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Abstract

The Divertor Tokamak Test (DTT) facility plays a strategic role in the European
fusion roadmap by bridging the gap between the ITER and EU-DEMO tokamaks
regarding power exhaust. Achieving the necessary exhaust conditions requires
operating the device at challenging parameters, such as a plasma current of I, =
5.5 MA. This high-current regime introduces the risk of severe disruptions and the
generation of relativistic runaway electron (RE) beams via the avalanche mechanism.
If uncontrolled, these beams can inflict critical, localized damage on plasma-
facing components (PFCs). This thesis provides the first predictive assessment
of RE avalanche dynamics in DTT, establishing operational boundaries for the
commissioning phase (Day-0, I, =2 MA) and the Full Power scenario (I, = 5.5 MA).

The analysis relies on the non-linear MHD code JOREK coupled with the
STARWALL resistive wall code. A fluid RE model is employed to simulate the
self-consistent interaction between REs and the background plasma. Using an
artificial thermal quench method, the study systematically scans the parameter space
of initial RE seed currents (/seeq) and impurity inventories (Njymp) to isolate the

physics of the current quench (CQ).

The results reveal a fundamental divergence in behavior between the two DTT
scenarios, resulting from the exponential sensitivity of the avalanche gain to the
pre-disruption plasma current. The Day-0 scenario exhibits intrinsic robustness: due
to the limited poloidal flux reservoir, the avalanche gain is moderate. Simulations
reveal that even under pessimistic assumptions (i.e., massive neon injection and a
high-amplitude initial seed of 20 kA), RE currents peak below 1 MA. These findings
confirm that in the Day-0 scenario, REs pose minimal risks to the PFCs, thereby

removing the immediate need for complex RE mitigation strategies.

Conversely, the Full Power scenario is characterized by a vanishingly small safety

margin against RE formation. The simulations identify a critical impurity threshold at



Nimp = 1 10?!. Below this value, the injection yields a partially mitigated disruption,
leaving the device vulnerable to severe thermal and halo current loads. Above this
limit, however, the high avalanche gain (G, ~ 10°) amplifies even minimal RE seeds
(as low as 5.5 A) into macroscopic RE beams. In this regime, the RE beam effectively
replaces the thermal current in the confined plasma region, stalling the CQ. The
beam termination is subsequently governed by the vertical stability of the plasma
column, since the RE current is determined by a competition between avalanche
generation and the physical scraping-off of the plasma volume against the first wall

during the vertical displacement event.

These findings indicate that the RE safety margins of the commissioning phase do
not scale to full-current operations. Consequently, the disruption mitigation system
for the Full Power scenario cannot rely on pure, massive high-Z injection, as this also
enhances RE formation. Instead, strategies must prioritize optimized mixtures (e.g.,
deuterium-rich) to balance the suppression of RE generation with the mitigation of
other disruption loads.
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1.1 Schematic representation of a tokamak. The confining helical
magnetic field line (green) is generated by the superposition of the
toroidal field By (yellow), produced by the toroidal magnetic field
coils, and the poloidal field By (blue), induced by the plasma current
I, (red). Adapted from: Max Planck Institute for Plasma Physics, C.
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1.2 Sketch of the diverted tokamak configuration with a single X-point
(single null, SN). The magnetic topology is divided by the separatrix
(or last closed flux surface, LCFS), which separates the closed flux
surfaces of the main plasma (core, in red) from the open field lines
of the scrape-off layer (SOL, in orange), which channel particles and
heat fluxes towards the divertor plates (light blue). Adapted from [2]. 5
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Historical progress of the fusion triple product (n7'1g) towards igni-
tion conditions for magnetic (MCF) and inertial (ICF) confinement
concepts. The red horizontal lines labeled le\gl(lF indicate the min-
imum triple product required to achieve specific gain values for
MCEF (where le\gICF = oo corresponds to ignition). These thresholds
are calculated at the central ion temperature 7jy that minimizes the
required triple product (= 20 to 27 keV) and their finite widths repre-
sent a range of assumed impurity levels. The red circles illustrate
the steady performance improvement over several decades of the
tokamak, which is the most advanced MCF concept. The perfor-
mance range for ITER (red hatched rectangle in the upper-right) is
bounded by its projected peak triple product and its original stated
mission goal (Qs; > 10). ITER represents the crucial step required
to bridge the gap between current experimental capabilities and

the reactor-relevant regime in the European roadmap. Reproduced

(a) Sectional view of the DTT facility. (b) Overview of the DTT
magnet system, comprising 18 Nb3Sn toroidal field coils, a 6-module
NbsSn central solenoid, 6 external poloidal field coils (two Nb3Sn
and four NbTi), and 6 in-vessel copper coils. Adapted from [12]. . .

Top-down view of the DTT heating system layout. The sectors
are equipped with electron cyclotron resonance heating (ECRH)
launchers, ion cyclotron resonance heating (ICRH) antennas, and a
neutral beam injector (NBI). Ports reserved for the remote handling
of the first wall (FW-RH) are also indicated. Adapted from [10].

Poloidal cross-sections of alternative magnetic configurations feasible
in DTT thanks to the flexibility of the PF coil system: single null (SN),
double null, snowflake, X-divertor, and double super-X. Adapted
from [12]. . . . . . . .
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Schematic evolution of plasma parameters during a disruption in-
volving runaway electron generation. (a) The electron temperature
T, (blue line) collapses during the thermal quench phase (TQ, green
shaded area), causing a rapid increase in resistivity and the induction
of a large parallel electric field E) (red line) during the current quench
phase (CQ, red shaded area). (b) The total plasma current /,, (solid
line) shows the characteristic initial spike in the TQ followed by a
decay. If a macroscopic RE beam is present, the decaying thermal
current Iy, (dotted line) is replaced by the relativistic RE current
Irg (dashed line), potentially leading to a runaway plateau (yellow
shaded area). Adapted from [16]. . . . . . . . ... ... ... ...

Schematic representation of the electromechanical loads during an
upward vertical displacement event (VDE). The halo current (/j,
green arrows) flows along the open magnetic field lines in the scrape-
off layer, intercepts the first wall, and closes its circuit poloidally
through the conductive vacuum vessel. The interaction between the
poloidal component of this current and the toroidal magnetic field
(B, light blue arrow) generates a net vertical Lorentz force (F,, gray
arrow) that acts on the machine structure. Reproduced from [28].
© ITER Organization. . . . . . . . .. .. ... ... .. .....

