterations have
passed. Omnce converged, the solver checks each obtained solution in the array of
unknowns and demands that

Here y§1)1 is a subset of the elements in @x;, 1, corresponding to the discretized quan-

tity denoted with index n (Hoppe, 2024). The tolerances for the quantity is the
absolute tolerance eg}?s and relative tolerance eiz), which, along with the maximum

number of iterations, may be specified by the user.

el (3.9)

rel -

yh -y < e+

ygﬂ‘

3.5 Radial heat transport

In DREAM, radial transport of heat is modelled using an advection-diffusion heat
transport approach. For the purposes of this work, the Rechester-Rosenbluth diffu-
sion model is employed to describe this transport mechanism. Developed by Rech-
ester and Rosenbluth, 1978, this diffusion model addresses the radial transport of
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heat due to turbulent perturbations in the magnetic field. Rechester and Rosen-
bluth derived a diffusion operator that quantifies how these perturbations affect the
motion of particles and energy radially across the plasma. The diffusion coefficient
Drr takes the form

B\’
Drr = 7 Ro|vn, o (B) ; (3.10)

where Ry is the major radius of the tokamak. In a similar expression for the RE
particle diffusivity, the thermal velocity vy, is replaced with the speed of light c.
The factor 6B/B quantifies the normalized amplitude of magnetic perturbations,
which parametrizes the effect of magnetic field fluctuations on transport.

3.6 Synchrotron losses

Synchrotron loss refers to the energy loss experienced by charged particles, such as
electrons, when they are accelerated to near-light speeds and move in a circular mo-
tion. As these particles gyrate along magnetic field lines, they emit electromagnetic
radiation, known as synchrotron radiation. This emission of radiation results in a
loss of energy for the particles, thereby damping their motion.

DREAM implements synchrotron loss using the model developed by Hirvijoki et
al., 2015 and Decker et al., 2016, which employs the radiation timescale

. 64B2
Trad —

(3.11)

3037
Gregmac

where B is the magnetic field strength. Note that the radiation timescale includes
a factor for the gyration frequency of the electrons

_eB

Me

w (3.12)

This quantity will be important later on, when we discuss the effects of the magnetic
field strength on the dynamics of REs.
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This section presents the experimental data utilized in our study and the disruption
modelling with DREAM. Section 4.1 discusses the experimental data obtained for six
JET discharges. In section 4.2, we discuss the specific initial conditions, parameters,
and configurations used in DREAM to simulate JET disruptions.

4.1 Experimental data

This study uses data for six JET discharges (an experimental run of the tokamak),
which come from experiments conducted by Reux et al., 2015. These discharges ex-
hibit different plasma and tokamak parameters, such as initial temperature, electron
density, plasma current, magnetic field strength and geometry as well as injected
argon to deuterium ratio. All discharges were terminated through MGI. Table 4.1
provides an overview of the parameters associated with these discharges. Note that
we have radial profile information on the electron density, the electron temperature
and the current density prior to the disruption, where the values listed in the ta-
ble are taken at the magnetic axis. The temperatures and electron densities are
measured using Light Detection And Ranging (LIDAR). The mentioned plasma pa-
rameter radial profiles are used as initial conditions for the simulations, and the
subsequent disruption evolution is self-consistently simulated by DREAM. Further-
more, the minor and major radii of JET discharge #85943 is a = 0.895 m and
Ry = 2.93 m, respectively, and note that these geometric values are essentially the
same for all discharges.

To initiate disruptions within the JET tokamak, argon gas and deuterium gas were
injected into the vacuum vessel, with their quantities G; specified in Pa m3. Initially
in our simulations, these gases are considered to be at room temperature 7;,;; = 300
K. Using the ideal gas law N; = G;/(kpTinit), we can calculate the total number of
argon atoms N,, and deuterium atoms Np, respectively. For the purpose of simu-
lation, these atomic totals are then used to compute the ion densities by dividing
by JET’s plasma volume V], = 76.55 m® (this value can also be regarded to be the
same for all the discharges), resulting in n; = N;/V,,.

Each density n; is subsequently multiplied by an assimilation fraction f;, represent-
ing the fraction of the gas that gets deposited inside the plasma, giving n; injected =
fin;. To find realistic values for fa, and fp that give numerically stable solutions,
we treat these parameters as free—since they are not known from experiments. All
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Table 4.1: Injected gas densities (when assuming uniform material deposition),
initial electron density, argon fraction, initial plasma temperature, initial plasma
current, and toroidal magnetic field strength for six JET discharges.

Parameter | #85021 | #85445 | #85450 | #85451 | #85453 | #85943
nar (102Tm=3) 1.62 0.30 1.04 1.64 2.44 2.46
np (102'm=?) 1.08 2.67 1.56 1.09 0 0
Neo (10%m™) | 1.68 2.21 1.75 1.69 1.50 2.05
QUAL/D 0.6 0.1 0.4 0.6 1.0 1.0
Ty (eV) 1928 2868 1192 1410 1138 2541
I,0 (MA) 1.95 1.95 1.69 1.69 1.19 1.95
Br (T) 2.5 3 15 15 1 3

free parameters in this work are part of a series of parameter scans aimed at finding
values for the free parameters that reproduce experimentally observed runaway cur-
rents. This is discussed further in chapter 5. Apart from the parameter scans, we are
guided by insights from previous studies such as Bjork et al., 2021, which suggests
an assimilation fraction of 20% for argon—for similar types of JET discharges as
the ones we study. To maintain a simple model, we assume an equal assimilation
fraction for both injected gases f; = far = fp.

4.1.1 Runaway electron existence domain map

We now present the all-important figure 4.1 (reproduced from Reux et al., 2015),
which serves as the primary motivation for this thesis. The purpose of this thesis
can be seen as an attempt to reproduce this figure through simulation. The figure
summarizes the runaway electron existence domain for MGI discharges (some of
which are presented in the previous section) of argon and deuterium mixtures, cov-
ering various gas pressures, different toroidal field strengths, plasma pre-disruption
densities, and shapes for JET-ILW (ITER-like Wall) and JET-C (Carbon wall). A
runaway domain boundary is depicted for JET-ILW (green strip) and JET-C (red
strip), respectively. Below these boundaries, no significant RE current was observed.
In this work, we aim to reproduce the green domain boundary using DREAM, with
the goal of enhancing code validation to ensure that our models accurately describe
and predict conditions in both existing and future tokamaks. For a full description
of the figure, we refer the reader to the original paper by Reux et al., 2015.

