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Abstract | i

Abstract

Plasma disruptions constitute a complete loss of control of a fusion plasma and
as such, pose a serious problem to magnetic-confinement fusion devices such
as ITER. Disruptions accelerate electrons in the plasma to relativistic speeds,
creating so-called runaway electrons (REs) which can subsequently strike the
inner walls of a fusion vessel causing damage to device systems. Disruption
mitigation is therefore a priority for the operators of tokamak devices wishing
to prevent damage during operation.

In addition to injection of impurities into the plasma to manage disruptions,
another technique known as benign termination is of interest for use in
mitigating the effect of runaway electron impacts. After an initial disruption,
molecular deuterium is injected into the post-disruption plasma in order to
trigger the termination of the RE beam.

This work focuses on this post-disruption, pre-termination phase of the
process. This work updates DREAM, an RE modelling software, to include
support for molecular processes. The updated code is then used to simulate the
post-disruption injection of D2 into a plasma, which is subsequently allowed
to relax to a steady state after which observations are made. This steady state
is characterised by low plasma temperature, the recombination of the bulk
plasma and a constant RE dominated plasma current.

Key findings from these simulations indicate that impurity density in the
plasma plays a important role in whether the desired low temperature,
recombined regime is observed. Furthermore, comparison of molecular and
atomic simulations indicate that atomic deuterium yields comparable results
when used in place of molecular deuterium in simulations. It is therefore
acceptable to approximate molecular deuterium using atomic deuterium when
modelling post-disruption impurity injection.
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Sammanfattning

Disruptioner i plasma innebär en fullständig förlust av kontroll över ett
fusionsplasma och utgör därför ett allvarligt problem för magnetiskt inneslutna
fusionsanordningar som ITER. Vid disruptioner accelererar elektroner i
plasmat till relativistiska hastigheter, vilket skapar så kallade skenande
elektroner (RE) som sedan kan träffa innerväggarna i ett fusionskärl och orsaka
skador. Att minska antalet disruptioner är därför en prioritet för operatörer av
tokamak-anordningar som vill förhindra skador under drift.

Förutom injektion av föroreningar i plasmat för att hantera disruptioner, är
en annan teknik som kallas godartad nedstängning av intresse för att mildra
effekten av skenande elektroner. Efter en initial störning injiceras molekylärt
deuterium i plasmat för att utlösa termineringen av RE-strålen.

Detta arbete fokuserar på denna fas efter disruptionen, före avslutningen av
processen. Detta arbete uppdaterar DREAM, en RE-modelleringsprogramvara,
för att inkludera stöd för molekylära processer. Den uppdaterade koden
används sedan för att simulera injektionen av D2 i ett plasma efter
en disruption, vilket sedan tillåts relaxera till ett stationärt tillstånd,
varefter observationer görs. Detta stationära tillstånd kännetecknas av
låg plasmatemperatur, rekombinering av bulkplasman och en konstant
RE-dominerad plasmaström.

Resultaten från dessa simuleringar indikerar att föroreningsdensiteten i
plasman spelar en viktig roll för huruvida den önskade rekombinerade regimen
observeras. Jämförelse av molekylära och atomära simuleringar indikerar
dessutom att atomärt deuterium ger jämförbara resultat när det används
istället för molekylärt deuterium i simuleringar. Det är därför acceptabelt
att approximera molekylärt deuterium med hjälp av atomärt deuterium vid
modellering av föroreningsinjektion efter störning.
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Chapter 1

Introduction

1.1 Fusion

1.1.1 Alternative Energy

The expanding energy demands of human society have made it necessary to
consider alternate forms of energy generation. In previous decades, fossil fuel
plants were a go-to method of meeting the energy demands of our society,
but previous and ongoing research into human made climate change have
led to an emphasis on alternative energy sources as solutions to our growing
energy demand. According to the Intergovernmental Panel on Climate Change
(IPCC) - "Human activities are estimated to have caused approximately 1.0°C
of global warming above pre-industrial levels" [1]. The climate change
policies of recent years have seen rapid expansion of the wind, solar and
hydroelectric sectors as well as technical improvements in efficiency, output
and power storage.

In addition to improving already developed and implemented methods, other
energy generation methods are considered. One such method, and the primary
one for this report, is nuclear fusion. Fusion has been recognised as an
extremely attractive method of achieving long term clean energy. Fusion
involves merging two light atomic nuclei in order to form a heavier nucleus
with a total mass that is less than the sum of the mass of the reactants. This
excess mass is converted into energy via Einstein’s energy-mass equivalence
formula

E = mc2,

where E represents the energy contained in a particle, m is the mass of
that particle and c is the speed of light. This process can be harnessed for
power-production via creation of a plasma of fuel atoms — plasma is a state
of matter composed of fully ionized nuclei and electrons. The most feasible
components for a fusion plasma are isotopes of hydrogen (deuterium and
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tritium) which result in production of helium nuclei and neutrons.

There are several reasons why fusion is an extremely attractive source of
energy when compared with the previously mentioned alternatives. The fuel
for fusion is abundant, deuterium can be harvested from seawater and tritium
can be harvested via tritium breeding, a process in which lithium is bombarded
with neutrons, creating tritium and helium. Additionally, fusion is not an
intermittent energy source, as unlike solar and wind, a fusion reactor can create
energy indefinitely without reliance on the weather or time of day.

While there are several methods proposed for achieving viable fusion, the
method favoured in current global efforts is magnetic confinement fusion.
Magnetic confinement fusion can further be broken down by type of reactor
design, the type we will concern ourselves with is the tokamak. Briefly, a
tokamak is an initially Russian designed magnetic confinement device for
fusion plasmas. The design consists of a torus shaped plasma confinement
vessel surrounded by several configurations of magnetic coils. Initial tests in
the late 60’s were successful at containing high temperature plasmas. Several
larger versions of the device were built and began operating in the 1970’s and
1980’s. A prominent European example of this device is JET (Joint European
Torus) in the UK, which began operating in 1984.

Tokamaks currently make up the majority of fusion experiments worldwide
and are widely considered the most promising option for achieving
commercially viable fusion. The development of tokamaks over the past
decades has culminated in the currently ongoing construction of what will
be the largest experimental fusion reactor to date. This reactor and the
organisation overseeing it are known as ITER.

1.1.2 ITER

The largest step currently being taken toward commercially viable nuclear
fusion is the construction and development of ITER in southeastern France.
ITER is important as it will be used to demonstrate "magnetic confinement
fusion at near power plant size" [2] as well as test different materials,
techniques and experiment parameters that could potentially be used in further
reactors, such as DEMO, a planned reactor that will be both larger than ITER
and connected to the electrical grid - which aims to demonstrate the viability
of fusion as a power plant. It is therefore essential that construction techniques,
operational parameters and procedures be tested thoroughly. ITER will allow
this to be undertaken.

ITER aims to achieve a burning deuterium-tritium fusion plasma, meaning
a plasma in which the fusion process itself provides the energy for further
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sustained fusion via heating. Further aims include the expected power output
of the reactor reaching 500 MW from a 50MW initial heating input, this
goal, which can also be formulated as achieving a Q-value — the ratio of
fusion power produced to the input power required to maintain the plasma
in steady-state, of Q = 10. As mentioned above, ITER will be used to
demonstrate the feasibility of fusion on a close-to reactor scale.

While ITER aims to study self-heating plasmas, there are several challenges
that will need to be overcome before fusion energy can be achieved. These
problems range from addressing tritium supply via testing tritium breeding,
hands-off maintenance techniques for the sealed parts of the reactor or how
heat will be siphoned from the plasma to generate electricity. These problems
and others must be addressed in order to achieve viable fusion.

A key motivation for tokamak research has therefore been the improvement
of tokamak designs and their operation in order for them to transition from
research experiments to industrial and commercial machines capable of
meeting the energy demands of society. This report however, is concerned
more with the mitigation of damage to machine components during device
operation rather than the design of the device. A problem which is a major
concern for ITER and is a motivation for this report is the phenomenon of
plasma disruptions and runaway electrons.

1.2 Disruptions and Runaway Electrons

1.2.1 Plasma Disruptions

A disruption can be defined as "a catastrophic loss of plasma control" [3].
When a disruption occurs, the plasma extinguishes while simultaneously
subjecting surrounding structures to extreme loads of force and power. In
a reactor environment, such extremes run the risk of severely damaging the
machine, making disruption avoidance, or in the case where prevention is
impossible, effective mitigation a critical concern. The consequences of
disruptions include both mechanical strain and increased thermal load on
tokamak structures. A particular concern which serves as a foundation of this
report are relativistic runaway electrons, which are capable of penetrating and
causing damage to plasma facing components.[3].

A disruption can be divided into three distinct phases, described in [4]. The
first phase, known as the "thermal quench" occurs when magnetic confinement
partially fails and the plasma undergoes rapid cooling, which also raises
resistivity. The second phase, termed the "current quench" occurs due to
current decay brought on by the increase in resistivity in the thermal quench.
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The final phase, which may be termed the "runaway plateau", occurs due to
the rise of inductive electric fields during the thermal quench that can generate
runaway electrons.

While complete disruption avoidance would be ideal, no comprehensive
prevention scheme currently exists for reactor-scale tokamaks, making
mitigation strategies essential. The leading approach considered for ITER
involves introducing impurities into the plasma to radiate the bulk of
stored energy before structural damage occurs. Two primary injection
techniques under experimental development are massive gas injection (MGI)
and shattered pellet injection (SPI). SPI is the method that has been chosen for
use in ITER, but MGI will be used in devices like SPARC and possibly ARC.
MGI is seen as less reliable than SPI but the technology required to achieve it
is simpler.[5].