Visual evidence of localized damage resulting from the impact of a
collimated RE beam on the beryllium limiter of the JET tokamak.
The concentrated energy deposition led to significant surface melting
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3.1

Graphical representation of the force balance governing electron
runaway. The red curve depicts the collisional friction force, which
for suprathermal electrons decreases with increasing momentum.
The dashed horizontal lines represent the driving force from the
electric field (eE) and the critical electric field force (eE.). A critical
momentum muv. exists at the intersection of the electric field force
eE and the collisional drag force: for higher momenta (shaded red
region), electrons experience a net positive acceleration and enter the
runaway regime. The minimum field required to enable this process
is the critical electric field E.; for fields below this threshold, no
runaway generation occurs. Conversely, if E is high enough to exceed
the slide-away value of ~ 0.21eEp (Ep being the Dreicer electric
field), the whole electron population is converted into runaways.

Reproduced from [65]. . . . . . ... ... ... ... ...

Schematic representation of the electron distribution function in
the early phases of a mitigated disruption. The injected impurities
provide the plasma with cold electrons through ionization (gray
and black curves) which slow down the hot electrons (red curve)
through collisions. However, the higher-energy tail cools much more
slowly and, if the induced electric field is strong enough to define a
critical momentum (vertical dashed green line) that falls within this

surviving hot tail, these particles are accelerated into the runaway

regime. Reproduced from [16]. . . . . . ... ... ... ... ...

Poincaré plots from a JOREK simulation showing the evolution
of the RE density (n;) and magnetic field stochasticity during a
disruption. Starting from intact surfaces (a), the topology becomes
highly stochastic as the disruption progresses (b-d), leading to the
loss of REs. As the CQ proceeds, flux surfaces begin to re-form
(e-f), effectively trapping the remaining REs in the core. Reproduced

from [57]. . . . . . . e

(a) JOREK cylindrical coordinate system (R, Z, ¢) used to describe
the tokamak geometry. (b) Single 2D Bezier element in the (R, Z)

space. The element-local coordinates are also shown: (s,7) € [0,1].

Adapted from [96]. . . . . . . ...
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3.2 Poloidal cross-section (R-Z plane) of the active and passive DTT

4.1

conducting structures as implemented in the STARWALL code. The
vacuum vessel is split into an inner shell (axisymmetric thin wall,
orange line) and an outer shell (toroidal filaments, red). Active
components, including the central solenoid, poloidal field coils, and
in-vessel coils, are shown in black. The JOREK computational
boundary (green) is defined to closely track the physical first wall
(blue) while smoothing sharp corners to ensure numerical stability.
The separatrix for the standard single null Day-0 scenario is included

in pink forreference. . . . . . ... ... oL

Radial profiles of electron density (n., top) and temperature (7,
bottom) as a function of the normalized poloidal flux ¢,,. The orange
curves represent the equilibrium configuration implemented in the
JOREK simulations for the Day-0 scenario. The density profile used
in the simulation (orange) is a fit of the original data (blue). Regarding
the temperature, the adopted equilibrium employs a simplified bell-
shaped profile (orange) rather than the more complex profile of the
older dataset (blue). This choice allows for the utilization of the
most up-to-date DTT geometry while ensuring the initial magnetic
equilibrium remains MHD stable (¢ > 1). The use of a simplified
initial temperature profile is physically justified by the specific
focus of this study on the CQ phase, during which the temperature
evolution is determined self-consistently by the balance between
Ohmic heating and impurity radiation, rendering the specific details
of the pre-disruption temperature profile largely irrelevant to the final
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with an initial runaway electron (RE) seed of 200 A. From top to
bottom: total plasma current (/,, solid) and RE current (/rg, dashed);
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RE seed and maximum impurity case. The white contour marks
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scaling trends, the Irg values for the 2 A seed (dotted lines) have been
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injection levels, while the phases of the artificial thermal quench are
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adopted as the input for the Full Power simulations. . . . . . . . ..

88

93



List of Figures Xix

5.2 Temporal evolution of the total plasma current (/,, solid lines)
and runaway electron current (/rg, dashed lines) for the baseline
initial seed case of 5.5 A. The colors distinguish the specific neon
impurity inventory (Niyp), spanning a range from 1 - 10%° to 6- 10?!
particles. The phases of the artificial thermal quench (ATQ) are
delineated by vertical brown lines: the dotted line marks the end
of the initial thermal collapse, while the dash-dotted line indicates
the start of impurity injection. The termination of the final ATQ
phase (impurity injection) is discernible by the distinct change
in the I, slope immediately following the dash-dotted line; this
transition marks the onset of the self-consistent current quench,
which is progressively delayed at higher impurity levels because
the fixed injection rate requires a longer duration to reach the target
inventory. The ’x’ markers denote the timestamps of first plasma
contact with the plasma-facing components. A key finding is the
formation of macroscopic RE beams (= 0.7 MA) in the high-impurity
regimes (Nimp 2 3+ 1021, green, orange, and red traces). This massive
amplification, occurring despite both PFC contact and the minimal
baseline initial seed, serves as a clear demonstration of the high
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Simultaneous evolution of the total plasma current (1, top panel) and
the vertical position of the magnetic axis (Z,yis, bottom panel). The
simulations initialized with the baseline initial seed (/seeq = 5.5 A)
are represented by thick solid lines, whereas the thin dashed lines
denote reference cases in which the avalanche source term was
numerically suppressed. As in the preceding figure, color-coding
indicates the impurity inventory, and vertical brown lines delineate
the artificial thermal quench transitions. The ’x’ and diamond
markers denote the timestamps of first plasma contact with the
plasma-facing components (PFCs) for the simulations with and
without runaway electrons (REs), respectively. The bottom panel
highlights that higher impurity injections drive more rapid vertical
displacement events (yielding steeper slopes), thereby advancing the
onset of PFC contact. Notably, a delayed dynamical impact of the
RE population is observed: due to the relatively small initial seed,
the avalanche requires several milliseconds to amplify the current to
macroscopic levels sufficient to alter the current quench dynamics.
Consequently, the inductive braking effect on the vertical motion,
discernible as the divergence between the solid and dashed curves,

manifests exclusively during the late stages of the disruption.