4.1.2 Plasma current evolution data

The empirically measured plasma current evolution data for each of the six dis-
charges used is shown in figure 4.2. Note that the data was smoothed to reduce
noise. Several points regarding this figure are worth noting.

First, the zero point of the time scale is arbitrary. The onset of the TQ for each dis-

charge is assumed to start at the point where the plasma current starts to decrease
slightly, right before each discharge’s respective I, -spike. This assumption is based

26



4. Method

3.5 ‘ ! 4 ! !
Domain entry (JET-C) =
] IO DA @ ..............................................
%
E 2 i o
T P % 5
2 P :
‘:_; | S icaeiase - S I TN J
3 @ 1504/-50 kAl A\ (o)
= 1 5//V ™ .”.szb ........ O
!l 1300 kA 0 %%Q
N | (g
‘./)--’\‘ 7: o
IR L T T U 8
50 kA a
A\ HXR traces only i
0.5 O No signif. trace ‘ i i &

0 0.2 0.4 0.6 0.8 1
Ar Fraction in DMV

Figure 4.1: Runaway electron existence domain map as a function of toroidal
field and argon fraction in the disruption mitigation valve. As an example, an Ar
fraction = 0.6 means that 60% of the injected material is argon and 40% is
deuterium. Fach data point corresponds to a unique discharge, but note that in
our work we only used data for six of the displayed discharges. The domain entry
points and boundaries are provided for JET-C and JET-ILW. The size of the
circles represents the maximum runaway current achieved during a disruption.
Source: (Reux et al., 2015).
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Figure 4.2: Plasma current evolution for each of the six used discharges. Note

that the time axis is only relative, and serves mainly to give an understanding of

the time interval for a disruption. What happens before the TQ is related to the
startup of a disruption experiment in JET.

27



4. Method

on the electron temperature 7, evolution experimental data for discharge #85943,
shown in figure 2 of Nardon et al., 2021. The temperature exhibits a significant and
rapid drop, the defining characteristic of the TQ phase, as the plasma current begins
to decline before the spike in the current. The duration of this temperature drop is
approximately 1 ms. The TQ is assumed to end (and the CQ start) right after the
plasma current reaches its peak, at which point the temperature has stabilized to
an essentially constant value.

Second, we define the end of the CQ phase to be the point in time when the RE
current carries all of the plasma current, and the Ohmic current has decayed to
practically zero. To determine this point, we examine the current evolution data for
discharge #85943 (brown line), which exhibits a “bump” or a plateau in the middle
of the current drop (at ~ 16 ms in the figure). According to Nardon et al., 2021,
this feature represents a short [,-plateau, resulting from the increasing RE current
during the CQ phase. This point should be where the Ohmic current becomes neg-
ligible, and the runaway current reaches its maximum. Moreover, the total current
drop in experiment is supposedly due to a loss of REs. Our simulations do not
model this late loss process, so wherever the bump appeared in these curves the
simulations would show a plateau. Therefore, we assume that the middle of the
bump signifies the end of the CQ and the beginning of the runaway plateau. For
the other discharges, the time at which the RE plateau is reached is less distinct.
Discharge #85943 exhibits the clearest bump in the plasma current among the used
discharges. Therefore, we use discharge #85943 as a baseline working point for the
parameter scans, noting that only one discharge is necessary to execute our scans.

A consequence of the choice of discharge is that we do not replicate the RE current
magnitudes shown in figure 4.1. By inspecting figure 4.2, and given the assumption
of where the runaway plateau begins, we will obtain a maximum RE current of
about 1.15 MA, which is an order of magnitude larger than the 300 kA (the 3 T
and Ar fraction = 1 case in figure 4.1) reported by Reux et al., 2015. It is there-
fore clear that Reux et al., 2015 has defined the runaway plateau in a different way
compared to us. Whatever event occurs in the data after the RE plateau has been
reached, which rapidly dissipates a large fraction of the RE current, our model is
unable to capture. Moreover, if we pretended that the bump does not exist and
instead assumed a linear decline of the plasma current down to 300 kA, it was diffi-
cult to match the CQ duration tcq in DREAM with that observed in experiments.
For example, the simulations would then consistently underestimate tcq by several
milliseconds.

4.2 Modelling disruptions in DREAM

Our disruption simulations comprised three distinct phases: initialization, transport
window (TQ), and CQ. Although it is possible to simulate the subsequent runaway
plateau phase, our focus was primarily on achieving the maximum runaway electron
current, which typically occurred during the CQ simulation under our conditions.
Therefore, the plateau phase was not explicitly modelled in our study. Each simu-
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lation stage inherits the parameters from the end of the previous stage (except for
the initialization), unless specifically modified for the new simulation phase.

4.2.1 Initialization simulation

The initialization simulation sets the appropriate initial plasma parameters, such as
the current density profile 7 and electric field E. Additionally, this phase initializes a
complete Ohmic plasma, upon which the disruption proceeds. This phase runs for a
single time step and is therefore only meant to be a setup for the coming simulation
phases.

4.2.2 TQ and CQ simulations

Following the initial setup, the simulation proceeds to the TQ phase, which is char-
acterized by a significant drop in plasma temperature. Several modelling decisions
made for this phase are important for obtaining a realistic disruption evolution. The
final phase of the simulation is the CQ), characterized by a drop in the Ohmic current
and a rise in the runaway current. The TQ and CQ phases allow the plasma param-
eters to evolve self-consistently based on the dynamics described in the preceding
chapter.