1.2.2 Runaway Electrons

Tokamaks confine a plasma when the magnetic energy created by a strong
plasma current exceeds the kinetic energy of the electrons that constitute
the plasma. During disruptions however, this balance breaks down. Some
of these bulk electrons may be accelerated to relativistic speeds. Despite
only making up a small part of the electron population of the plasma, these
relativistic electrons can become the dominant contributor to the plasma
current. This acceleration occurs when friction forces diminish as electron
velocity increases. These highly energetic electrons are known as runaway
electrons. The relationship between friction and velocity can be illustrated by
figure 1.1. [5]
Two fundamental methods govern runaway electron population growth in
the presence of a driving electric field. These are primary RE generation,
also referred to as seed RE generation, and secondary RE generation which
is constituted by so-called avalanche generation. One of the primary
mechanisms is known as hot-tail generation and occurs during the thermal
quench. During the rapid cooling of the bulk plasma, most electrons
thermalize, but a small fraction at the high energy "tail" of the Maxwellian
distribution remain at high energies. At this higher energy, the electrons are
fast enough that the braking effect of friction on them is diminished, which
can lead to runaway due to acceleration by the electric field.

Another primary mechanism is referred to as Dreicer generation and occurs in
sufficiently strong electric fields above the Connor-Hastie critical field, where
the acceleration from the electric field biases the collisional diffusion, leading
to a diffusive flux of particles from the bulk Maxwellian population into the
runaway regime. For machines such as ITER in which the fuel mix contains
tritium, two other mechanisms must also be considered — tritium beta-decay
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Figure 1.1: Illustration of the force acting on an electron as electron velocity
increases. Friction forces are shown by the black line, with collisions
dominating for slower electrons whereas radiation becomes more dominant at
higher velocities. Acceleration of electrons by a driving electric field is shown
by the red line. Plot is not to scale and is only meant to show the approximate
relationship between the forces acting on an electron. Reproduced from [6]
with permission from the author.

and Compton scattering.

The only secondary RE generation occurs via knock-on Coulomb collisions
of energetic electrons, which naturally, leads to exponential growth of the
runaway electron population as the collisions create runaways. These electrons
collide, creating more runaways, leading to what is known as avalanche
generation [4].

Runaway electrons routinely appear during plasma startup while the gas
undergoes electrical breakdown. Their contribution to the overall current
typically remains minor once the plasma heats up and conductivity improves.
In a controlled shutdown scenario with sufficient time, runaway electrons
dissipate naturally. However, during rapid unplanned shutdowns - such
as disruptions - runaway production can surge dramatically, driven by
energy stored in the poloidal magnetic field. In large ITER-like tokamaks,
this potential for rapid runaway growth and consequently, for damage to
plasma-facing components represents a critical concern and serves as a
primary motivation for this thesis.

Experimental and theoretical studies both have deepened understanding of
impurity effects on runaway electron dynamics. Of particular importance
is how runaways interact with the atomic structure of high-Z impurities
— specifically, bound electrons and partially screened nuclei. These
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insights reveal that impurities serve contradictory functions: they can
promote runaway generation by cooling the bulk plasma, or conversely,
suppress existing runaway populations through enhanced particle scattering
or destabilising the plasma via MHD instabilities. [5]

1.2.3 Benign Termination

An emerging mitigation strategy known as "benign termination" offers a
complementary injection strategy to the other injection-based techniques
described in the previous section and serves as the focus of this thesis [7].
A runaway beam termination is deemed benign when the runaway energy
deposits broadly across the vessel wall rather than concentrating in a localised
region, thereby avoiding severe damage to plasma-facing components.

The strategy works by inducing large-scale MHD instabilities in a post-disruption
plasma dominated by runaway electrons. Following the initial disruption,
low-Z material (typically deuterium) is injected to cool the plasma through
wall conduction and reduce density via recombination processes. This raises
the Alfvén speed sufficiently to enable rapid MHD mode growth, which
expels runaways before avalanche multiplication can significantly amplify the
runaway current. After substantial recombination has occurred, the plasma
safety factor drops, either naturally or as a result of deliberate current profile
manipulation, triggering the large-scale MHD instability that disperses the
runaway beam.

Experimental development of benign termination has been pursued on
multiple tokamaks, with the most extensive investigations conducted at
DIII-D, JET and TCV [7].



Brian Long
Background | 7

Chapter 2

Background

This chapter provides the background about the broader concepts of
the formation of runaway electrons due to tokamak disruptions and the
potentially harmful effects of those runaway electrons. Methods by which
disruptions and their harmful effects can be mitigated will also be discussed.
Additionally, this chapter describes background information regarding the
primary programming framework by which the work of the MSc research
project was carried out, known as DREAM. It is a scientific code which solves
a system of equations describing the evolution of a tokamak plasma during a
disruption.

2.1 Background - Plasma Modelling

2.1.1 Plasma Modelling

Material injection is a strong candidate technique for disruption mitigation
in reactor-scale tokamaks. In ITER, the system that has been decided on,
consists of shattered pellet injection, with massive material injection as the
primary mitigation method and benign termination as the secondary method.
However, simulating these scenarios present significant challenges: injected
impurities can drive radiative cooling which paradoxically increases runaway
electron generation. Heavy, high-Z impurities also provide more electrons that
can be converted to REs via avalanche generation more effectively. Different
material injection approaches also provide a vast parameter space for different
mitigation strategies to be tested [8]. Given these complexities, accurate
theoretical frameworks and fast numerical tools are crucial to furthering
understanding of disruption and RE dynamics[4].

A variety of simulation tools exist for modelling the physics relating
to disruptions: simplified fluid codes can model some RE generation
mechanisms but miss hot-tail generation, while fully kinetic codes capture
momentum-space dynamics at sometimes prohibitive computational cost.
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Coupling these approaches into a self-consistent disruption model has
historically been impractical. This has motivated the development of
DREAM. [4]

For this work, we use the fluid approximation of DREAM to model a
post-disruption injection of D2 into a plasma consisting of a mix of a Ne
impurity and background D. The initial plasma is chosen to represent an ITER
plasma of D which has had a disruption triggered by the injection of Ne into
it, with D2 being injected after the disruption has taken place. At the start of
this post disruption phase, the temperature of the plasma is already low ∼ 4eV
following the thermal quench, with a similarly reduced current of ∼ 6MA

following the current quench. The simulation therefore picks up at the start
of the phase that precedes benign termination occurring. The specifics of the
simulation setup will be explained in section 3.1.3.

2.1.2 Disruption Runaway Electron Analysis Model -
DREAM

DREAM is a self-consistent fluid-kinetic tool developed to address the
limitations of other previous codes which rely only on fluid models. It
models disruption plasma evolution by simultaneously tracking bulk plasma
quantities (temperature, density, current, electric field) and the full electron
distribution function in axisymmetric tokamak geometry. This integrated
approach allows DREAM to capture both macroscopic plasma dynamics
and kinetic RE physics within a single framework. DREAM employs a
hybrid modelling strategy: fluid descriptions for bulk plasma parameters
(electric field, temperatures, ion densities and charge states) are coupled with
a hierarchy of RE models that span from fluid to fully kinetic treatments
depending on the required fidelity [4]. For this report, only the fluid runaway
model of DREAM was utilised.

Ion populations are tracked by species and charge state (j), with each density
n
(j)
i assumed uniform on flux surfaces. The charge state distributions evolve

according to

∂n
(j)
i

∂t
=

(
I
(j−1)
i ⟨ncold⟩+

〈
σ
(j−1)
ion,i v

〉)
n
(j−1)
i +R

(j+1)
i ⟨ncold⟩n(j+1)

i

−
(
I
(j)
i ⟨ncold⟩+

〈
σ
(j)
ion,iv

〉)
n
(j)
i −R

(j)
i ⟨ncold⟩n(j)

i , (2.1)

where I and R are ionisation and recombination rate coefficients respectively.
ncold is the background plasma density and σion,i refers to ionisation cross
section. For atomic processes, DREAM obtains these coefficients from the
OpenADAS database [9]. Molecular reaction rates will be discussed in a later



Background | 9

section.

The background electron temperature Tcold, is derived from the thermal energy
density Wcold = 3⟨ncold⟩ Tcold/2, taken to be flux-surface-averaged. The time
evolution is given by

∂Wcold

∂t
=

jΩ
B
⟨E ·B⟩ − ⟨ncold⟩

∑
i

Zi−1∑
j=0

n
(j)
i L

(j)
i

+ ⟨Qc⟩+
1

V ′
∂

∂r

[
V ′3⟨ncold⟩

2

(
AWTcold +DW

∂Tcold

∂r

)]
, (2.2)

where E and B represent the electric field and magnetic field respectively.
jΩ refers to ohmic current density, ncold is the background plasma density, Zi

is atomic number and charge state j with charge number Z0j . Li is the rate of
energy loss and AW and DW refer to the advection and diffusion coefficients
respectively, which are either arbitrary prescribed functions of time and radius
or can be derived from a transport model [4]. The first term in the equation
represents ohmic heating of the plasma via electric field, with the second term
representing energy losses due to inelastic processes. The third term ⟨Qc⟩
represents collisional heating of cold electrons by hot electrons, runaways and
ions. The final term accounts for the radial transport of heat via advection or
diffusion. The ion temperature evolves according to the rate equation:

∂Wi

∂t
=

∑
j

Qij +Qie, (2.3)

where Wi = 3T ini

2
. Ions and electrons exchange energy via elastic collisions,

leading to the evolution in (2.3). Qij represents ion-ion collisions and Qie

represents electron-ion collisions.

2.1.3 Atomic and Molecular Processes

DREAM was only able to describe the charge states occupied by atomic
species, lacking models for the formation of molecules in the plasma.
Therefore, DREAM was unable to simulate any reactions that take place
between molecules and atoms, or indeed, other molecules within the plasma.
Adding the pre-requisite molecular physics to DREAM was consequently
a priority in order to effectively and comprehensively simulate benign
termination in tokamaks such as ITER or SPARC.