Temporal evolution of the total plasma current (1}, solid lines) and
runaway electron (RE) current (/rg, dashed lines) for the intermediate
initial seed scenario (/seeqg = 550 A). Color-coding and the vertical
brown markers delineating the artificial thermal quench phases
follow the convention established in previous figures, while the
’x” markers denote the timestamps of first plasma contact with
the plasma-facing components. A comparison with the baseline
seed scenario highlights a substantial reduction in the impurity
threshold required for beam formation, with macroscopic RE currents
emerging at significantly lower impurity inventories. Furthermore,
for intermediate impurity levels, the magnitude of the resulting
RE beam is notably higher, culminating in a peak RE current of
approximately 1.8 MA, constituting nearly 60% of the instantaneous

plasmacurrent. . . . . . ... ..o

98



List of Figures

xxi

5.5

5.6

Detailed decomposition of the total plasma current components for
the intermediate seed case (Iseeq = 550 A) with an impurity inventory
of Nimp ~ 4- 10?! (corresponding to the orange traces in Figure
5.4). The plot displays the total plasma current (/,, solid line), the
runaway electron current (/rg, dashed line), and the total current
flowing within the closed flux surfaces (/core, gold dotted line). The
vertical brown lines follow the artificial thermal quench conventions
established in preceding figures, with an additional brown dashed
vertical line at # = 1.6 ms indicating the completion of the ATQ
procedure and the onset of the self-consistent current quench. An
orange dashed vertical line at r ~ 4 ms marks the timestamp of
first contact with the plasma-facing components (PFCs). Notably,
during the artificial current flattening phase (between the dotted and
dash-dotted vertical lines), a transient /;, spike occurs alongside the
development of a negative edge skin current. A key observation
is the convergence of the /... and Irg curves after t = 6 ms; this
overlap demonstrates that the current within the confined plasma
volume is carried almost entirely by the RE beam despite continuous
wall-scraping against the PFCs, implying that the remaining current
(Ip — Irg) consists predominantly of halo currents flowing in the

scrape-off layer. . . . . . . .. ... o

Temporal evolution of the total plasma current (/,, solid curves)
and runaway electron (RE) current (/rg, dashed curves) for the
high-amplitude initial seed case of 55 kA. Color-coding and the
vertical brown markers delineating the artificial thermal quench
phases follow the conventions established in preceding figures. The
’x” markers denote the timestamps of first plasma contact with the
plasma-facing components (PFCs). Under these high-amplitude seed
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Chapter 1
Introduction

The quest for a sustainable, safe, and unlimited energy source is one of the defining
challenges of the present century. As global power needs grow and the effects of
climate change become increasingly severe, replacing fossil fuels is non-negotiable.
Nuclear fusion offers the most promising path forward for baseload electricity
generation, providing a high energy density without producing carbon emissions

(during operation) or high-level, long-lived radioactive waste.

This work focuses on one of the main operational challenges in magnetic
confinement fusion: the generation and mitigation of runaway electrons (REs)
during plasma disruptions. Specifically, it presents a predictive analysis for the
Divertor Tokamak Test (DTT) facility, evaluating the risks associated with its initial
commissioning phase (Day-0) and its reactor-relevant (Full Power) scenario using
the non-linear magnetohydrodynamic (MHD) code JOREK.

1.1 Nuclear fusion: core principles

1.1.1 Fusion reaction and ignition criteria

Nuclear fusion is the process that powers stars, where light atomic nuclei combine to
form heavier ones, releasing massive amounts of energy. To replicate this process on
Earth, the most viable reaction utilizes two isotopes of hydrogen: deuterium (D) and
tritium (T).
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D+T — *He (3.5 MeV) +n (14.1 MeV) (1.1)

To achieve a sufficiently high reaction probability, temperatures higher than
10 keV (approximately 100 million Kelvin) are required. At these extreme thermal
energies, electrons are stripped from their atomic nuclei, creating a fully ionized
gas: the plasma. Often described as the fourth state of matter, plasma consists of a
quasi-neutral collective of positive ions and free electrons. This state is characterized
by a fundamental length scale known as the Debye length (Ap): on scales smaller
than Ap, individual particle interactions dominate, whereas on spatial scales larger
than Ap, the plasma maintains quasi-neutrality and exhibits collective behavior. It is
precisely this collective electromagnetic (EM) nature that distinguishes plasma from
a neutral gas, rendering it electrically conductive and highly responsive to EM fields,
thereby enabling its magnetic confinement.

D-T reactions release 17.6 MeV per event, the majority of which is carried
by high-speed neutrons that are captured to generate electricity. In contrast, the
alpha particles (helium nuclei) deposit their energy back into the plasma. For this
self-heating to drive ignition (a self-sustained reaction), the plasma must satisfy the
Lawson criterion: the triple product of particle density (n), temperature (7'), and

energy confinement time (7g) must exceed a critical threshold [1]:

nTte >5-102' m™3 s keV (1.2)

Due to the difficulty of attaining ignition, external energy is needed to sustain the
reactions. The proximity to ignition is quantified by the scientific energy gain Qi,
which is defined as the generated fusion power divided by the external heating power
delivered to the plasma. This parameter goes to infinity when ignition is reached, and
scientific breakeven is defined as Qg = 1. However, achieving scientific breakeven
does not guarantee net electricity generation due to the power required for operation,
as well as energy conversion inefficiencies and system losses. When referring to the
electric power ratio (electric output power divided by electric power consumed), we
refer to the engineering energy gain Qeng, wWhich is strictly lower than Qg;. Reaching
QOeng > 1 is a necessary condition to obtain an economically profitable nuclear fusion

power plant: in that case, the system would function as an electrical energy amplifier.
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1.1.2 Magnetic confinement and the tokamak concept

To satisfy the Lawson criterion, the plasma must be effectively confined. Two
primary approaches exist to achieve this: inertial confinement fusion (ICF), which
relies on the inertia of the fuel mass to resist expansion during rapid compression,
and magnetic confinement fusion (MCF), which employs strong magnetic fields to

confine the electrically charged plasma.

For continuous energy production, MCF is currently the most developed approach.
The fundamental principle relies on the Lorentz force, which compels charged particles
to gyrate around magnetic field lines, effectively restricting their motion perpendicular
to the field. To prevent the end losses associated with linear configurations, the
magnetic field lines are closed into a toroidal (doughnut-shaped) geometry. However,
a purely toroidal magnetic field is insufficient for confinement: the curvature and
gradient of the magnetic field cause ions and electrons to drift in opposite vertical
directions. This charge separation generates a vertical electric field, which, coupled
with the magnetic field (E x B drift), would rapidly expel the plasma outward.
To counteract these drifts, the magnetic field lines must be twisted helically as
they traverse the torus, connecting regions of favorable and unfavorable curvature,

averaging out the drift effects, and ensuring equilibrium.