The simulations model the impact of magnetic perturbations, which occur when
magnetic flux surfaces break up during the transport window, by defining the trans-
port of runaway electrons and thermal energy. The quantities which experience this
transport are the RE density ngg, the cold electron temperature T..q, and the dis-
tribution function of hot electrons fio;. In our simulations, the magnitude of the
magnetic perturbation § B/B is considered a free parameter, assumed to be constant
in both space and time coordinates during the transport window. However, since it
is a free parameter, its value range is part of four conducted parameter scans. The
effects of magnetic perturbations last during the full transport window duration t1q.
Upon transitioning to the CQ phase, the simulation deactivates the magnetic per-
turbations, based on the assumption that the magnetic flux surfaces have reformed
by this stage. However, to avoid the formation of non-physical hot Ohmic channels,
a small value of dB/B = 0.04% is used for the heat transport (Pusztai et al., 2023).

The duration of the transport window ¢rq plays an important role in our model
as it determines the period during which electron heat transport and RE transport
are active. Furthermore, t1q is also treated as a free parameter. We opt for a
transport window duration in the range of 0.075 ms to 0.15 ms, loosely based on
the analysis by Bjork et al., 2021'. For the subsequent CQ simulation a duration of

IBjork et al., 2021 used a 7pq parameter (denominator of the exponential function in (2.29),
which is not the same as the transport window duration parameter in our work) in the range of 0.075
ms to 0.15 ms. If one assumes that the transport window lasts until the plasma temperature drops
to approximately 100 eV from the initial 2541 eV of discharge #85943, the transport event duration
trq would be on the order of 0.5 ms. However, when using this time scale in our simulations, the
RE current is severely underestimated. The energy dissipates for too long, and excessive transport
of REs lead to a negligible amount of heat and REs at the start of the CQ simulation. This in
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30 ms is used, which ensures a sufficient amount of time for the runaway current to
stabilize in the simulation.

In our simulations, we assume that there is no initial population of REs. This
means that any emergence of REs has to stem from the dynamics described by the
RE generation mechanisms in place, specifically the Dreicer, hot-tail and avalanche
mechanisms. Moreover, the investigated JET discharges were part of non-activated
plasma operation, meaning that the tritium decay and Compton scattering genera-
tion mechanisms are not active. Furthermore, we assume the tokamak wall radius
to be 1.5a, where a is the minor radius. This is the effective wall radius of the first
toroidally closed conducting structure and not the first wall. Therefore, the wall
radius is more of a boundary condition for the electric field evolution. Radii within
the range of a to 2a were explored, and we observed that while variations in the
wall radius impacted the smoothness of the plasma current curve during the CQ
simulation, they did not significantly affect the magnitude of currents or their rates
of change d1,/dt. More accurately estimating the effective wall radius of JET would
require additional data and thus falls beyond the scope of this thesis.

The transport window simulations uses the adaptive time stepper of DREAM, where
the time step starts at 10713 s, with an upper limit set to 107* s. For the CQ sim-
ulations, a fixed time step of 107* s is employed. Importantly, the choice of time
step influences both the accuracy of the results and the computational cost. Smaller
time steps may increase the accuracy of the data, but also require higher computa-
tional power. Conversely, larger time steps reduce computational cost but introduce
a greater risk of numerical instabilities and reduced numerical accuracy, which can
potentially skew the results. Thus, balancing accuracy and computational efficiency
while also preventing numerical instabilities are important considerations through-
out our simulations. Given that some parameter scans lasted nearly a full day under
the chosen settings, further reducing the time step to enhance detail was deemed
impractical due to the significant increase in computational demand and time con-
straints of the thesis work.

turn leads to the avalanche mechanism not generating any significant amount of REs, and as such
results in an unrealistic disruption evolution.
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Results and discussion

Having introduced the necessary theory in chapter 2, the numerical framework
DREAM in chapter 3 and the method in chapter 4, we are now in position to
study the RE existence conditions in JET discharges triggered by MGI of argon and
deuterium. The primary goal of this study is the investigation of how the maximum
RE current depends on magnetic field strength, initial plasma current and injected
argon to deuterium ratio. Parameter scans over poorly constrained parameters are
conducted to find regions in the magnetic perturbation strength 6 B/ B, assimilation
fraction f; and transport window duration ¢rq parameter space, where the maxi-
mum RE current matches the measured current evolution data of discharge #85943
4.1.2. Furthermore, using this particular discharge together with a suitable set of
parameter values (for the free parameters) as a baseline working point we perform
parameter scans of the dependence of the maximum RE current on magnetic field
strength, initial plasma current and injected argon to deuterium ratio. The results
are compared with the results of the analysis by Reux et al., 2015 to see if similar
trends in the RE current can be identified. The main purpose of this work is to at-
tempt to reproduce figure 4.1, which shows the RE current as a function of toroidal
magnetic field strength and injected argon to deuterium ratio. The disruption model
we use is the one we described in chapters 3 and 4.

Section 5.1 presents the results for four different parameter scans of magnetic per-
turbation strength versus assimilation fractions, each scan conducted with a unique
transport window duration. In section 5.2, we present the analysis of the plasma
current matching, required for the subsequent parameter scans. In section 5.3, we
present a parameter scan of the relationship between magnetic field strength B,
injected argon fraction and maximum RE current. Moreover, a scan analyzing the
effects of initial plasma current and argon fraction on the RE current is presented.
Last, section 5.4 presents the same type of parameter scans as in section 5.3, except
that in this case the argon injection profile is peaking outward, the details of which
will be described in the section.

5.1 Magnetic perturbation strength versus assim-
ilation fraction parameter scans
This section presents the parameter scans of the maximum RE current as a function

of 0 B/ B, assimilation fraction and transport window duration trq for JET discharge
#85943, which is our chosen baseline discharge. The scans are performed using a
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Figure 5.1: Figures displaying Irg max as a function of 0B/B and assimilation
fraction (f;) for four different transport window (TQ) durations trq, using JET
discharge #85943 as a baseline discharge.

uniform injection profile, which means that all impurities are injected uniformly and
instantaneously into the plasma. This assumption holds also for all the parameter
scans in the coming sections, except for the scans presented in section 5.4, and this
distinction will play a very important role later on.