DREAM achieves its current simulations using a number of tools. During
build time, for atomic species, DREAM fetches ionisation, recombination,
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charge-exchange and radiation rate coefficient data from ADAS [9]. It also
fetches ionisation and binding energies from NIST. This data is pulled into
DREAM and processed, being compiled in C++ source files. DREAM
retrieves this data for simulation via a Python frontend which loads all
elements of the data, such as from the ADAS and NIST databases. These
atomic data sources were then combined with updated molecular sources
compiled from the tables in B. After updates to the required C++ files, these
combined atomic-molecular source files were able to be retrieved by the same
system used previously only for the ADAS data.

The main tool used by DREAM is the MolecularRateInterpolator.
This piece of C++ code fetches rate coefficients based on charge state,
temperature (eV) and plasma density, and then performs log-log interpolation
of tabulated data. The interpolated data is then fed directly into ion density
rate equations that evolve charge state densities such as (2.1).

In DREAM, only rate coefficients of the atomic species listed in table 2.1 are
represented in the code.

Table 2.1: Included atomic species in DREAM [10]
Symbol Name Symbol Name

H Hydrogen C Carbon
D Deuterium O Oxygen
T Tritium Ne Neon
He Helium Ar Argon
Li Lithium Fe Iron
Be Beryllium W Tungsten

During the plasma processes being simulated there is potential for fuel or
impurity atom species to ionise or recombine, however, all atom species
may also form products with each other or with atoms of the same species,
meaning that the species most likely to be present in the plasma and their rate
coefficients had to be added to DREAM.

Argon is one of the main impurity gases being considered for use in the gas
injections associated with benign termination. For ITER however, neon will
be used as the main impurity along with hydrogen species and helium. It has
been found that the RE current at the final loss instability can be reduced by
increasing injected Ar quantity, although a saturation is observed at very large
injected Ar quantities [11]. Experiments have also been conducted using Neon
as the injected impurity, though it was found that use of Ne for RE mitigation
will make achieving sufficient recombination more difficult when compared
to Ar results [12]. The presence of helium in the ITER plasma may lead
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to molecular formation with fuel species and was therefore also considered
during the applied updates to DREAM [13].

As mentioned, DREAM carries out its simulations primarily by using rate
coefficient data, for atomic species, this data can easily be obtained from
ADAS [9]. This also applies for impurities that are injected during mitigation,
for reactions involving ionisation or recombination of an impurity species
alone, ADAS may also be used. However, when looking at molecule
formation/dissociation, charge exchange or the ionisation/recombination of
molecules, a more diverse array of sources had to be be used to obtain rate
coefficients for DREAM.

The most straight-forward of these molecular sources was direct acquisition
of reaction rate coefficients from chemical rate tables. These are long,
comprehensive documents which are typically part of much larger chemical
journals. Initially, one such compilation was referenced in [11], this was a
source of evaluated gas phase kinetics data on bimolecular reactions between
positive ions and neutrals. [14]

The table of reactions obtained from [14] lists the reactants and their products,
categorised by species/molecule and includes the total reaction rate coefficient,
product distributions and references for each reaction. Worth noting is that
this paper was a combination of two earlier compilations by the same author
and is therefore restricted to the same limited number of species as the base
data used to compile it. Reaction rate coefficients are typically given in the
paper as a single value, these are averages of existing data to give a mean
rate coefficient where none of the individual measurements were significantly
different from that average value. Also worth noting is that reactions in this
compilation were at a temperature of 300K [14] [15]. Additionally, in both
compilations referenced, and in the initial source papers, deuterium is treated
as equivalent to hydrogen and this is reflected in the rate coefficients obtained
for the reactions listed.

A comprehensive list of the reactions described in the three Hollmann
papers referenced before is included in the appendix B. The tables include
a description of the reaction, associated rate coefficients, references to the
sources from which it was obtained and any notes such as the equation label
in the source paper and the type of reaction given.
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2.2 Background - Runaway Electron and Dis-
ruption Mitigation

2.2.1 Current Methods of Disruption Mitigation

High-Z impurity injection, whether via massive gas injection (MGI) or
shattered pellet injection (SPI), offers a promising approach for dissipating
post-disruption RE beams. Several techniques have been demonstrated
experimentally in tokamaks: MGI, small and large cryogenic pellet injection
(including SPI) and large solid pellets (LSP). Additional methods such as
liquid jets and plasma jets have been proposed [16]. Impurity injection into
the plasma is aimed at mitigating the potential for damage that an uncontrolled
disruption can have. When impurities are injected, the plasma responds by
cooling and dropping in current, or, in other words, a safer, more controlled
version of a disruption is triggered. The effectiveness of the methods discussed
above therefore makes material injection an attractive approach for mitigating
disruptions and runaway electrons. The concept of material injection to bring
about cooling can also be applied to a post-disruption method of mitigating
runaway electrons, known as benign termination.

Each injection method has trade-offs. MGI is easier to implement but suffers
from slow delivery rates and incomplete mixing. Small cryogenic pellets lack
sufficient radiating mass (if low-Z) or risk seeding large RE populations (if
high-Z). SPI is challenging to implement. Solid pellets pose vessel damage
risks and require careful design for effective core deposition. Liquid and
plasma jets can potentially achieve high delivery speeds. [8]

Massive gas injection (MGI) delivers impurity gases to the plasma edge relying
on plasma transport to assimilate the impurities into the plasma core. Early
implementations suffered from poor performance and impurities remained
at the plasma edge rather than reaching the core. Delivery speeds have
been improved (via multiple simultaneous valves) which have enchanced the
efficiency of impurity assimilation.[16]

Even though MGI can be an effective disruption mitigation technique,
mitigating both heat loads and halo currents, it does rely heavily on the plasma
flow itself to achieve direct penetration into the plasma core, which can be a
disadvantage when a very rapid shutdown of a plasma device is required in
the case of a disruption. Hence, other mitigation techniques involving pellets
have been considered.

SPI injection addresses MGI’s shortcomings. A large cryogenic pellet is
accelerated toward the plasma and fragmented via impact on metal plates
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just prior to plasma entry. The pre-shattering protects the walls of the vessel
from damage while also producing smaller fragments which penetrate into
the plasma core more effectively. Smaller fragments also mean more surface
area for ablation creating a dispersed spray of gas and liquid that ablates more
rapidly and mixes with the plasma more effectively.[17]

Non-shattered (intact) pellets risk damaging vessel walls if they fail to ablate
upon injection, particularly in cooled plasma that is typical of after the current
quench. SPI mitigates the risk of damage by pre-fragmenting the pellet which
allows rapid delivery while securing the walls from impact hazards.

The primary challenge for LSP use is the potential for vessel wall damage
from impacts. Proposed solutions include hollow, porous or shell designs.
Most promising of these are shell designs as the contents can be tailored in
advance, for example, a beryllium shell filled with fine beryllium powder and
pressurised argon could enhance ablation on entry into the plasma[8].

2.2.2 Benign Termination

The focus of this report is a post disruption RE mitigation technique called
benign termination. A technique which aims to spread the impact of runaway
electrons over a larger area of the wall than if they went unmitigated. It
achieves this via the injection of impurities after the disruption has occurred,
with D2 being the species chosen for use in ITER. This injection triggers a
drop in the temperature and the recombination of the plasma.

In the post disruption phase, the plasma current is carried exclusively by the
runaway electrons, this current represents significant magnetic energy stored
in the plasma according to the relationEmag ∝ I2RE . In a termination scenario,
this magnetic energy is converted into kinetic energy, accelerating runaway
electrons that are leaving the plasma [18]. In a non-benign termination
scenario, this current is much larger, due to higher electron densities and
ionisation, leading to much more kinetic energy being deposited on the wall.
The cooling and recombination associated with the post disruption injection
of impurities in benign termination spreads the kinetic energy over a larger
area, making the energy density deposited on the wall smaller.

The impurity injection also triggers the growth of an MHD instability in
the plasma. This instability spreads the runaway electrons towards the wall
over a large area. Large enough that the impact energy can be radiated away
rather than damage the plasma facing components. This area is known as
the wetted area and must exceed a critical value in order for the termination
to be considered benign. Experimentally, it has been shown that the neutral
pressure, or pressure of the background gas in a tokamak, has an effect on the
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Figure 2.1: Conceptual sketch of the upper and lower neutral pressure limits.
Benign termination assumes that the wetted area must exceed a critical value
in order to avoid vessel damage. Benign termination is possible within a finite
pressure range. Reproduced from [7] under CC BY 4.0.

size of the wetted area, as illustrated in figure 2.1 [7].
For a termination to be considered benign, the neutral pressure must have
values between these two limits. [7] Therefore, we can use the neutral pressure
as a simple metric for the effectiveness of a benign termination scheme.

2.3 Summary

In summary, runaway electrons have the potential to damage plasma facing
components due to the energy stored in them. Therefore, runaway electrons
and their mitigation within the larger context of disruptions presents a
multifaceted modelling challenge for one to solve.

Moreover, the myriad mitigation techniques that have been tested and are
favoured for use in ITER, whether that be MGI, pellet injection or benign
termination, all make use of some form of injected impurity in order to
mitigate the harmful effects of plasma disruption. DREAM provides a robust
framework for modelling atomic processes and RE dynamics, and now also
accounts for the molecular processes involved when fuel atomic species and
impurity atomic species react in the plasma environment during disruption
mitigation.

Finally, in this thesis, we collect and organise all relevant molecular and
chemical data relating to these molecular reactions and then implement
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programming changes to DREAM. This work complements ongoing research
into the benign termination scheme and contributes to the overall improvement
of disruption mitigation techniques for tokamak devices.
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Chapter 3

Methods

3.1 Research Process

3.1.1 Data Sourcing

Initially, while in the planning stages of the project, a need to organise a
large number of reference documents connected with the DREAM runaway
kinetics framework and the atomic and molecular physics associated with post
disruption plasma was identified. Additional information regarding runaway
electrons and the concept of benign termination was also required to establish
an appropriate theoretical background for the project.