Although numerous magnetic configurations have been explored, the rokamak (a
Russian acronym for “toroidal machine with magnetic coils”) has emerged as the
most scientifically mature concept, representing the primary focus of this work. As
illustrated in Figure 1.1, the tokamak is an axisymmetric device based on a toroidal
geometry, characterized by a major radius R (distance from the machine axis to the
plasma center) and a minor radius a (radius of the plasma cross-section). In this
topology, two principal directions are defined: the toroidal direction, which follows
the major circumference of the torus (yellow lines in Figure 1.1), and the orthogonal
poloidal direction, which follows the minor circumference of the plasma cross-section
(blue lines in Figure 1.1). The fundamental helical magnetic structure required for
confinement is generated through the superposition of two distinct magnetic field
components, defined along these directions:

1. The toroidal field B4: This dominant component is produced by a set of
external coils wound around the torus: the toroidal field (TF) coils. Physically,
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inner poloidal magnetic field coil
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Fig. 1.1 Schematic representation of a tokamak. The confining helical magnetic field line
(green) is generated by the superposition of the toroidal field B (yellow), produced by the
toroidal magnetic field coils, and the poloidal field By (blue), induced by the plasma current
I, (red). Adapted from: Max Planck Institute for Plasma Physics, C. Brandt.

these coils approximate a solenoid bent into a circle, where electric current
flows in the poloidal direction to generate a field in the toroidal direction.

2. The poloidal field By: This field is generated primarily by a strong toroidal
electric current flowing within the plasma itself (1,). This current is driven
via the transformer principle: the plasma ring acts as the secondary winding,
while a central solenoid (CS) serves as the primary. By ramping the current in
the central solenoid, a time-varying magnetic flux is induced, generating the
electromotive force required to drive /. A significant intrinsic limitation of this
inductive method is that the magnetic flux variation can only be sustained for
a finite time. Consequently, without the application of non-inductive current
drive techniques, the tokamak is inherently a pulsed device, unable to sustain a

continuous plasma current (and thus confinement) indefinitely.

Beyond these two fields, external poloidal field (PF) coils are employed to generate
a vertical magnetic field component, which is essential for maintaining radial

equilibrium and for shaping the poloidal cross-section of the plasma.
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Open magnetic
surfaces
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Fig. 1.2 Sketch of the diverted tokamak configuration with a single X-point (single null, SN).
The magnetic topology is divided by the separatrix (or last closed flux surface, LCFS), which
separates the closed flux surfaces of the main plasma (core, in red) from the open field lines
of the scrape-off layer (SOL, in orange), which channel particles and heat fluxes towards the
divertor plates (light blue). Adapted from [2].

The resultant magnetic field lines twist helically around the torus, tracing out
nested magnetic flux surfaces. These surfaces are defined as iso-surfaces of the
poloidal magnetic flux ¢, which represents the total magnetic flux passing through
a surface bounded by a toroidal ring around the machine axis. Since ¢ remains
constant on a given magnetic surface but varies from the magnetic axis to the plasma
edge, it serves as a natural radial coordinate to label the flux surfaces, which is
particularly useful in shaped plasmas. In modern reactor-relevant configurations, as
depicted in Figure 1.2, this magnetic topology is shaped to include a single magnetic
null (X-point), creating what is known as the single null (SN) configuration. This
null defines a boundary known as the separatrix, or last closed flux surface (LCFS),
which divides the closed flux surfaces of the confined core plasma from the open
field lines of the scrape-off layer (SOL). Particles and heat crossing the separatrix
flow along these open field lines into a dedicated component called the divertor,

where they are neutralized and pumped away.

Another fundamental parameter defining the topology of these surfaces is the
safety factor g, which represents the number of toroidal turns m a field line makes for
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one poloidal turn n. The radial profile of g (g-profile) plays a decisive role in the MHD
stability of the plasma. Rational values of g = m/n characterize resonant surfaces

prone to instabilities, a mechanism that will be analyzed in detail in Chapter 2.

While the plasma current /;, is essential for confinement, it also provides initial
heating via the Ohmic (Joule) effect. However, this Ohmic heating becomes
increasingly inefficient as temperature rises, since the Spitzer resistivity of the
plasma scales as 7. o« T~3/? [3]. Therefore, to reach fusion-relevant temperatures,
auxiliary heating systems are mandatory to overcome this limitation. These include
the injection of high-energy neutral atoms (neutral beam injection, NBI) and the
absorption of EM waves at specific resonant frequencies (ion cyclotron resonance
heating, ICRH, and electron cyclotron resonance heating, ECRH).

With the fundamental principles of nuclear fusion and tokamaks established,
the global fusion effort has shifted towards their integration into a viable energy
production strategy. The transition from experimental devices to a commercial
reactor requires not only achieving scientific breakeven but also solving critical
engineering hurdles. Most notably, challenges arise regarding the management of
extreme heat and particle fluxes at the plasma boundary: as the power crossing the
separatrix increases, the structural integrity of the divertor targets becomes one of
the most limiting factors for machine operation. The following section outlines the
European roadmap to the realization of a commercial reactor, highlighting the role

of the DTT facility as a crucial bridge to demonstration power plants.

1.2 The European roadmap to fusion energy and the
DTT facility

1.2.1 From ITER to EU-DEMO

The transition from experimental physics to a commercially viable energy source is
guided by the European Research Roadmap to the Realization of Fusion Energy [4],
which outlines a stepwise approach to demonstrate the feasibility of fusion as
a baseload power source. The historical progress towards this goal is visually
summarized in Figure 1.3, which plots the evolution of the triple product (n7'7g) for
both magnetic (MCF) and inertial (ICF) confinement concepts. As illustrated, while
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current tokamak experiments (red circles) have approached the scientific breakeven
threshold (Qggicp = 1 in the picture), a significant leap in performance is required to

enter the Qe > 1 regime, essential for a fusion power plant [5, 6].

The central pillar of the European roadmap is the ITER project [7], currently
under construction in Cadarache, France. ITER is an international effort whose main
goals are to demonstrate the scientific feasibility of fusion at near power plant size
by producing 500 MW of fusion power from 50 MW of input power (Qi > 10). It
will also serve as a testbed for vital technologies such as on-site tritium generation,

remote handling, and heating systems.