We explore 6B/B values ranging from 10~% to 1072, assimilation fractions from
1% to 100% and transport window durations between 0.075 ms to 0.15 ms. Each
parameter scan consists of ten evenly distributed data points for §B/B and ten for
fi, giving a total of 100 simulations per parameter scan. For each scan, the transport
window duration is prescribed a constant value. Note that all our parameter scans
(including all of the scans to come in the later sections) consist of the type of grid
of data points just described. Moving on to the results, figure 5.1 shows two trends
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in the maximum RE current across all four thermal quench durations.

Firstly, the maximum RE current is non-monotonic. It increases with 6B/B for
lower values of B/ B, then it decreases for higher values. The current peaks in the
broad vicinity of §B/B = 1072 and an assimilation fraction near zero. Moreover, the
current region close to dB/B = 1073 is where the maximum RE current is strongest
for all the scanned assimilation values. The decrease in RE current magnitude for
higher values of 0 B/ B is reasonable since more REs will be transported away if the
magnetic perturbation strength is stronger.

Furthermore, as the transport window duration increases the upper part of the
RE current landscape (6B/B > 107?) exhibits a significant reduction in RE cur-
rent. This behaviour is quite expected because a longer transport window implies
that the effects of transport are active for a longer period of time, thereby reduc-
ing the necessary transport strength to remove the same amount of REs and heat.
Thus, transport intensity is being traded for the length of the transport window.
In essence, increased transport duration inherently implies that fewer REs will be
available to trigger the avalanche mechanism, hence reducing the maximum RE cur-
rent.

Secondly, there is an almost linear decline in maximum RE current as the assimila-
tion fraction increases, although this trend becomes less pronounced at the highest
transport values (where the RE current is small anyway). This behaviour is some-
what unexpected, as it would be more intuitive for the RE current to increase with
higher impurity levels due to a stronger cooling effect and consequently a stronger
induced electric field, which would typically lead to an increased RE generation. We
will however postpone the discussion of the observed dependence on argon to section
5.3.2.

The parameter scans indicate that multiple parameter setups can produce a max-
imum RE current of around 1.15 MA, which is the value at the end of the CQ in
the current evolution data of figure 4.2. However as it turns out, not all parame-
ter configurations successfully replicate the experimentally observed current quench
durations—with there being deviations in the duration in the simulations of around
1 ms too long or short compared to the data. Nonetheless, we were able to identify
a set of parameter values for the free parameters that lead to a match between the
experimentally observed current evolution and simulated current evolution.

5.2 Plasma current evolution matching

This section details the method and results of the plasma current evolution matching
between experimentally observed plasma current by Reux et al., 2015 and simulated
plasma current for JET discharge #85943.
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5.2.1 Setup

To replicate the current evolution observed in the analysis by Reux et al., 2015, we
analyze how the plasma current I, its rate of change df,/d¢, and the duration of
the CQ phase toq are affected by the free parameters dB/B, assimilation fraction
and transport window duration. Our results are compared to the data shown in
figure 4.2. Additionally, we aim to make the maximum simulated RE current con-
sistent with the total current evolution in experiment I, o, at the end of the CQ),
as described in section 4.1.2.

Our method primarily involved a manual parameter search, which was deemed ap-
propriate for our objective of detecting similar trends in the RE current between
simulation and experimental analysis. Through iterative adjustment of parameters,
we were able to match the currents. We aimed for the Ohmic current to be less than
100 kA, approximately 8% of I, exp., at the point where the experimental plasma
current reaches the I-plateau. The identified best parameter setup for the chosen
discharge is subsequently used as a baseline working point for upcoming parameter
scans.

We rely on the results from the B/B versus assimilation fraction scans, as well
as insights from prior studies such as Bjork et al., 2021, Vallhagen et al., 2024, and
Reux et al., 2015, to determine an adequate parameter setup. Applying the full
experimental range of magnetic perturbations (0B/B = 2% — 16%), as plotted in
figure 4 in Reux et al., 2015, severely underestimates the RE current, regardless
of the other parameter values. Our parameter scans suggests that a significantly
lower value of §B/B ~ 0.1% is more appropriate. The suitability of this order of
magnitude is supported by Vallhagen et al., 2024, who computed 6B/B values in
the range of 0.1 to 1% for ITER simulations using DREAM. An adequate magnetic
perturbation value is identified to be §B/B = 0.15%. Additionally, an assimilation
fraction of f; = 10% produces a realistic current evolution!. Lastly, based on the
parameter scans, we find that t7q = 0.1 ms yields a realistic current evolution when
combined with the two other parameter values.

5.2.2 Matching

Figure 5.2 shows the plasma current I, s (blue line), the Ohmic current Io (green
dash-dotted line), and the RE current Igg (red dashed line) from the simulation,
along with I, e (brown line) from experimental analysis, during the C(Q phase
and the start of the runaway plateau (note that after ¢ = 5 ms, i.e. right after
the plateau of the bump, I, o, experiences another drop in magnitude, as also de-
picted in figure 4.2, which our model is unable to capture). Our disruption model
is unable to replicate the spike in I, ox,? observed experimentally, so instead we as-

INote that this could be related to the limitation that we assume spatially homogeneous trans-
port levels that might not be representative of reality. We do this to keep the model simple such
that we do no introduce further weakly constrained parameters.

2The current spike could potentially be modelled by enabling hyper-resistivity in DREAM,
which leads to current density relaxation. However, this was deemed non-essential for this study
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Figure 5.2: Plasma current I, from experimental measurements and simulation
during the CQ phase and the beginning of the runaway plateau. The figure also
illustrates the simulated Ohmic current I and RE current Irg.

sume that the CQ phase begins as this spike starts to decline at 1.9 MA (see figure
4.2). In the TQ simulation, I, & decays linearly from an initial 1.95 MA to 1.9 MA.

In figure 5.2, we observe that the RE current reaches its maximum value of ap-
proximately 1.15 MA after about 4.2 ms from the start of the TQ. Beyond this
point, all currents gradually decline throughout the plateau phase, with the exper-
imental current exhibiting a more rapid decrease. There is some discrepancy in
the rate of change of the plasma currents, df,/dt. Specifically, the DREAM model
shows a steeper decay from 0 ms to 2 ms, followed by a gentler slope before be-
coming parallel with I, o, at the end of the CQ phase. In contrast, I}, exp. appears
almost linear from 0 ms to 2.5 ms, before flattening out more at ¢ = 4.2 ms. This
difference may be because we opt for an adequate parameter setup, while an optimal
setup may produce an even more exact matching. Still, the used setup is more than
sufficiently good to be used as a baseline working point to carry out the remaining
parameter scans.