To tackle this problem, starting from three initial reference articles used as
anchor points in which all the relevant atomic and molecular reactions for a
post disruption plasma were given, with their properties cited in other articles,
the first task was to codify all of these separate references into one central
bibliography. This was implemented via Zotero to enable logical organisation
and quick cross referencing. [11–13]

This codifying of relevant sources was a crucial first step in establishing
the informational foundation of the project as it ensured the consistency and
traceability of information from the source documents used in modelling a post
disruption plasma. The disruption runaway electron analysis model (DREAM)
simulates reactions within the plasma using reaction rates for specific atomic
species interacting with each other. In order to add molecular reactions to
DREAM, a comprehensive list of all relevant molecules and the reactions they
are involved in was required.

To facilitate this, the rates for DREAM were obtained by reading through the
codified sources and adding them to a table that catalogued the reaction itself,
the reaction type and the reaction rate as well as any notes about the reaction,
such as if a reaction had to be approximated for example. Several of these
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tables can be found in the appendix B. While there were some exceptions, the
vast majority of the rates that were recorded were from chemistry source tables
which listed all known rates for different chemical reactions. [14] [15]

While most rates were obtained directly from chemical reaction source rate
documents, reaction rates could also be obtained via reaction cross-sections
σ. With this cross-section, it is required to integrate the cross-section with a
Maxwellian distribution function to arrive at a reaction rate. This was possible
via equations that summarise this process and a number of cross-sections for
certain reactions given in the initial source documents (Hollmann). [19] [20]

This process was important to complete before moving on to any extensive
programming tasks as DREAM simulates the plasma environment using,
among other things, the reaction rates of the molecules or atoms in question.
This process of gathering all relevant data before beginning coding ensured
that the molecular physics being added to DREAM was as complete and
representative of the real plasma that it is the goal to simulate. In order to
incorporate the reaction data obtained into DREAM, which is programmed in
C++, it was required that a method for loading the new data into DREAM be
found. This process was made of numerous separate methods which, when
used together, load all relevant data into DREAM.

The first method was a modification made to an already existing C++ program
in DREAM that reads atomic data from the Atomic Data and Analysis
Structure (ADAS) into DREAM, the atomic data consisted of an atomic mass
(Z) and and charge state (q) and the modification that was made was to alter
this code to accept molecular data, essentially by replacing a single Z/q pair
with a list of values that represented the atoms involved in a given molecular
reaction. The second method was relatively simple; that was to write a short
python program which parsed the reaction rate data from the tables that were
established. The program would read the table in an excel format and convert
it into a C++ source file that could be read by DREAM.

While most rates were obtained directly from chemical reaction source rate
documents. As mentioned before, we can integrate over a Maxwellian
distribution using given cross sections in order to arrive at a reaction rate
that we need. The task was to write a program that accepted an input of
a cross-section, integrated the equation given in the Bachmann and Reiter
kinetic paper and then print the results to C++ source file that could be read into
DREAM in a similar manner to the methods previously mentioned [19] [20].
These were necessary steps to take before modifying the main Ion Handler
code in order to ensure that the data being used in the simulation was set up
and pre loaded before any major changes were made to the main simulation
code.
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3.1.2 Programming

The main programming work of the project consisted of updating programs
already contained in the DREAM repository. Building from the initial data file
compiled as described above, the files were updated to take into account new
molecular data structures. Typically this meant updating which headers were
included in the C++ files to account for new data sources and updating calls
for certain variables in already existing programme structures. The template
of the new data structure was to store the initial reactants, the final products
as well as density, temperature and rate data for each individual reaction. An
example for an ionisation of molecular deuterium can be seen below.

M o l e c u l a r T r a n s i t i o n D 2 _ i o n i z a t i o n _ t r a n s i t i o n (
{D2} ,
{D2} ,
D2_ ion i z a t i on_nn , D2_ ion i za t i on_nT ,
D2_ ion i z a t i on_n , D2_ ion i za t i on_T ,
D 2 _ i o n i z a t i o n _ r a t e s

) ;
After setting up data sources, the first files to be updated were the
ADASRateInterpolator and ADAS C++ files which handled how raw
rate data was interpolated and how the data was fetched from the data files
to be fed into the python frontend. The most significant changes made to the
rate interpolator were the addition of new safeguards regarding dimensions of
data as some of the new molecular data was 1-dimensional rather than a 2d
array like typical ADAS data. This meant that on top of updating variable
calls, methods had to be added to check if certain data was 1-D or 2-D and
apply the correct interpolator based on that scan. Changes to the ADAS C++
file mainly included updating "Getter" functions which fetched data based on
the data type ID determined by the ADAS database, this had to be changed
completely in order to account for the new molecular data format. Instead of
one getter function which scanned through the identifiers, a getter for each data
type — such as ionisation, recombination or molecule-formation, was created.
Instead of an ADAS identifier, these reactions were identified by the molecular
or atomic species which populate the initial-state setting in the Transition data
structure.

Once the getter methods had been updated, the changes had to be carried over
to the IonRateEquation and IonHandler C++ files in order for the
stored data to be fetched correctly in simulations. The changes made to the
rate equation were mainly to the section of the code which was concerned with
calling the right rate interpolator using the getter methods for calculations,
the actual rate equation itself remained unchanged. The handler file also had
to be updated to take into account new molecular structures and variables,
this program is concerned with mapping densities to charge states and species
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names, it also calculates indices which are used to identify the appropriate
getters in the previously mentioned files.

When these changes were made and tested, DREAM then had to be compiled
and rebuilt in order ensure that all the constituent programs of DREAM had
been updated to use the new molecular files that had been created. This
section of the programming involved compiling DREAM repeatedly and then
identifying and fixing errors in the DREAM files. These changes typically
were updating what header files were to be included — these were changed
from ADAS format to accept molecular format of data. The changes also
included updating interpolator or handler calls. When the new directory had
been built, updates also had to be made to the python frontend of DREAM
to allow a user to add new molecular data to simulations and make use of
the updated files. Once these python updates were completed, DREAM was
then in a state where simulations of post-disruption plasmas with included
molecular species could be built.

3.1.3 Simulations

Once the main programmes were updated and DREAM was compiled, it was
then a priority to ensure that molecular data could be accessed by the python
frontend. To achieve this end, a short script was developed that initialised
an instance of deuterium molecules (D2), atomic deuterium and neon. When
this was completed, a full simulation of an ITER post-disruption plasma could
be built up. The simulation consisted of an implementation of the geometry
and magnetic parameters of DREAM as well as temperature, electric field and
current settings set to mimic conditions directly after a disruption. The initial
settings of the simulation are as follows.

Table 3.1: ITER Post-Disruption Parameters
Symbol Parameter Value

R0 Major Radius 6.2m
a Minor Radius 2m
B0 Toroidal Magnetic Field 5.3T
Einit Initial Electric Field 0.9V/m
Tinit Initial Temperature 4 eV

The main simulation features an injection of 1 × 1020 m−3 of D2 into a
population of 1 × 1020m−3 of Ne and background D. These two species are
present at the beginning of the simulation as they reflect the species in the
plasma after a disruption has been triggered via the injection of neon. The
simulation therefore picks up at the moment when the D2 injection of benign
termination begins. The simulation will generate plots of plasma temperature,
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density and other parameters such as heating and cooling sources for analysis.
A steady state must also be maintained for the simulation so a long simulation
time of 500ms was used with a time step of dt = 10−5 s. When this main
simulation is confirmed to be working, a further simulation can be carried out
consisting of a parameter scan over multiple different values for neon impurity
density and injected densities of D2. These molecular simulations may then be
compared with a similar simulation using the non-updated ADAS branch of
DREAM in order to more clearly see the effect of adding molecular processes
to DREAM.
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Chapter 4

Results and Analysis

4.1 Post-Disruption Plasma Simulation

4.1.1 Baseline Parameters

The post-disruption phase considered in this work is the interval after
the current quench of a disruption, when the ohmic current is negligible
and the remaining current is carried by runaway electrons, but before the
onset of runaway electron loss during benign termination. This phase is
characterized by three key signatures: a strong reduction in the background
plasma temperature, a decrease in the background electron density due to
recombination of the bulk plasma, and a constant runaway electron current.

The parameters chosen for variation include the density of the impurities, both
the D2 that is injected and the Ne that is already present in the simulation for
during the disruption. The density was chosen since benign termination relies
on material injection after the disruption to trigger the desired temperature
drop and recombination, it therefore became important to test the sensitivity of
this post disruption regime to changes in the present impurities. Additionally,
the wall loop voltage V_loop_wall_R0 — representing the loop voltage
at the tokamak wall per unit of the major radius, will be varied as it became
apparent during initial testing that the value of this parameter had an effect
on the plasma behaviour observed. Finally, the injected species was varied
in a separate simulation, replacing the D2 added in the molecular codebase
updates with the D available before the upgrades were applied. The impurity
replacement was chosen as a varied parameter as a key part of this project was
to determine the importance of simulating D2 accurately rather than simply
approximating it as D.

The parameters mentioned in table 3.1 are initial conditions used in all
simulations. The density and loop voltage values as well as the resulting
plasma behaviour shown in figure 4.1–4.5 are taken to be the baseline against
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which the effects of parameter variation are measured. The results in this
section will consist of plots of the evolutions of the background plasma
temperature and electron density as functions of time and minor radius, the
background plasma charge state, and the plasma current evolution. The
baseline parameters chosen for the work were a Ne impurity density of 1 ×
1020m−3 as it is a typical post disruption value. A D2 density of 1× 1020 m−3

was chosen as it is also a typical value for post-disruption injection and an
equal value ensured a consistent baseline from which the density variation
could be carried out.
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Figure 4.1: Initial drop in plasma temperature in the first 100 µs for a baseline
scenario of impurity density and loop voltage

In the baseline case, following the impurity injection, the plasma temperature
decreases rapidly to values on the order of 1eV, indicating strong plasma
cooling. At the same time, the background electron density falls by ∼ 75%
as the plasma recombines in the first 20ms of the simulation. As the plasma
recombines, the background deuterium in the plasma relaxes from its excited
state to its ground state, as indicated by the sharp rise and subsequent plateau
of the Z0 = 0 charge state of D. Throughout this phase runaway electron
current constitutes the entire plasma current and remains constant at ∼ 6MA,
consistent with expected post disruption behaviour.