The final step before commercial deployment is the European demonstration
power plant, EU-DEMO (8], which aims to prove the technological and economic
feasibility of nuclear fusion by supplying net electricity to the grid and breeding its
own tritium. While ITER serves as a critical milestone for EU-DEMO, significant
technological gaps persist between the two devices, most notably, the problem of
power exhaust. In a reactor-scale device like EU-DEMO, the power flux crossing
the separatrix and flowing to the divertor (Pgep) will be significantly higher than in
current machines. While ITER is designed to operate in an SN configuration with a
tungsten divertor capable of withstanding steady-state heat fluxes of 10 MW/m? (and
up to 20 MW/m? for slow transients), the conditions in EU-DEMO will be far more
severe. Should the ITER solution prove insufficient (or if the specific constraints
of a commercial reactor require changes), alternative solutions must be qualified,
such as advanced magnetic configurations or liquid metal divertors. However, the
ITER design is too rigid to accommodate major changes to the magnetic topology
or divertor material composition, and testing these solutions directly in EU-DEMO
might pose unacceptable operational risks. This creates a strategic need for a facility
that matches the divertor conditions of ITER and EU-DEMO while retaining the
flexibility to explore diverse power exhaust strategies. The Divertor Tokamak Test
(DTT) facility [9, 10], currently under construction at the ENEA Frascati Research
Center in Italy, is designed specifically to bridge this gap.

1.2.2 The DTT facility

The mission of DTT is to replicate the divertor conditions of ITER and EU-DEMO

in a device with manageable dimensions (R = 2.19 m, a = 0.70 m), allowing
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Fig. 1.3 Historical progress of the fusion triple product (n7'7g) towards ignition conditions for
magnetic (MCF) and inertial (ICF) confinement concepts. The red horizontal lines labeled
ng\glCF indicate the minimum triple product required to achieve specific gain values for MCF
(where Qi‘gICF = oo corresponds to ignition). These thresholds are calculated at the central ion
temperature Tjy that minimizes the required triple product (= 20 to 27 keV) and their finite
widths represent a range of assumed impurity levels. The red circles illustrate the steady
performance improvement over several decades of the tokamak, which is the most advanced
MCEF concept. The performance range for ITER (red hatched rectangle in the upper-right) is
bounded by its projected peak triple product and its original stated mission goal (Q; > 10).
ITER represents the crucial step required to bridge the gap between current experimental
capabilities and the reactor-relevant regime in the European roadmap. Reproduced from [6].

for the qualification of magnetic configurations and prototypes. DTT, shown in
Figure 1.4(a), is a superconducting tokamak characterized by a high toroidal magnetic
field (B = 5.85 T) and a plasma current of up to I, = 5.5 MA. Table 1.1 summarizes
its main parameters, comparing them to those expected in ITER and EU-DEMO. A
defining feature of the machine is its high auxiliary heating power, provided by a mix

of ECRH, ICRH, and negative NBI systems, whose arrangement around the machine
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Fig. 1.4 (a) Sectional view of the DTT facility. (b) Overview of the DTT magnet system,
comprising 18 Nb3Sn toroidal field coils, a 6-module Nb3Sn central solenoid, 6 external
poloidal field coils (two Nb3Sn and four NbTi), and 6 in-vessel copper coils. Adapted
from [12].

sectors is illustrated in Figure 1.5. With a total of 45 MW, DTT can reproduce
divertor heat loads comparable to those of ITER and EU-DEMO [10]. Indeed, the
ratio of the power crossing the separatrix to the major radius (Psep/R) is expected to

reach ~ 15 MW/m, a value similar to those of future reactor-class devices.

Figure 1.4(b) details the superconducting magnet system: the confinement is
provided by 18 NbszSn TF coils, a 6-module Nb3Sn CS, 6 PF coils (two NbzSn
and four NbTi), and 6 in-vessel copper coils, designed for plasma control and local
modifications of the magnetic configuration [12]. As shown in Figure 1.6, this

magnet system allows for the realization of a wide range of magnetic topologies.

Parameter Symbol DTT ITER EU-DEMO
Major Radius R [m] 2.19 6.2 9.1
Minor Radius a [m] 0.70 2.0 2.93
Aspect Ratio R/a 3.13 3.10 3.11
Toroidal Field By [T] 5.85 5.3 5.7
Plasma Current I, [MA] 5.5 15 19.6
Pulse Length fpulse [S] 100 400 7600
Heating Power Paux [MW] 45 150 460
Exhaust load Psep/R [MW/m] 15 14 17

Table 1.1 Comparison of the main parameters among DTT, ITER, and EU-DEMO [11].
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Fig. 1.5 Top-down view of the DTT heating system layout. The sectors are equipped with
electron cyclotron resonance heating (ECRH) launchers, ion cyclotron resonance heating
(ICRH) antennas, and a neutral beam injector (NBI). Ports reserved for the remote handling
of the first wall (FW-RH) are also indicated. Adapted from [10].

These include the standard single null (SN) and alternative configurations such as
the double null, the X-divertor, the snowflake, and the double super-X. Additionally,
DTT is compatible with negative triangularity scenarios [12, 10]. Beyond magnetic
shaping, DTT is also equipped to test alternative plasma-facing components (PFCs).
While the primary divertor solution relies on solid tungsten, present plans also
include testing liquid metal divertors, specifically capillary porous systems using
liquid tin [10].

The experimental program of DTT will follow a staged approach, gradually
increasing operational capabilities to ensure the safe commissioning of all subsystems.
This roadmap is structured into three main phases [10]:

1. Day-0 (commissioning phase): This initial phase, currently foreseen for
2029 [10], is dedicated to the first plasma operations and the commissioning
of the main plant systems. It is characterized by reduced parameters, with a
plasma current of I, =2 MA and a toroidal field of B4 =3 T. In this stage, the
coupled auxiliary heating power is approximately 17.4 MW, provided by the
ECRH and ICRH systems.
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Fig. 1.6 Poloidal cross-sections of alternative magnetic configurations feasible in DTT thanks
to the flexibility of the PF coil system: single null (SN), double null, snowflake, X-divertor,
and double super-X. Adapted from [12].

2. Day-1 (intermediate phase): Following the successful completion of the initial
commissioning, the machine performance will be ramped up. This intermediate
scenario targets a plasma current of I, = 4 MA and the nominal toroidal field
of 5.85 T. The heating power will be increased to ~ 27 MW by introducing the
NBI system.