Interestingly, varying the assimilation fraction has minimal impact on df,/d¢, re-
sulting in only minor changes to the CQ duration. For instance, doubling or halving
the assimilation fraction from the setup value altered tcq by less than 0.3 ms (ap-
proximately a 7% deviation from 4.2 ms). One might have expected that increasing
(decreasing) the assimilation fraction would result in a quicker (slower) plasma cur-
rent drop because the conductivity should directly determine the current decay rate,
and the conductivity is highly sensitive to both the temperature and plasma Z..
However, it is possible that the final temperature (and thus t¢q) is not very sensitive

and was omitted to avoid introducing additional free parameters.
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to the concentration. This occurs if the radiated losses P,.q increase very rapidly as
a function of temperature within a certain temperature range. The steady state is
determined by the intersection of the P,q(7") and Ohmic heating Ponm(7") curves.
Increasing the argon content shifts the P,.q(7") curve upwards, but this does not
necessarily change the solution temperature.

Instead, the RE current magnitude changed noticeably when varying the assimi-
lation fraction. Doubling the current resulted in an approximately 20% decrease
in the maximum RE current, while halving it led to an ~ 10% increase from the
1.15 MA observed in the baseline setup. This indicates a high sensitivity of the RE
current magnitude to the assimilation parameter. This sensitivity is also evident in
the 0 B/ B versus assimilation two-dimensional parameter scans, shown in figure 5.1.

5.3 Uniform Ar injection profile

The following sections present the results for two parameter scans of the maximum
RE current when using the uniform injection profile for argon. This means that
the injected argon and deuterium is injected uniformly and instantaneously into the
plasma at the onset of the disruption simulation. The importance of this profile
distinction will become more apparent later on, in section 5.4.

5.3.1 Magnetic field strength versus Ar fraction parameter
scan

This section details the findings from a parameter scan of the maximum RE current
IrE, max as a function of the magnetic field strength and argon fraction, which is
the same type of analysis as figure 2 in Reux et al., 2015 (or figure 4.1 in section
4.1.1). The scan is conducted with the equilibrium of JET discharge #85943 along
with the parameter setup 0B/B = 0.15%, f; = 10% and t1q = 0.1 ms. For each
simulation, the magnetic field strength B of the chosen discharge is re-scaled by a
factor Cp, while the initial plasma current I, o and field line geometry is held fixed
(i.e. the poloidal and toroidal field components are scaled together). Recall that the
baseline case has a field strength of 3 T, implying that Cz = 0.5 gives B¢, = 1.5 T.
The argon fraction parameter represents the fraction of injected argon in relation
to the total amount of injected particles (argon and deuterium). The total number
of injected atoms is the same across all simulations. Note again that the initial
plasma current is not varied with the magnetic field self-consistently. This choice
enables us to disentangle the parameter dependencies, allowing us to analyze how
each individual parameter affects the RE current.

Figure 5.3 shows the result. For a given field strength, a distinct trend is observed
where the maximum RE current decreases with increasing argon fraction, where the
current peaks at an argon fraction of 0.1 and drops to negligible values at an argon
fraction of 0. The argon dependence is discussed in the next section.
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Figure 5.3: Igp max as a function of baseline magnetic field strength B =3 T
scaled by Cp and Ar fraction. Note that the plasma current is not re-scaled
consistently with B.

Moreover, the RE current appears to only have a very weak dependence on the
magnetic field strength across most of the scanned range. This is not too unrea-
sonable, as the primary role of the magnetic field in a tokamak is to confine the
plasma and maintain stability. Unless there are drastic changes in the magnetic
field that lead to a loss of confinement or major shifts in plasma stability, such as
magnetohydrodynamics (MHD) instabilities, variations in the field strength do not
directly impact runaway current generation. Instead, the generation of REs is more
directly related to the electric field.

The weak dependence on the magnetic field strength still seen, specifically the RE
currents slight decrease with increasing field strength, may be attributed to the
critical momentum p., which depends on the magnetic field strength through syn-
chrotron losses. According to equation (3.12) the gyration frequency of electrons
depends on the magnetic field strength. As the field strength increases the gyration
frequency also increases, resulting in greater energy dissipation due to synchrotron
radiation. Consequently, electrons require more energy to become runaway elec-
trons, leading to an increase in the critical momentum, and hence a slightly reduced
RE current.

Interestingly, in figure 5.3 the RE domain boundary is entirely vertical, in con-
trast to the green RE domain boundary in figure 4.1. However, one important
distinction between the analysis of Reux et al., 2015 and our simulations is that
we only re-scale B, whereas in Reux et al., 2015 both B and I, were re-scaled pro-
portionally to maintain a similar safety factor. The safety factor in tokamaks is a
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measure of the twist of the magnetic field lines, defined as the ratio of toroidal to
poloidal field line lengths. Another difference between the models is that our model
uses a single discharge as a baseline working point, characterized by a specific set
of initial conditions for temperature, electron density, initial plasma current, and
magnetic geometry. In contrast, in the analysis by Reux et al., 2015, each data
point corresponds to an individual discharge, exhibiting variations in several input
parameters. To evaluate our ability to more accurately reproduce the green domain
boundary, we will vary I, o while maintaining a constant magnetic field strength.

5.3.2 Initial plasma current versus Ar fraction parameter
scan

The next parameter scan concerns the maximum RE current as a function of the
initial plasma current I, o and argon fraction. This time the initial plasma current
is scaled by a factor C7, unique to each simulation, similar to how the magnetic field
strength is re-scaled by C'p in the the magnetic scans in the previous section. Note
that in this parameter scan, the magnetic field strength B is held fixed.