The results obtained in figures 4.1–4.5 provide a stable baseline for the
evolution of the plasma parameter behaviour from which the behaviour
under further variations in density, loop voltage and injected species can
be measured against. As noted earlier, the post disruption phase after the
injection of D2 is characterized by two key signatures: a strong reduction in
the background plasma temperature and a low background electron density due
to recombination of the bulk plasma. These signatures are a requirement for
benign termination to occur. Additionally, a constant runaway electron current
may also be maintained in order to allow the observation of the dominant
physics in a steady-state.

This evolution is driven by the radiative cooling of the plasma via
the impurities introduced to the plasma during the pre-disruption and
post-disruption phases. As mentioned in the background section, the



24 | Results and Analysis

0.25 0.50 0.75 1.00 1.25 1.50 1.75
Radius (m)

0

100

200

300

400

500

Ti
m

e 
(m

s)

Temperature Evolution: Full Evolution (0-500 ms)
n_D2 = 1.0e+20 m ³, n_Ne = 1.0e+20 m ³, V_loop_wall_R0 = 6.774 V/m

0.000

0.205

0.410

0.615

0.821

1.026

1.231

1.436

1.641

1.846

Te
m

pe
ra

tu
re

 (e
V)

Figure 4.2: Evolution of background plasma temperature for baseline
parameters of impurity density and loop voltage.
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Figure 4.3: Evolution of background plasma density for baseline parameters
of impurity density and loop voltage.
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Figure 4.4: Evolution of background plasma charge state for baseline
parameters of impurity density and loop voltage.
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Figure 4.5: Evolution of plasma current for baseline parameters of impurity
density and loop voltage.
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background electron temperature is derived from the energy density

Wcold =
3⟨ncold⟩Tcold

2

which evolves in time according to equation (2.2). For the post-disruption
injection scenario, the primary contributor to the drop in temperature is the
second term in equation (2.2) representing losses via radiative cooling in the
form of line emission, recombination emission and bremsstrahlung. When the
D2 is injected via SPI, the plasma cools via the above processes in order to heat
the injected impurity, leading to the observed drop in temperature.

The ohmic heating term is very small due to the dependence of the ohmic
current on the plasma conductivity via Ohm’s law, jΩ = σE. The conductivity
σ has a strong dependence on temperature of σ ∼ T

3
2 , such that a low

temperature requires stronger electric fields to carry the current. In a runaway
plateau, there may be some limited electric field to carry ohmic current,
but due to the low temperature, conductivity, and as a result, the current
will be reduced. Furthermore, in the baseline case, the collisional heating
term QC is active in the simulation, which represents heating via collisional
temperature equilibration, where, due to regular elastic collisions of nuclei,
heat is redistributed within the plasma. The transport term governs how heat
redistributes from the core towards the plasma edge, determining the observed
temperature spatial profile. Additionally, heat can be lost from the plasma
via the choice of lossy boundary conditions such as the BC_F_0 boundary
condition used in the simulations in this work.

As cooling occurs after the impurity injection, a reduction in the density of
background free electrons ncold as the plasma recombines is observed. The
reason we see such a strong drop in density of ∼ 75% is due to baseline
impurity densities of D2 and Ne not providing enough particles for collisional
ionisation to overcome the cooling, leading to the aforementioned thermal
quench and recombination dominating. This is significant as the plasma
remaining in a mostly recombined steady state is an important step before the
RE loss occurs during benign termination. Evidence of the recombination can
be found in plotting of the charge state of the background deuterium, with the
majority of the available density of atomic deuterium falling from an excited
state into the ground state.

The runaway electron current remains constant at ∼ 6MA in the baseline
evolution. This stability is maintained by adjustment of the loop voltage Vloop,
which modifies the electric field to balance the change in plasma conductivity.
Crucially, this constant RE current also means that the magnetic energy stored
in the RE population remains constant due toEmag ∝ I2RE . A feature of benign
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termination is the rapid conversion of stored magnetic energy to runaway
electron kinetic energy (avalanche), accelerating runaway electrons which are
leaving the plasma [18]. It is therefore important that RE current be kept an
appropriate constant value in order to allow the plasma to reach a steady state
and allow the easier analysis of the data. Additionally, a danger is introduced
if the plasma current is sufficiently high, as all that magnetic energy must be
converted to kinetic energy and deposited on the wall.
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Figure 4.6: Initial drop in plasma temperature in the first 100 µs for a scenario
where D2 density has been reduced by one order of magnitude compared to
the baseline scenario.

4.1.2 Varying Molecular Deuterium (D2) Impurity Density

At a reduced quantity of D2, such as in figures 4.6–4.10, the background
plasma temperature drops to values on the order of ∼ 1eV and remains low
throughout the time interval considered. The background electron density
decreases again by ∼ 75% within the first 20ms due to recombination, similar
to the baseline case. Once again the plasma is observed recombining as the
background deuterium in the plasma relaxes from its excited state to its ground
state, as the Z0 = 0 charge state of D increases sharply. The runaway electron
current again remains constant at just over 6MA, indicating the simulation is
in the pre-runaway-electron-loss steady state. Reduction of D2 by one order of
magnitude therefore produces an almost identical simulation to the baseline
case since the lower injected density is sufficient to trigger the temperature
drop but does not heat the plasma via collisional temperature equilibration as
much as the baseline due to there being fewer particles available.

When D2 density is lowered by an order of magnitude, the results obtained
were extremely similar to the baseline case, but slightly colder at larger
radial distances. The explanation for why this is the case is that the density
injected — 1 × 1019m−3, is enough to trigger the radiative cooling that we
see in the baseline case of 1 × 1020 m−3 that lead to the initial temperature
drop. However, analysis of the balance between energy sources and sinks
suggests that the lower injected density does not provide sufficient heating via
collisional temperature equilibration to counteract the significant cooling that
occurs during the temperature drop. This leads to a cold, recombined plasma
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Figure 4.7: Evolution of background plasma temperature for a scenario where
D2 density has been reduced by one order of magnitude compared to the
baseline scenario
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Figure 4.8: Evolution of background plasma density for a scenario where D2

density has been reduced by one order of magnitude compared to the baseline
scenario.
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Figure 4.9: Evolution of background plasma charge state for a scenario where
D2 density has been reduced by one order of magnitude compared to the
baseline scenario.
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Figure 4.10: Evolution of plasma current for a scenario where D2 density has
been reduced by one order of magnitude compared to the baseline scenario.
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Figure 4.11: Initial drop in plasma temperature in the first 100 µs for a scenario
where D2 density has been increased by one order of magnitude compared to
the baseline scenario.

that is similar to the baseline case.
D2 density was also increased by one order of magnitude for figures
4.11–4.15. Unlike the baseline scenario, the background plasma temperature
initially drops to ∼ 1eV over the first 50ms but rapidly increases to ∼ 3eV.
The background electron density initially decreases due to recombination,
but exhibits a secondary increase around 100ms due to the injected D2

collisionally ionising Ne. The background electron density rises to values on
the order of ∼ 1 × 1020m−3 near to the core. The density of the background
plasma in the ground state is observed increasing as expected. However, when
the secondary electron density increase occurs around 100ms, the neutral D
density decreases without a corresponding rise in excited-state D in figure
4.14. This suggests dynamics beyond simple recombination, most likely a
numerical artifact of the simulation. The RE current remains approximately
constant at ∼ 6MA, with only slight variations.

For the case where injected D2 density was raised by an order of magnitude,
the results obtained were drastically different from the baseline case. While
RE current was held constant at ∼ 6MA with an increased loop voltage, both
temperature and background density were observed to increase, suggesting
that for higher impurity density, the simulation falls out of the expected steady
state post-disruption regime. Temperature is observed to drop initially before
then undergoing a secondary increase after 50ms. This can be explained by the
increased density of D2 providing enough particles for collisional temperature
equilibration of the plasma to have an effect. Increased collisional ionisation is
also responsible for the secondary increase in the background electron density.
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Figure 4.12: Evolution of background plasma temperature for a scenario
where D2 density has been increased by one order of magnitude compared
to the baseline scenario.
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Figure 4.13: Evolution of background plasma density for a scenario where D2

density has been increased by one order of magnitude compared to the baseline
scenario.
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Figure 4.14: Evolution of background plasma charge state for a scenario where
D2 density has been increased by one order of magnitude compared to the
baseline scenario.

0.0 0.1 0.2 0.3 0.4 0.5
Time (s)

0

1

2

3

4

5

6

Cu
rre

nt
 (A

)

1e6

Plasma Current Evolution
n_D2 = 1.0e+21 m ³, n_Ne = 1.0e+20 m ³, V_loop_wall_R0 = 13.871 V/m

Ip
Ire
I
Ihot

Figure 4.15: Evolution of plasma current for a scenario where D2 density has
been increased by one order of magnitude compared to the baseline scenario.
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Since background atomic deuterium ionisation does not increase, the rise in
background electron density must come from ionisation of impurities, both
atomic and molecular deuterium were confirmed as remaining neutral, but the
neon impurity is ionized and is confirmed by analysing the ionisation states of
the species in the plasma.
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Figure 4.16: Initial drop in plasma temperature in the first 100 µs for a scenario
where Ne density has been reduced by one order of magnitude compared to
the baseline scenario.