3. Full Power (FP, nominal phase): This final stage represents the target operating
point of the machine, designed to achieve reactor-relevant power exhaust
conditions (Psep/R ~ 15 MW/m). This scenario features the maximum plasma
current of I, = 5.5 MA, the nominal toroidal field, and the complete installation
of the ~ 45 MW auxiliary heating mix (with doubled ECRH and ICRH
capacity compared to Day-0). Once this regime is established, its magnetic
flexibility will be exploited to test alternative divertor configurations (Figure 1.6)
and PFCs under reactor-relevant loads. Finally, the long-term roadmap
envisages a subsequent phase dedicated to further upgrades to address emerging
technological challenges on the path to EU-DEMO.

The predictive analysis presented in this thesis focuses on two specific milestones
within this roadmap. The first is the Day-0 scenario. While thermal loads are not
critical in this phase, it is of particular interest for safety analysis: it represents the
starting point of machine operations, where the control systems are first tested on a
live plasma, and the risk of disruptions must be carefully managed to protect PFCs.
The second reference point is the FP scenario. With its plasma current of 5.5 MA,
this regime corresponds to the highest stored magnetic energy and, consequently,
the most severe risks in the event of RE generation and multiplication. Therefore,
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assessing the safety margins of this scenario is essential for the success of the DTT

mission.

1.3 Thesis motivation and outline

The demanding operational parameters of DTT, while necessary to replicate EU-
DEMO-relevant exhaust conditions, introduce significant challenges regarding ma-
chine protection. In particular, the high plasma current and stored energy increase
the potential severity of plasma disruptions, sudden events where the plasma thermal
and magnetic energy is released on millisecond timescales. While disruptions
impose severe thermal and electromechanical loads on the structural components, a
specific and potentially more damaging phenomenon is the generation of runaway
electrons (REs). During the rapid current quench (CQ) following a disruption, the
strong induced toroidal electric field can accelerate electrons to relativistic velocities.
Through the avalanche mechanism, an initial RE seed population can be amplified
exponentially, potentially converting a substantial fraction of the pre-disruption
plasma current into an RE beam. In high-current devices like DTT, the interaction of
such high-energy beams with plasma-facing components can result in the localized
deposition of tens of megajoules of energy, leading to deep melting and irreversible
damage to the first wall and divertor targets.

For DTT, understanding the risks associated with REs is critical. The planned
transition from the initial Day-0 scenario (I, = 2 MA) to the reactor-relevant Full
Power scenario (I, = 5.5 MA) represents a fundamental shift in RE generation
dynamics, since the avalanche gain scales exponentially with the plasma current.
Thus, while in the commissioning phase the RE amplification is expected to be
manageable, in the high-current regime the margin for error shrinks significantly.
Therefore, a predictive assessment of RE generation is mandatory to define the
safe operational boundaries in both scenarios and to inform the design of the DTT
disruption mitigation system (DMS), optimizing strategies for RE avoidance and

mitigation of generated beams.

This thesis aims to provide a comprehensive analysis of RE avalanche dynamics
in DTT in its commissioning and full current phases (Day-0 and FP, respectively) by
employing the non-linear MHD code JOREK coupled with the resistive wall code
STARWALL. It is organized as follows:
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* Chapter 2 provides the theoretical background necessary to understand the
physics of tokamak disruptions and REs. It begins with a description of MHD
equations and stability principles, followed by a detailed analysis of disruption
dynamics, including vertical displacement events (VDEs) and mitigation
strategies. Finally, it covers the physics of REs, detailing their primary and

secondary generation mechanisms.

* Chapter 3 details the computational framework used in this study. It describes
the MHD model implemented in JOREK, the RE fluid model, and the coupling
with the resistive wall code STARWALL. The artificial thermal quench (ATQ)

procedure, used to initiate the disruptions in the simulations, is also explained.

» Chapter 4 presents the results for the DTT Day-0 scenario (I, =2 MA). It
analyzes the sensitivity of RE generation to initial seed currents and impurity

levels, demonstrating that this early operational phase poses minimal RE risks.

* Chapter 5 extends the analysis to the Full Power scenario (I, = 5.5 MA). It
highlights the dramatic increase in avalanche gain and identifies a narrow safety
window, showing how even minute seed populations can lead to macroscopic
RE beams in the presence of strong impurity cooling. The chapter concludes
with a general assessment that synthesizes the findings from both scenarios

and characterizes the risk profile for RE generation.

* Chapter 6 summarizes the main scientific achievements and outlines future

research directions.



Chapter 2
Physical background

The design and operation of a tokamak rely on the precise control of a high-temperature
plasma confined by magnetic fields. To understand the macroscopic behavior of this
complex system and, more specifically, the catastrophic loss of confinement known
as a disruption, it is necessary to establish a theoretical framework that describes the

interaction between the conducting fluid and the electromagnetic fields.

This chapter outlines the fundamental physical models used throughout this
thesis. Section 2.1 introduces the magnetohydrodynamic (MHD) description of
the plasma, focusing on the resistive MHD equations and the energy principle that
governs stability. Section 2.2 details the phenomenology of tokamak disruptions,
analyzing the sequence of events from the thermal quench (TQ) to the current
quench (CQ), including the risks associated with vertical displacement events (VDEs)
and the strategies employed for mitigation. Finally, Section 2.3 addresses the
physics of runaway electrons (REs). It establishes the theoretical thresholds for
the onset of the runaway regime, describes the primary and secondary generation
mechanisms, and discusses the transport processes that determine their final impact
on the plasma-facing components (PFCs).

2.1 Magnetohydrodynamics (MHD)

To describe the macroscopic behavior of a fusion plasma, one must bridge the
gap between the complex kinetic behavior of individual charged particles and the

collective dynamics of the system. The most successful and widely used framework
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for this purpose is magnetohydrodynamics (MHD). It treats the plasma not as a
collection of discrete ions and electrons, but as a single, electrically conducting fluid
interacting with an electromagnetic (EM) field. Although the rigorous description
of a plasma requires a kinetic approach (solving the Boltzmann equation for the
distribution function of each species), such a treatment is often computationally
prohibitive for global scale phenomena. However, for the low-frequency, long-
wavelength dynamics characteristic of macroscopic equilibrium and stability, the

MHD fluid approximation is remarkably effective.

In the context of this thesis, the MHD formalism provides the necessary tools to
define the tokamak equilibrium and, crucially, to identify the instabilities that lead
to disruptions. The following subsections outline the governing equations of the
resistive MHD model (Section 2.1.1), which forms the basis of the JOREK code,
and the fundamental principles of stability analysis (Section 2.1.2). The theoretical
derivations and limits of validity presented in this section primarily follow the
standard literature on MHD provided in [13, 14].