In figure 5.4, we not only see a strong dependence on the argon fraction for the
maximum RE current, which was the strongest dependence we observed in the pa-
rameter scan in the previous section, we also notice a strong dependence on the
Cr,-factor. A high Cp -factor increases Irg, reaching a peak of approximately 1.62
MA around an argon fraction of 0.05. The trend of increasing RE current with in-
creasing (7, is reasonable since a stronger initial plasma current will inherently scale
the induced electric field and thus the generated runaway current. Additionally, the
avalanche gain is exponentially sensitive to I, .

However, the observed increase in Igg with a decrease in argon fraction is par-
ticularly interesting. Moving to the right of a 0.05 argon fraction, while fixing C7_,
we observe a decrease in the RE current maximum, for all the Cj -factor values,
eventually reaching the baseline case value of 1.15 MA at C7, = 1 and an argon
fraction of 1. To attempt to understand this behaviour, we investigate the roles
of argon and deuterium by analyzing two unique cases. We may call these cases:
Case A, characterized by a Cj -factor of 1 and an argon fraction of 0.2 (deuterium
fraction = 0.8), and Case B, with the same C; -factor but an argon fraction of 0.8
(deuterium fraction = 0.2).

Analysis of the RE current densities during the CQ phase, as depicted in figure
5.5 (left), reveals at least two interesting differences. In Case A, the current density
is larger over a broader section of the plasma cross-section, approaching zero at the
plasma edge. Meanwhile, in Case B, the current density approaches zero approxi-
mately 0.1 m earlier, while the peak density value is higher near the plasma centre
compared to Case A. However, this higher peak density does not directly translate
into a higher runaway current Igrg, because Igg is derived from integrating the cur-
rent density across the entire cross-section.
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Figure 5.4: Irg, max as a function of the initial plasma current scale factor C7p,
and Ar fraction for the uniform argon injection profile.

To understand the differences in jrg between the two cases we link it to the Fjq
runaway generation mechanism, which we recall is the flux of runaways through the
upper boundary of the hot momentum grid (sum of the primary generation mecha-
nisms), the electric field and temperature. We also recall that the electric field in the
plasma is induced by changes in conductivity o, according to Ohm’s law. Since o is
proportional to 7%/? (see equation (2.21)), a drop in temperature results in decreased
conductivity and thus a stronger induced electric field. Figure 5.5 (right) illustrates
the energy density Weoq + Ex, ..., Which is proportional to the plasma temperature,
at the plasma centre. We observe that the thermal energy decreases more rapidly in
Case B, which is due to more effective energy dissipation through radiation. In con-
trast to argon, the injected deuterium simply redistributes energy within the plasma.

Hot-tail generation depends on the rate of temperature decrease, where a faster
temperature decline results in an increase of hot-tail generation. This is because a
significant number of electrons remain in the high-energy tail of the Maxwell dis-
tribution, thereby increasing their probability of achieving the energy necessary to
exceed the critical threshold for RE formation. Essentially, a faster cooling rate pro-
vides more time for high-energy electrons to be accelerated by the plasma’s electric
fields before they cool below the threshold for RE generation. This phenomenon is
observed in Case B, where significant hot-tail initiates earlier compared to Case A,
as seen in figure 5.6.

However, an important factor for the maximum RE current trend could also be

the ratio E/E. ., which is in fact greater in Case A compared to Case B, during
the onset of the CQ as seen in figure 5.7 (right). This difference arises because Case
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Figure 5.5: (Left) RE current density jrg 2 ms after the onset of the TQ. (Right)
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Figure 5.6: RE generation rates at the plasma centre for case A (left) and case B
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5. Results and discussion

B, with its higher argon fraction, has a higher electron concentration, leading to a
larger effective critical electric field (see equation (2.28)). The total electron density
Niot in Case B is approximately 3.5 times that of Case A. Additionally, the density
of free electrons is also greater in Case B throughout the simulation, which is shown
in figure 5.7 (left). In Case B, where the effective critical electric field E. o is about
three times larger, the reduced E/E, o ratio likely results in fewer electrons transi-
tioning to runaway electrons compared to Case A.

It is intriguing that we observe a decrease in the RE current with an increased
argon fraction. Intuitively, one would expect that the increased radiation from
larger impurity amounts and consequently a stronger induced electric field would
be the dominant effect on the runaway current. To investigate if we could repro-
duce the argon dependence seen in figure 4.1 and potentially also match the green
runaway domain boundary, we now introduce an additional layer of complexity into
our model.

5.4 Edge-peaked Ar injection profile

The injection of argon and deuterium
occurs at the onset of the T(Q simula-
tion, where the full impurity amount
is assumed to enter the plasma im-
mediately. The mixing efficiency is
the fraction of atoms that are de- 1.501
livered to the plasma centre, and 125
heavy impurity gases such as ar-
gon typically have poorer mixing ef-
ficiency with the plasma compared
to light atoms such as deuterium  os0]
(Bozhenkov et al., 2008; Reux et al.,
2015).
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To address this, an assumption is now
made for argon’s mixing behaviour. Figure 5.8: Edge-peaked radial profile
We model argon with a distinct ra- (equation (5.1)).
dial profile to artificially emulate its
actual mixing properties. This ap-
proach involves confining the injected argon to the plasma edge, where it remains as
the system evolves, thus not letting it mix completely with the bulk plasma. This
is realised by prescribing the radial profile
,
cl—— 0.5)}, 5.1
: o

where ¢ = 3.5 and a is the minor radius. This particular choice of ¢ mimics the
desired behaviour of argon under experimental conditions while maintaining good
numerical stability in the simulations. Figure 5.8 illustrates this function. The

p(r) =1+ tanh
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injected argon density na, (which is a constant) is multiplied by the edge-peak
factor G(r), resulting in the edge-peaked injection density

JoV'dr

WTLAr (52)

N, edge(r) = B(r)
The quotient of integrals acts as a normalization factor which ensures that the total
number of atoms remains constant. In our work, argon is injected with either the
edge-peaked profile or a uniform profile, while deuterium is always injected using a
uniform profile. Note that a uniform profile is obtained when ¢ = 0 in (5.1).