4.1.3 Varying Neon (Ne) Impurity Density

Decreasing the neon impurity density by one order of magnitude leads to
the results in figure 4.16–4.20. Similarly to both the baseline and reduced
D2 cases, the background plasma temperature drops to values on the order
of ∼ 1eV and remains low throughout the time interval considered. Once
again, the background electron density decreases as the plasma recombines,
however, in this case, the density drops more aggressively than the baseline
case, being nearly totally recombined within 100ms and remains in this regime
of high recombination from that point onwards. This is due to decreased
collisional ionisation of Ne by D2 as with Ne density lowered, there is less to be
ionized to contribute to the background electron population. The background
plasma charge state behaves identically to the baseline, relaxing quickly to
the ground state and plateauing there. The RE current remains approximately
constant at 6MA. Notably, in order to maintain the desired steady state, the
applied voltage had to be decreased for lower densities and increased for higher
densities, this will be discussed in the analysis of the effect of loop voltage in
a later section.

When Ne density is lowered by an order of magnitude, the results obtained
remain in the expected post-disruption steady state but differ from the baseline
case. The temperature profile differs in that the temperature does not spread as
much radially as the baseline, indicating a generally colder plasma. A potential
reason for this is that with reduced Ne density, there is a corresponding drop in
collisional ionisation and heating. The loss of collisional ionisation also leads



36 | Results and Analysis

0.25 0.50 0.75 1.00 1.25 1.50 1.75
Radius (m)

0

100

200

300

400

500

Ti
m

e 
(m

s)

Temperature Evolution: Full Evolution (0-500 ms)
n_D2 = 1.0e+20 m ³, n_Ne = 1.0e+19 m ³, V_loop_wall_R0 = 2.000 V/m

0.000

0.205

0.410

0.615

0.821

1.026

1.231

1.436

1.641

1.846

Te
m

pe
ra

tu
re

 (e
V)

Figure 4.17: Evolution of background plasma temperature for a scenario
where Ne density has been reduced by one order of magnitude compared to
the baseline scenario.

0.25 0.50 0.75 1.00 1.25 1.50 1.75
Radius (m)

0

100

200

300

400

500

Ti
m

e 
(m

s)

Background Electron Density Evolution
n_D2 = 1.0e+20 m ³, n_Ne = 1.0e+19 m ³, V_loop_wall_R0 = 2.000 V/m

0.000

0.444

0.889

1.333

1.778

2.222

2.667

3.111

3.556

4.000

De
ns

ity
 (m

³)

1e19

Figure 4.18: Evolution of background plasma density for a scenario where Ne
density has been reduced by one order of magnitude compared to the baseline
scenario.
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Figure 4.19: Evolution of background plasma charge state for a scenario where
Ne density has been reduced by one order of magnitude compared to the
baseline scenario.
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Figure 4.20: Evolution of plasma current for a scenario where Ne density has
been reduced by one order of magnitude compared to the baseline scenario.
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Figure 4.21: Initial drop in plasma temperature in the first 100 µs for a scenario
where Ne density has been doubled compared to the baseline scenario.

to a more aggressive drop in background electron density as the colder plasma
leads to further recombination than the baseline case. RE current was held
constant at the same baseline value with a reduced loop voltage of 2Vm−1

For 4.21–4.25, the density of injected neon has been doubled. Results can
be obtained for nNe =1 × 1021m−3. However, to achieve the desired steady
state, an applied voltage of ∼ 50V is required. While these results are likely
correct if such a voltage could be applied, in practise, the current would decay
as a loop voltage that high cannot feasibly be maintained. nNe =2× 1020 m−3

was therefore chosen as a compromise. Similarly to the baseline case, the
background plasma temperature initially drops to ∼ 1eV over the first 50ms

and increases to ∼ 2eV. This secondary temperature increase is less than
experienced for increased D2 density. This can be explained via the primary
heating and loss terms involved. Heating is primarily due to RE collisions and
is mainly dependent on the background electron density, whereas the losses
are due to radiation which is strongly temperature dependent. During the
temperature drop and subsequent recombination, the losses due to radiation
also drop, leading to the secondary increase in temperature observed as the
RE collisional heating is now out of balance with the losses from radiation.

Similarly to the varied D2 case, background electron density initially decreases
due to recombination of the plasma, but exhibits a secondary increase
around 100ms. Similarly to the high D2 density case, neutral D density
initially increases during recombination. However, during the secondary
electron density rise around 100ms, neutral D density decreases without a
corresponding increase in excited-state D, similarly to the high D2 case, this
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Figure 4.22: Evolution of background plasma temperature for a scenario
where Ne density has been doubled compared to the baseline scenario.
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Figure 4.23: Evolution of background plasma density for a scenario where Ne
density has been doubled compared to the baseline scenario.
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Figure 4.24: Evolution of background plasma charge state for a scenario where
Ne density has been doubled compared to the baseline scenario.
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Figure 4.25: Evolution of plasma current for a scenario where Ne density has
been doubled compared to the baseline scenario.
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is likely due to a numerical artifact. The RE current remains approximately
constant around 6MA.

For the case where injected Ne density was doubled, the results obtained were
again drastically different from the baseline case. While RE current was held
constant at ∼ 6MA with an increased loop voltage of 11.871Vm−1, both
temperature and background density were observed to increase, suggesting
that higher impurity density leads to a warmer and less recombined plasma
than the baseline case. Temperature is observed to drop initially before then
undergoing a secondary increase after 50ms. This can be explained by the
increased density of Ne providing enough particles for collisional ionisation
which increases the collisional heating term of 2.2. However, the increase
in Ne also introduces higher amounts of radiative cooling via high-Z line
radiation which results in the temperature increase not being as large as the
increased D2 case.

Similarly to the increased D2 case, an increase in collisional ionisation is also
responsible for the secondary increase in the background electron density.
Since background atomic deuterium ionisation doesn’t increase, the rise in
background electron density must come from ionisation of the pre-existing
Ne impurity. However, the increased line radiation cooling from higher Ne
density partially counteracts the ionisation-driven density increase, resulting
in a lower background electron density than the high D2 case.

Something to note also is that simulations obtained for nNe =1 × 1021m−3

suffered from excessive cooling via line radiation that caused the plasma
current to collapse, making it difficult to interpret results as the system was
not in a steady state. Even when an excessively large applied voltage was used
to prevent the plasma current from collapsing, the plasma current is no longer
RE dominated and the system remains unstable throughout. This lead to the
choice to only include results for a doubled density of Ne instead of an order
of magnitude increase.
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Figure 4.26: Initial drop in plasma temperature in the first 100 µs for a scenario
in which the applied voltage is lower than the steady state value.

4.1.4 Varying Loop Voltage

For reduced values of loop voltage in figures 4.26–4.30, the background
plasma temperature initially drops to ∼ 1eV before then continuously
increasing to higher values, this is due to a reduction in ionisation due to
the lowered voltage causing further recombination, however, analysis of the
balance of energy sources and sink reveals that this recombination releases
excess energy into the plasma, increasing the temperature. The plasma
initially recombines, causing a decrease in background electron density before
exhibiting a secondary increase at approximately 250ms. The increase in both
temperature and density is observed closer to the core, which can be explained
by examining the runaway electron current density. The profile is centrally
peaked, with the highest values of jre occurring at small radial distances. This
suggests that more runaway electrons are generated in the centre, which leads
to stronger heating in the centre and higher temperatures and densities. For
lowered loop voltage, we observe similar behaviour to the higher injection
density cases for Ne and D2, with the density of neutral D rising, plateauing
and then decaying without a rise in excited D density. This is due to D2

collisionally ionising Ne while the background plasma recombines. While
still constituting the entire plasma current, the runaway electron current no
longer remains constant in this case. Instead, it decays without recovery for
the entire simulation runtime.
Conversely, for increased values of loop voltage in figures 4.31–4.35, the
background plasma temperature initially drops continuously without the
secondary increase seen in the previous case. The cause can be identified
by examining the energy balance, which reveal that there is an increase in
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Figure 4.27: Evolution of background plasma temperature for a scenario in
which the applied voltage is lower than the steady state value..

0.25 0.50 0.75 1.00 1.25 1.50 1.75
Radius (m)

0

100

200

300

400

500

Ti
m

e 
(m

s)

Background Electron Density Evolution
n_D2 = 1.0e+20 m ³, n_Ne = 1.0e+20 m ³, V_loop_wall_R0 = 2.000 V/m

0.0

1.2

2.4

3.6

4.8

6.0

7.2

8.4

De
ns

ity
 (m

³)

1e19

Figure 4.28: Evolution of background plasma density for a scenario in which
the applied voltage is lower than the steady state value.



44 | Results and Analysis

0.0 0.1 0.2 0.3 0.4 0.5
Time (s)

0

1

2

3

4

5

6

De
ns

ity
 (m

³)

1e21

Background Deuterium Charge State Evolution
n_D2 = 1.0e+20 m ³, n_Ne = 1.0e+20 m ³, V_loop_wall_R0 = 2.000 V/m

Z0 = 0
Z0 = 1

Figure 4.29: Evolution of background plasma charge state for a scenario in
which the applied voltage is lower than the steady state value.
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Figure 4.30: Evolution of plasma current for a scenario in which the applied
voltage is lower than the steady state value.
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Figure 4.31: Initial drop in plasma temperature in the first 100 µs for a scenario
in which the applied voltage is higher than the steady state value.
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Figure 4.32: Evolution of background plasma temperature for a scenario in
which the applied voltage is higher than the steady state value.
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Figure 4.33: Evolution of background plasma density for a scenario in which
the applied voltage is higher than the steady state value.
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Figure 4.34: Evolution of background plasma charge state for a scenario in
which the applied voltage is higher than the steady state value.
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Figure 4.35: Evolution of plasma current for a scenario in which the applied
voltage is higher than the steady state value.

collisional heating for high voltage simulations, potentially leading to more
ionisations. Analysing the energy balance of this case further shows that the
increased ionisations act as an energy sink, cooling the plasma similarly to
the high injection cases. Background electron density also decreases without
recovery as the plasma stays mostly recombined. For increased loop voltage,
we observe similar behaviour to the baseline case, with the density of neutral D
rising and then plateauing. Again, the runaway electron current constitutes the
entire plasma current without remaining constant. Instead, runaway electron
current increases continuously for the entire simulation runtime. Loop voltage
therefore controls the stability of the runaway electron current as reduced loop
voltage leads to current decay, while elevated loop voltage causes continuous
current growth.