2.1.1 Resistive MHD equations

The resistive MHD model serves as a single-fluid approximation of plasma dynamics,
bridging the gap between the precise but computationally demanding kinetic theory
and the macroscopic behavior. The derivation of this model begins with the
fundamental description of the plasma in the phase space, provided by the Boltzmann

equation for the distribution function £, (r, v, ) of each species a (ions and electrons):

of,
(E+vXB)-V,f,= Y C, zc(,z( ) @.1)
Zﬁ: g ot coll

d
Jo +v-V (,+&
ot m,

where the term on the right-hand side represents the collision operator describing
short-range Coulomb interactions. The summation over S accounts for collisions
with all species, including like-particle collisions (5 = ). To provide a complete
physical description, this kinetic equation must be solved self-consistently with
Maxwell’s equations. The coupling arises because the EM fields determine the
particle trajectories (via the Lorentz force, third term on the left-hand side), while
the particles simultaneously act as source terms for the fields through their collective
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charge density o and current density J:

a:;q(y/fadv, J:an/vfadv

The evolution of the electric and magnetic fields is then governed by the full set of

Maxwell’s equations:

1 0E

VxB = _ = 22

X ,UoJ+C2 Y (2.2)
OB

VxE=-2 2.3

X 5 (2.3)

v.E=Z (2.4)
€0

V-B=0 (2.5)

Solving this system of equations is computationally prohibitive because it requires
evolving the distribution function in a six-dimensional phase space (r, v) over time
t. To overcome this, we reduce the complexity by taking velocity moments of
Equation (2.1), effectively reducing the independent variables to spatial coordinates
and time (r,7). This process transforms the single kinetic equation for f, into an
infinite hierarchy of coupled fluid equations. In practice, this hierarchy is truncated
by introducing closure assumptions appropriate for the physical regime of interest.
While this truncation inevitably sacrifices the detailed phase-space information
contained in the original kinetic model, it allows for a solvable set of macroscopic
evolution equations. Explicitly, this is done by multiplying Equation (2.1) by powers
of velocity (1, m,v, m,v>/2) and integrating over all velocity space, yielding the
multiple-fluid conservation equations, which describe the evolution of macroscopic
variables for each species: the particle density n,, the mean fluid velocity u,, and
the temperature 7, (or pressure p,). n, and u, are defined as the zeroth and first

velocity moments of the distribution function, respectively:

1
n(,:/ﬁ,dv, u(,:—/vf(,dv
n[Y

To define higher-order moments, such as pressure and temperature, it is useful to
separate the particle velocity v into the mean flow u,(r,7) and the random thermal
motion w: v =u,(r,7)+w. By definition, the average of the random velocity vanishes,
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(w) =0, where the bracket notation denotes the average over the distribution function:

()= / hf.dv

[e4

We can now explicitly define the thermodynamic and transport quantities of interest
as moments of the random velocity w. These include the total pressure tensor P,

the scalar pressure p, and the anisotropic stress tensor II , and the temperature T,:

1
Ba = mana<ww>a Po= gm(,n(,<w2)
Hazgn_pd!’ Ta:pa/na

where I is the identity matrix. The heat flux vector q, represents the transport of
energy due to random thermal motion:
1

qrz = _mnna<w2w>

2

while the collision terms describing the interaction between different species (friction
force R, and collisional heat generation Q) are defined as moments of the collision

operator C,,:
1
Ra:ma/wcndw, 0,= Ema/wzCr,dw

Exploiting these definitions, the resulting system of equations for species @ reads:

d
( CZ")” +n,V-u, =0 (2.6)
du,
Mmyh, (7) —q.n,(E+u,xB)+V-P_=R, 2.7
3 (dT,
e (d—;)a+ga :Vu,+V-q, =0, (2.8)

In these equations, the time evolution is described using the convective derivative

(or material derivative) associated with species «, defined as:

d 0
— =— -V 2.
(a’t)u 6t+u“ (2.9
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This operator represents the rate of change of a quantity moving with the local fluid
velocity u,. The EM fields continue to evolve according to Maxwell’s equations
introduced before (Equations (2.2)—(2.5)); however, the source terms o and J are

now explicitly defined as:

o= anna, J= ZQGnaua

To transition from the multiple-fluid description to the single-fluid MHD model,
we form linear combinations of the equations for the various species, assuming a
simplified composition of electrons and singly charged ions. This reduction relies
on two critical physical assumptions. First, we assume quasi-neutrality (n; = n. = n)
on length scales much larger than the Debye length and frequencies much smaller
than the electron plasma frequency wy., eliminating the need to solve Poisson’s
equation. Additionally, at such low frequencies (w < Wpe, Wce, Where wee is the
electron cyclotron frequency), the displacement current in the Ampere—Maxwell law
can also be neglected, simplifying it to V X B = poJ. Finally, due to the large mass
difference between electrons and ions (m¢/m; < 1), the electron mass is neglected.
This implies that, on MHD timescales, electrons have an infinitely fast response, and
fluid inertia is dominated by the ions. Therefore, we define the total mass density

and the single-fluid velocity as:

NeMeUe + 1jmiy;

~ Uj

0 = mjin, \4
NneMme + nin;

The thermodynamic state of the plasma is described by the total pressure p and the

single-fluid temperature 7. The former is the sum of the partial pressures of ions and

electrons, while the latter is the average of the species’ temperatures:

_Li+Te

p =pi+pe=2nT, T >

The current density J is defined as the net flux of charge, which for singly charged

ions and under the assumption of quasi-neutrality is:

J~en(ui—u)
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This allows us to express the electron fluid velocity ue and the electron friction force

R. and collisional heat generation Q as:

J 2
uezv_aa R. = -Rj~ennl, Q0=0i+0c~ (uj—u) R ~nJ
where 7 is the electrical resistivity. Finally, in order to close the system, we can adopt

standard approximations for the transport terms:

O=IL+II, =-7~-yVy, q~ —kVT = —nyVT

where 7 is the viscous stress tensor, v is the kinematic viscosity, and « represents
the thermal conductivity (related to the thermal diffusivity y by k =ny). In
magnetized plasmas, thermal diffusion is highly anisotropic, meZning that trgnsport
along magnetic field lines is orders of magnitude faster than transport across them
(x| > x)- Lastly, vy is the ratio of specific heats, which for plasmas is typically
equal to 5/3.