When also the different mixing efficiencies of argon and deuterium are considered,
we observe a reversed behaviour in the maximum RE current in both our magnetic
field versus argon fraction and initial plasma current versus argon fraction parameter
scans, presented in sections 5.4.1 and 5.4.2 respectively. The new results are more
consistent with experimental observations, highlighting the significance of mixing
efficiency and the injection profile of the impurities. We now present these types of
scans again, but when the edge-peaked argon injection profile is used. The parame-
ter scans are otherwise conducted using the same parameter setup as in the uniform
injection case, except that dB/B = 0.2% instead of dB/B = 0.15%. This small
adjustment is necessary to achieve a similar quality match for the current evolution
as in figure 5.2.

5.4.1 Magnetic field strength versus Ar fraction parameter
scan

Figure 5.9 illustrates the maximum RE current as a function of magnetic field
strength and argon fraction. We observe a similar trend on the magnetic field
dependence as in the uniform injection profile scan, namely that the RE current is
only very weakly affected by the magnetic field strength. This dependence is still
due to the critical momentum as discussed in section 5.3.1. However, we now ob-
serve an opposite behaviour regarding the argon fraction. The maximum RE current
increases monotonically with the argon fraction, reaching its peak value for a pure
argon case and dropping to negligible RE currents at an argon fraction of 0. This
behaviour seems more reasonable, and the observed trend is partly in agreement
with the analysis of Reux et al., 2015.

5.4.2 Initial plasma current versus Ar fraction parameter
scan

Figure 5.10 shows the parameter scan of Irg, max as a function of initial plasma cur-
rent and argon fraction, where we observe a dependence of Irg on both parameters.
There is a trend of increasing Irg for larger initial plasma current, regardless of the
argon fraction value. The RE current reaches a maximum for the baseline working
point, at C;, = 1 and Ar fraction = 1. For C -values less than 0.2, Irg, max 1S essen-
tially negligible. The effect of the plasma current is similar to the uniform injection
case, and the reason for this behaviour has not changed.
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Figure 5.9: Igg, max as a function of baseline magnetic field strength B =3 T
scaled by Cp and Ar fraction using the edge-peaked argon injection profile. Note
that the initial plasma current is not re-scaled consistently with B.
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Figure 5.10: IRg max as a function of initial plasma current scale factor Cr, and
Ar fraction using the edge-peaked argon injection profile. Note that the magnetic
field strength is not re-scaled consistently with I, o.
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Furthermore, if we consider a given Cj, we observe a trend of slight increase in
IRE, max With higher argon fractions, where the impact appears to be largest for ei-
ther low (< 0.3) or high argon fractions (> 0.9). Meanwhile, minimal dependence
on the argon fraction is observed in the range of fractions 0.3-0.65. We now discuss
what factors primarily contribute to the observed dependence on argon.

First, the impact of argon on the

plasma’s electron density is an im-

portant factor to consider. Argon, 4.0-1e20
with Z = 18, contributes a signif-
icantly larger number of free elec-
trons when ionized compared to deu-
terium (Z = 1). Figure 5.11 shows ;2'5/
the free electron density nge. at ra- E2o0;

dius r» = 0.8 m for simulations with £ 151

Cr, = 1 and argon fractions of 0.9
and 0.3, respectively. The presence
of the additional electrons in the case
with an argon fraction of 0.9 is im- 0.0 Toa e o=
portant because the large number of el

total electrons increases the friction
force, making it less likely for elec-
trons to run away. However, a large
number of total electrons is beneficial
for the avalanche mechanism as it increases the probability for large-angle collisions
which can kick the electrons into the runaway region.

—— Ar fraction =0.3
3.5 Ar fraction = 0.9

Figure 5.11: Free electron density ngee at
radius » = 0.8 m.

Another factor to consider is the critical effective electric field E. o, which depends
on the electron density (equation (2.28)). We observe that in a high deuterium case,
the critical field is lower compared to a high argon case. This implies that in the
former case, the energy required for electrons to become runaway is lower than in
the latter case, assuming the electric field is equally strong in both cases. In fact,
the ratio between the electric field and the effective critical field E/E, ¢ is larger
in a high deuterium fraction case, as shown in figure 5.12 (right). This is consistent
with Case A having larger electric field ratio compared to Case B in the uniform in-
jection profile case, discussed in section 5.3.2. Despite the electric field being weaker
in the Ar fraction = 0.3 scenario, we still observe a considerable amount of REs
being generated.

Importantly, the increased amount of argon in the plasma gives rise to more ra-
diative cooling, as argon ions radiate energy more efficiently than deuterium. This
efficiency is due to argon’s greater number of available electron transitions that can
release photons compared to deuterium. The enhanced radiative cooling results in a
significant drop in the overall plasma temperature, leading to a steeper temperature
gradient within the plasma. Figure 5.12 (left) shows the energy density. The faster
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drop and reduced temperature in the high argon case induce a stronger electric field
more quickly compared to the high deuterium case, thus generating more REs via
the RE seed and avalanche. Figure 5.13 show the RE generation rates for the two
analyzed cases. In the high argon case, we observe a stronger Fj. due to the en-
hanced cooling and also an avalanche that remains significant for a longer period of
time (note the log-log scale).

These results show that our model is able to replicate experimental observations,
where we see a similar dependence of Igg max On the argon fraction. Our model
shows higher RE current magnitudes compared to the analysis of figure 4.1, but
this discrepancy is due to our current matching, where we aimed for a baseline case
with a maximum RE current of 1.15 MA. The bump for discharge #85943 shown
in figure 4.2 signifies that additional events happen in experiment which our model
is unable to capture. This is however perfectly normal and simply means we should
not try to compare all RE current magnitudes and rather focus on the general RE
current trends.