When loop voltage is altered, it has a direct effect on the total plasma current,
which in the case of the simulation setup used, is constituted entirely by
the runaway electron current. An increase in loop voltage corresponds to a
continuously growing RE current and a decrease to a continuously decaying
RE current.

Changing the loop voltage also has an effect on the observed temperature
and background density evolutions. Cases with higher loop voltage result in
lower temperature, low density recombined results, while cases with lower
loop voltage produce higher temperature, initially recombined conditions with
a secondary increase in density. This can be explained by examining the ohmic
current density as well as the electric field. For higher voltages it was observed
that both electric field and the ohmic current density were suppressed, leading
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to weaker heating, whereas lower voltages had higher values of the the electric
field and ohmic current density, yielding stronger heating.

An additional explanation can be obtained by examining the balance of the
energy sources and sinks in the simulation. The main difference observed
was the binding energy term, which represents energy gains and losses
from ionisations and recombinations. In the low voltage case, this term
increases as the plasma experiences a temperature drop and recombines, before
plateauing around 400ms, which is the same time that the secondary increase
in temperature and density occurs, as the plasma recombines, excess energy
is released during recombination which heats the plasma slightly. In the high
voltage case, the binding energy term is smaller than the low voltage case
whereas the collisional ionisation term remains the same. The lack of heating
by the increased loop voltage can be attributed to increased ionisation acting
as an energy sink keeping the plasma in the cold and recombined state it drops
into post-injection.
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Figure 4.36: Evolution of background plasma temperature for a scenario in
which the baseline impurity parameters are used, but with D2 replaced with
D.

4.1.5 ADAS Comparison

Physically, D represents half the corresponding amount of D2, so replacing
the baseline density of D2 with D in DREAM is approximately equivalent to
5 × 1019 m−3 of D2. Despite this, the replacement of the baseline D2 with D
produces qualitatively similar behaviour to the baseline scenario. The plasma
temperature profile remains the same as the baseline case, falling to ∼ 1eV
without a secondary increase. The background electron density decreases in
time as expected due to recombination. However, the spatial profiles differ in
shape from the baseline case with a small pocket of increased density between
200ms and 400ms near the core. For the charge state analysis, we observe
similar behaviour to the baseline case, with the density of neutral D rising and
then plateauing. Additionally, the voltage that must be applied to keep this
simulation in a steady state is decreased from the baseline, and is, as expected,
the same voltage value as used in the case of a 5 × 1019 m−3 injection of D2.
An equivalent simulation using D2 can be seen in appendix A.1 for a more
direct comparison.

Replacing baseline molecular deuterium with atomic deuterium produces
similar temperature and background electron density profiles to the baseline
D2 case. The three signatures of the post-disruption steady state are present in
figures 4.36–4.40. The temperature drops, the plasma largely recombines and
the current remains approximately constant. The temperature and background
density profiles can largely be explained in the same manner as the baseline,
radiative cooling from injected atomic deuterium triggers a thermal quench
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Figure 4.37: Evolution of background plasma temperature for a scenario
where D2 density has been reduced by one order of magnitude compared to
the baseline scenario.
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Figure 4.38: Evolution of background plasma density for a scenario in which
the baseline impurity parameters are used, but with D2 replaced with D.
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Figure 4.39: Evolution of background plasma charge state for a scenario in
which the baseline impurity parameters are used, but with D2 replaced with
D.
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Figure 4.40: Evolution of plasma current for a scenario in which the baseline
impurity parameters are used, but with D2 replaced with D.
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leading to plasma recombination.

There are some slight differences, RE current does require a different value
of the loop voltage to maintain the desired steady state for the baseline values
used. Since the results obtained suggest that each loop voltage balance
depends on both injected density and species, the voltage values used need
to be calibrated for each combination of density parameters or species.
While simulations suggest that D will be effective for benign termination,
experimental constraints limit its practical application. The main method of
delivery for the impurities in ITER will be the ITER SPI system, D2 is stable
enough to be condensed into a solid pellet to be used for SPI injection whereas
D is unfeasible to maintain in a solid form as it reacts quickly to form D2. So
while injected D does perform with similar effectiveness to D2, it is technically
unfeasible for use in ITER.

Despite the physical constraints though, D can be used to approximately
simulate the post-disruption stage as observed in this work. The same sig-
natures of the drop in plasma temperature and the subsequent recombination
of the plasma can be observed as expected. Both scenarios reach the same
steady state values in temperature, density, charge state and current behaviour,
suggesting D is an effective approximation for D2 in simulations but they differ
in how quickly they reach this steady state. The D2 is generally 50ms to 150ms

slower to reach the steady state. The desired steady is still reached however, so
D can be used as a valid approximation for D2 during simulations of disruption
and post-disruption physics. However, it is important to note that even though
they were not modelled in this work, certain reactions between impurities and
fuel species may not be modelled at all without the inclusion of the molecular
modifications made to the existing ADAS-based codebase of DREAM. For
a simulation which is as close to accurate as possible, D2 and other actual
molecules should be modelled and used.
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Chapter 5

Conclusions and Future work

5.1 Conclusions

This work demonstrates that a post-disruption steady state consistent with
proposed ITER benign termination can be simulated in DREAM using
realistic impurity injection. The key finding is that impurity density plays
a critical role in determining the loop voltage required to maintain constant
runaway electron current. Low impurity densities such as in the baseline and
reduced cases, maintain a low temperature, low density recombined plasma
at constant RE current, while high impurity densities result in the simulation
converting to a regime dominated by collisional heating and ionisation, where
temperature and density increase — deviating from the desired post-disruption
behaviour.

Among the scenarios tested, the baseline case successfully reproduces
the three signatures of the post-disruption pre-termination regime — The
temperature drop from 4 eV to∼ 1 eV, the recombination of the majority of the
plasma and the maintaining of a constant RE current. Examining the figures
4.36–4.40 and the corresponding D2 figures A.1–A.5, the practical differences
between using D2 directly and approximating it as D can be observed. Both
scenarios reach the same steady state values in temperature, density, charge
state and current behaviour, suggesting D is an effective approximation for
D2 in simulations but they differ in how quickly they reach this steady state.
The D2 generally takes 50ms to 150ms longer than D to reach the steady state.

Therefore, while there are practical delivery constraints in reality that require
the use of D2 for the impurity injection, D performs comparably to an
equivalent injection of D2 in these simulations. While this is promising for
the current simulation setup, DREAM currently does not fully account for
all of the physics relevant for simulations of disruption and post-disruption
plasmas, as discussed in section 5.2. This means that our conclusions about
the suitability of substituting D for D2 must be limited due to the physics model
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employed.

5.2 Limitations

While the phase just prior to benign termination was modelled successfully,
several processes important to the post-disruption phase in question were not
modelled. The most significant limitation on the scope of the simulations is
that physics such as convective heat losses, neutral particle transport and ion
or neutral heat convection are not modelled in DREAM. Particularly, neutral
convection plays an important role in post-disruption scenarios prior to benign
termination.

Additionally, while molecular ionisation and recombination were added
during this work, molecular formation and charge exchange are not modelled
by DREAM. Therefore, while molecular formation and charge exchange
reaction rates were added and supported in the updated data processing files,
the updated MolecularRateEquation and MolHandler C++ files lack
support for processing these reactions. Consequently, it is unknown what
effect that the formation of fuel-impurity molecules such as NeD, would have
on the simulated plasma dynamics.

5.3 Future work

Further work on this topic should consist of adding the necessary C++
support for molecular formation and charge exchange reactions to be a part
of the simulation, increasing their accuracy and being technically feasible in
a relatively short amount of time. Adding support for the transport of heat
via neutrals would also be an important addition to more accurately model the
heating and cooling of the plasma.

Experimentally validating the effectiveness of the parameters chosen for this
work in ITER could also be a longer term goal of future work on this topic.
However, as ITER is still being constructed, applying these simulation to
another, currently active device such as DIII-D would be a more feasible
shorter term goal for further research.
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Supplementary Material

A.1 ADAS Deuterium Comparison

While the voltage to maintain a steady state is the same for this case of D2

injection and the comparison case where D is used in figures 4.36–4.40, there
are some differences in their behaviour. For example, for the case where D is
used, the plasma temperature reaches it’s steady state value at 125ms, while
for D2 this is reached at 180ms. Similarly, the background density in the core
reaches it’s steady state value at 100ms, whereas for D2 this is reached at
250ms. These differences can be explained by D ionising more easily than
D2, as well as having different collisional properties.
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Figure A.1: Evolution of background plasma temperature for a scenario in
which D2 density is 5× 1019 m−3.
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Figure A.2: Evolution of background plasma temperature for a scenario in
which D2 density is 5× 1019 m−3.
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Figure A.3: Evolution of background plasma density for a scenario in which
D2 density is 5× 1019m−3.
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which D2 density is 5× 1019m−3.
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Appendix B

Atomic and Molecular Rates

Study of argon assimilation into the post-disruption
runaway electron plateau in DIII-D and comparison with
a 1D diffusion model [11]

Table B.1: Appendix A: RE plateau 1D Neutral Diffusion Model. [11]
Reaction Rates. [14]

Reaction Rate Const. cm−3s−1 Ref Notes

Ar + Ar+ → Ar+ + Ar 4.6× 10−10 [19][21][65] (A.6a) Ar/Ar Charge Exchange.
Ar + Ar2+ → Ar2+ + Ar [19] (A.6b) Ar2+/Ar Charge Exchange.
D + D+ → D+ + D [19][21][65] (A.6c) D/D Charge Exchange.
D2 + D+