Both the simulation and experimental analysis show negligible RE current below
Cr, = 0.3 in the simulation and below the corresponding B = 1 T in the experi-
ments. Our results indicate a steep decline in RE current for argon fractions under
0.1, regardless of the initial plasma current. In the analysis by Reux et al., 2015, this
region too shows no significant trace of RE current. In figure 4.1, the RE current is
considered insignificant for Ar fractions < 0.2, and in figure 5.10 one can also see that
the current starts to decline for Ar fraction < 0.2. Furthermore, at a toroidal field
strength of approximately 1.5 T and an argon fraction of 1, the experimental anal-
ysis show a significant amount of runaway current, whereas our simulations suggest
that the runaway current decreases linearly with the initial plasma current. Finally,
the edge-peaked model better captures the runaway domain boundary observed in
figure 4.1, where the RE current dependence on argon trend is fairly similar.
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Figure 5.12: Energy density at the plasma centre (left) and E/E. ot at 7 = 0.8 m
(right).
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Figure 5.13: RE generation rates for the cases: Ar fraction = 0.3 (left) and Ar
fraction = 0.9 (right) at radius r = 0.8 m.
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Conclusions

This work has focused on the simulation of runaway electron (RE) dynamics during
massive gas injection (MGI) disruptions in JET. Our study specifically investigated
the conditions for runaway electron existence in JET, using a particular JET dis-
charge as a baseline and comparing simulation results with the experimental analysis
conducted by Reux et al., 2015. The simulations aimed at understanding the be-
haviour of REs under various tokamak operational conditions, including changes in
magnetic field strength, initial plasma current, and the injected quantities of argon
and deuterium.

The simulation results showed that RE current is sensitive to several parameters,
including the injected argon to deuterium ratio and initial plasma current. Notably,
the study demonstrated that an increase in the injected argon fraction leads to a rise
in RE current if the argon density peaks towards the plasma edge. This type of den-
sity profile aimed to emulate the mixing properties of argon with the plasma. The
observed trend arises primarily from the stronger cooling effect, due to the increased
argon radiation, which leads to a stronger induced electric field, and, consequently,
a more impactful avalanche. Also the electric field ratio E/E. ¢ appears to have a
strong effect on the runaway current.

We have also made an attempt at reproducing the RE boundary for JET-ILW, seen
in figure 2 of Reux et al., 2015 or figure 4.1 in section 4.1.1, through simulation. We
find that the trend between the RE boundary of figure 2 in Reux et al., 2015 and the
RE current in our figure 5.10 is fairly similar. Additionally, although figure 2 uses
magnetic field strength to label each discharge, each B is also associated with a cor-
responding value of the initial plasma current. Our results show that it is primarily
the variation in initial plasma current that significantly influences the RE dynamics.

Furthermore, higher initial plasma current (while keeping the magnetic field strength
fixed) is found to increase the RE current, while higher magnetic field strength (with
fixed initial plasma current) results in only a very small reduction of the RE cur-
rent. The increase in RE current with higher initial plasma current arises because
a stronger initial current inherently scales the induced electric field, thereby gener-
ating more runaway electrons via the avalanche mechanism. Conversely, the slight
(barely noticeable) reduction in RE current with stronger magnetic fields may be
attributed to the higher critical momentum required, making avalanche generation
less efficient. This increase in p. is due to the fact that synchrotron radiation losses
increase with increasing magnetic field strength. As the magnetic field strength
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increases, the gyration frequency of the electrons also increases, leading to greater
energy loss of the energetic electrons through synchrotron radiation.

6.1 Outlook

The results demonstrate that the simulation framework DREAM, employed in this
work, can be effective in predicting and analyzing RE behaviour in JET disrup-
tions. However, discrepancies in modelling the precise behaviour of each atomic
element (deuterium and argon in our case) indicate areas where the model could
be improved. For instance, the employed uniform and edge-peaked argon injec-
tion profiles may not perfectly capture the complex physical interactions present
in experiments. Additionally, these profiles do not accurately represent the mixing
process of the impurities and were primarily used as a simple model to account for
this added complexity.

Based on our results, a significant improvement, and a natural next step, would
be to simulate the gas injection more accurately. Our current model assumes that
injected impurities enter the plasma instantaneously at the start of the simulation,
which does not reflect reality. In practice, impurities gradually enter the plasma
from the edge and distribute themselves over time. Developing or employing a more
sophisticated model would not only improve simulation accuracy but could also con-
tribute to theoretical advancements in MGI-theory.

Adding more complexity into the model has the potential to refine its accuracy.
For example, we used spatially homogeneous heat and RE transport levels, which
may not accurately reflect the actual conditions. This simplification is used to avoid
introducing further weakly constrained parameters. However, a more complex trans-
port model and model for impurity assimilation could also be beneficial. We assume
that a fraction of the injected impurities are assimilated in the plasma. Furthermore,
we treat the assimilation fraction of argon and deuterium to be the same to keep the
model simple. However, an increased model complexity (unless the self-consistent
aspect of the code is improved in some way) comes with more free parameters that
are not well constrained experimentally. So it only makes sense to increase com-
plexity if there is enough reliable empirical data to constrain these free parameters.
Otherwise, the problem is ill-posed.

There are opportunities for improvement on the experimental side as well, since
some parameters are not well constrained by current experiments, which contributes
to uncertainty. This issue could be addressed by employing additional diagnostics
and utilizing data from these tools to provide more detailed information about RE
behaviour and overall plasma evolution during disruptions.

Another potential direction for future research is to replicate this exercise for a
different tokamak or across multiple tokamaks. The primary goal of model valida-
tion is to ensure that the model performs reliably in all existing machines, thereby
building confidence that it will also accurately predict results in future machines.
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Finally, a promising area for future research is the integration of machine learning
methods to improve the predictive capabilities of the disruption model. By training
machine learning algorithms on large datasets from both simulations and experi-
mental results, it may be possible to identify patterns and correlations that are not
easily discernible through traditional methods. This approach could improve param-
eter estimation and reduce uncertainties in both parameters and data. Additionally,
optimization methods could be utilized to more efficiently search for optimal param-
eter configurations, while also allowing for the exploration of a broader parameter
space.

6.2 Final thoughts

The insights gained from this study will hopefully serve as a foundation for further
research and development in fusion energy. From a practical standpoint, the ability
to predict and mitigate the risks associated with REs, as well as understanding the
impact of impurity injection and its role in controlling REs, is important for the
development of future fusion reactors. The code validation in this project builds
confidence that our models accurately describe the conditions in existing tokamaks,
enabling their use in the design of future tokamaks.
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