2 → D+
2 + D2 [19] (A.6d) D2/D2 Charge Exchange. Cross

Sections from [65]
Neutral Destruction:
D Destruction Reactions:
e + D → 2e + D+ Impact Ionisation [22][23][14][20] (A.8a) Thermal Electron Impact Ionisation

of D.
RE + D → e + RE + D+ Impact Ionisation [22][23][14][20] (A.8b) Runaway Electron Impact Ionisa-

tion of D.
D+

2 + D → D2 + D+ 5× 10−10 ± 10% [15] (A.8c) Pg 97
Ar+ + D → Ar + D+ Charge Exchange [22][23][14][20] (A.8d) Ar/D Charge Exchange.
Ar2+ + D → Ar+ + D+ Charge Exchange [22][23][14][20] (A.8e) Ar2+/D Charge Exchange.
Ar3+ + D → Ar2+ + D+ Charge Exchange [22][23][14][20] (A.8f) Ar3+/D Charge Exchange.
Ar4+ + D → Ar3+ + D+ Charge Exchange [22][23][14][20] (A.8g) Ar4+/D Charge Exchange.
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Table B.2: Appendix A: RE plateau 1D Neutral Diffusion Model.
Continued.[11]Reaction Rates [14]

Reaction Rate Const. cm−3s−1 Ref Notes

D2 Destruction Reactions:
e + D2 → e + 2D Impact Dissociation [22][23][14][20][24] (A.9a) Thermal Electron Impact Dis-

sociation of D2.
e + D2 → 2e + D+ Impact Ionisation [22][23][14][20][24] (A.9b) Thermal Electron Impact Ion-

isation of D2.
e + D2 → 2e + D + D+ Impact Dissociation [22][23][14][20][24] (A.9c) Thermal Electron Impact Dis-

sociaton/Ionisation of D2.
RE + D2 → e + RE + D+

2 Impact Ionisation [22][23][14][20][24] (A.9d) RE Impact Dissociaton/Ioni-
sation of D2.

D+ + D2 → D + D+
2 Charge Exchange [22][23][14][20][24] (A.9e) D/D2 Charge Exchange.

D+
2 + D2 → D+

3 + D Charge Exchange [22][23][14][20][24] (A.9f) D2/D2 Charge Exchange.
Ar+ + D2 → Ar + D+

2 7.3× 10−9 ± 10% [15] (A.9g) Pg 97 (96% of the total
reactions).

Ar+ + D2 → ArD+ + D 7.3× 10−9 ± 10% [15] (A.9h) Pg 97 (4% of the total
reactions).

Ar2+ + D2 → Ar+ + D+
2 2.6× 10−9 [15] (A.9i) Pg 4. (Rate for H2)

Ar3+ + D2 → Ar2+ + D+
2 Charge Exchange [22][23][14][20][24] (A.9j) Ar3+/D2 Charge Exchange.

Ar4+ + D2 → Ar3+ + D+
2 Charge Exchange [22][23][14][20][24] (A.9k) Ar4+/D2 Charge Exchange.

ArD+ + D2 → Ar + D+
3 5.1× 10−9 ± 30% [15] (A.9l) Pg 5.

Ar Destruction Reactions:
e + Ar → 2e + Ar+ Impact Dissociation [14][25] (A.10a) Thermal Electron Impact

Ionisation of Ar.
RE + Ar → e + RE + Ar+ Impact Ionisation [14][25] (A.10b) RE Impact Ionisation of Ar.
D+

2 + Ar → D + ArD+ 1.5× 10−9 ± 20% [15] (A.10c) Pg 97
D+

3 + Ar → D2 + ArD+ < 1× 10−11 [15] (A.10d) Pg 101 (Rate for H3).
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Table B.3: Appendix A: RE plateau 1D Neutral Diffusion Model. Continued.
[11] Reaction Rates.[14]

Reaction Rate Const. cm−3s−1 Ref Notes

Exothermic Reactions:
e + D2 → e + 2D Dissocation [26] (A.23a) Thermal Electron Impact Dissociation to D2.

∆E = +5eV
e + D2 → 2e + D + D+ Dissocation [26] (A.23b) Thermal Electron Impact Dissociation to D2.

∆E = +6eV
e + D+

2 → e + D + D+ Dissocation [26] (A.23c) Thermal Electron Impact Dissociation to D2.
∆E = +7eV

D+
2 + D2 → D+

3 + D 1.6× 10−9 ± 5% [14] (A.23d) Pg 1475
e + D+

3 → D2 + D Dissociation [26] (A.23e) Thermal Electron Impact Dissociation to D2 and
D. ∆E = +9.2eV

e + D+
3 → 3D Dissociation [26] (A.23f) Thermal Electron Impact Dissociation to D.

∆E = +4.8eV
D+

2 + Ar → D + ArD+ 1.5× 10−9 ± 20% [14] (A.23g) Pg 1475
D+

3 + Ar → D2 + ArD+ 2.9× 10−10 ± 90% [14] (A.23h) Pg 1477
Ar+ + D2 → ArD+ + D 8.9× 10−10 ± 20% [14] (A.23i) Pg 1529 (Based on Ar+ + H2).
Ar+ + D2 → Ar + D+

2 8.9× 10−10 ± 20% [14] (A.23j) Pg 1529 (Based on Ar+ + H2).
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Trends in runaway electron plateau partial recombination
by massive H2 or D2 injection in DIII-D and JET and first
extrapolations to ITER and SPARC.[13]

Table B.4: Appendix: Addition of H, Ne and H2 to RE Plateau 1D Neutral
Diffusion Model.[13] Reaction Rates.[14]

Reaction Rate Const. cm−3s−1 Ref Notes

a) Addition of H−Ions

e + D2 → D + D− Ion Formation [27] (A1) H− Ion Formation by e impact
e + D− → 2e + D Ion Annihilation [27] (A2) H− Destruction via e impact
D− + D+ → 2D Recombination [27] (A3) Recombination
b) Substituting Ne for Ar (A4-A7) Neglected as S < 10−14cm3s−1

Ne+ + D2 → NeD+ + D < 2× 10−14 ± 10% [14] (A4) Pg 1517
D+

2 + Ne → D2 + Ne+ < 2× 10−14 ± 10% [14] (A5) Pg 1517
D + Ne+ → D+ + Ne < 2× 10−14 ± 10% [14] (A6) Pg 1517
D2 + Ne+ → D+

2 + Ne < 2× 10−14 ± 10% [14] (A7) Pg 1517
D+

3 + Ne → NeD+ + D2 4.45× 10−11 ± 92% [14] (A8) Estimated by Scaling A9 with a Ratio
ofA.23h/A.23g.

D+
2 + Ne → NeD+ + D 2.3× 10−10 ± 10% [14] (A9) Pg 1474 (Rates for H+

2 ).
NeD+ + D2 → D+

3 + Ne 2× 10−11 ± 50% [14] (A10) Pg 1518 (Rate for NeH+)
NeD+ + e → Ne + D In progress [28] (A11) Dissociation/Recombination(Data Peak1)
NeD+ + e → Ne+ + D + e In Progress [28] (A12) NeD+ Dissociation (Data Peak2)
D+

2 + Ne2+ → 2D+ + Ne+ In progress [29] (A13) D+
2 /Ne2+ Charge Exchange

Ne2+ + D2 → Ne+ + D+
2 8.8× 10−10 [15] (A14) Pg 131 (Rate for H2)

Ne3+ + D → Ne2+ + D+ Charge Exchange [20] (A15) D2/Ne+ Charge Exchange
Ne3+ + D2 → Ne2+ + D+

2 Charge Exchange [20] (A16) D2/Ne+ Charge Exchange
Ne4+ + D → Ne3+ + D+ Charge Exchange [20] (A17) D2/Ne+ Charge Exchange
Ne4+ + D2 → Ne3+ + D+

2 Charge Exchange [20] (A18) D2/Ne+ Charge Exchange
c) Substituting H2 for D2 [30]/[22]/[31] ⇒ Longer Explanation of Methods Provided in Appendix

c) of [13]
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Study of argon expulsion from the post-disruption
runaway electron plateau following low-Z massive gas
injection in DIII-D. [12]

Table B.5: Appendix: RE Plateau 1D Neutral Diffusion Model for Low-Z
MGI. [12] Reaction Rates.[14]

Reaction Rate Const. cm−3s−1 Ref Notes

He + He+ → He+ + He 5× 10−10 ± 10% [14] (A3) He/He Charge Exchange.
D + He+ → D+ + He Charge Exchange [11] (A4) He/D Charge Exchange. Cross sections

in [19/20/21].
Ar + He+ → Ar+ + He > 2× 10−14 [15] (A5) Pg 110
e + He → 2e + He+ Impact Ionisation [25] (A6) Thermal Electron Impact Ionisation of

He.
e + He+ → 2e + He2+ Impact Ionisation [11] (A5-Typo?) Thermal Electron Impact Ionisa-

tion of He+.
RE + He → e + RE + He+ Impact Ionisation [25] (A7) Runaway Electron Impact Ionisation of

He.
RE + He+ → e + RE + He2+ Impact Ionisation [11] (A8) Runaway Electron Impact Ionisation of

He+.
e + He+ → He Impact Recombination [32] (A9) Thermal Electron Impact Recombina-

tion of He+.
e + He2+ → He+ Impact Recombination [32] (A10) Thermal Electron Impact Recombina-

tion of He2+.
e + HeD+ → He + D Impact Recombination [33] (A11) Thermal Electron Impact Recombina-

tion of HeD+.
RE + HeD+ → e + RE + He+ + D+ Impact Recombination [11] (A12) Rate Same as RE + He+. [12]
He + D+

2 → HeD+ + D 1.15× 10−10 ± 10% [14] (A13) Pg 1474
D + HeD+ → He + D+

2 9.1× 10−10 ± 30% [14] (A14) Pg 1479 (Rates for HeH)
D2 + HeD+ → D+

3 + He 1.77× 10−9 ± 20% [14] (A15) Pg1479 (Rates for HeH)
He+ + D2 → He + D+

2 1.1× 10−14 ± 20% [14] (A16) Pg 1477
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