The resistive MHD model, obtained by combining electron and ion fluid equations

and applying the closure approximations discussed above, is given by:

dp

v = .
(9t+ (pv) =0 (2.10)
ov

pE+p(V~V)V+Vp—J><B:V-(ZVV) (2.11)

0
B—IZ+V-Vp+)/pV-V: (y-1) (17]2+V-(n/£VT)+I: VV) (2.12)

together with the generalized Ohm’s law and the low-frequency approximation of

Maxwell’s equations:

V.P
E+vxBonj+ B _ ke (2.13)
éen éen
VxB = pupJ (2.14)
OB
VxE=-2 2.15
X Py (2.15)

V-B=0 (2.16)
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The generalized Ohm’s law (Equation (2.13)) retains terms describing Hall currents
(J xB) and electron diamagnetic drift (P,). However, for large-scale fusion experi-
ments, where the characteristic length scales are much larger than the ion gyro radius,
these two terms become negligible. Dropping them yields the standard resistive
Ohm’s law, E+ vXB =nJ.

Equations (2.10)—(2.13) effectively show a separation between ideal MHD
equations (left-hand side) and dissipative terms including viscosity, resistivity, and
thermal conduction (right-hand side). In ideal MHD dynamics, the magnetic flux
is frozen into the plasma, and the magnetic topology is preserved. Crucially, in
resistive MHD the finite 1 relaxes the frozen-in constraint and enables magnetic
reconnection, which is the fundamental mechanism behind tearing modes and

disruptions investigated here.

It is worth noting a fundamental paradox regarding the validity of the MHD
model. The single-fluid approximation assumes high plasma collisionality, which
implies local thermodynamic equilibrium and ensures that ions and electrons share a
common temperature. Physically, this requires the temperature equilibration time
to be much shorter than the characteristic timescale of the macroscopic dynamics.
In fusion-relevant plasmas, however, this condition is almost never satisfied, as the
plasma is typically in a collisionless regime. Under such circumstances, ion and
electron temperatures decouple, theoretically necessitating a two-fluid description
or an extended MHD model with separate temperature evolutions. Despite this,
the standard single-fluid MHD model remains remarkably robust in describing
macroscopic stability. This is possible because the strong magnetic field in fusion
experiments strictly confines particle motion perpendicular to B. This renders the
perpendicular dynamics effectively fluid-like regardless of the collision frequency,
thus justifying the use of standard MHD for global stability analysis. Additionally,
when the plasma can be assumed to be incompressible (V - v = 0), the MHD equations
suitably describe the parallel dynamics as well.

Finally, while these equations represent the baseline theoretical model, practical
simulations often require extensions that incorporate, in a simplified manner, effects
neglected in the standard derivation. For instance, the continuity equation is typically
augmented with diffusion and particle source terms, or MHD equations are modified
to account for the above-mentioned separation between ion and electron temperatures.

Furthermore, the MHD model describes only the thermal bulk of the plasma and
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cannot capture high-energy non-thermal populations. Since this thesis focuses on
runaway electrons, this standard MHD framework serves as the background which

must be extended with appropriate RE equations, as detailed in Section 2.3 and 3.2.

2.1.2 MHD stability and the energy principle

The MHD equations described in the previous section allow for the determination, in
a given configuration, of a plasma equilibrium, defined as a stationary state where
the forces acting on the plasma are perfectly balanced. In the static limit (v = 0),
this reduces to the well-known force balance J X B = Vp, where the magnetic force
balances the pressure gradient. However, the existence of such an equilibrium is
a necessary, but not sufficient, condition for the practical confinement of a fusion
plasma: it must also be stable against small perturbations, since they are unavoidable.
If the perturbed forces are such that they restore the original equilibrium, the plasma
is stable; if, instead, they enhance the original perturbation, it is unstable, potentially

leading to a plasma disruption.

Stability analysis is typically performed using the linearized ideal MHD equations.
While one could directly solve the equation of motion to find the growth rates of
instabilities, a more intuitive and powerful approach is the energy principle [14].
This method determines stability by examining the perturbed potential energy of the
plasma, 6W, resulting from an arbitrary displacement from equilibrium &(r). The
equilibrium is stable if and only if:

6WE—%/§~F(§)erO

for all physically admissible displacements &. The force operator F(£) is given by
Newton’s second law (pé = F(&)). Conversely, if there exists a single & that lowers
the potential energy (6W < 0), it is energetically favorable for the system to move
away from equilibrium, and the related instability will take place. To understand
the physical drivers of these instabilities, it is useful to decompose the perturbed
potential energy into three distinct contributions:

oW =0Wg+oWg+ oWy

which represent, respectively, the fluid, surface, and vacuum contributions.
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The vacuum energy perturbation 6 Wy represents the change in magnetic energy

in the vacuum region surrounding the plasma, and it is given by:

ﬁ 2
5Wv:/ LIl
Vvac ZMO

where B is the perturbed magnetic field in the vacuum volume outside of the plasma

(Vyac). Since 6Wy > 0, the vacuum response is always stabilizing. When the plasma
boundary §, moves, external magnetic field lines get distorted, requiring work to
bend or compress the magnetic flux in the vacuum region. While this stabilizing
effect is stronger in the presence of a perfectly conducting wall placed close to the
plasma, even in the presence of a non-ideal wall this term remains positive and

stabilizing.

The surface energy perturbation 6 Wy arises from the discontinuity of the total

pressure gradient across the plasma-vacuum interface Sp. It is explicitly given by:

1 ) B?
Ws== [ In-&. " n- ||[V|=—+p]|| dS
2Js, 20

where n is the outward unit normal vector and the double brackets [-] denote the
jump of a quantity across the interface. This term contributes to the potential energy
only in the presence of equilibrium surface currents at the boundary. Consequently,
for profiles where the current density vanishes smoothly at the edge, this term is zero.

Unlike the vacuum energy, however, it can generally be either positive or negative.

Finally, the fluid energy perturbation 6 Wr represents the potential energy change
within the plasma volume V), and contains stabilizing (always positive) and possibly

destabilizing (negative) terms. It is explicitly written as:

1
5WF=—/ [|QL|2+BZ|V-@+2§L~K|Z+uwpw-f|2
210 Jy,
Stabilizing terms
—2p0(L-Vp) (€] - x)
Pressure-driven instabilities

—poJ) (€1 xb) - QL(£L) |dr

Current-driven instabilities
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where the subscripts || and | respectively denote vector components parallel and
perpendicular to B, Q = V x (¢ X B) is the perturbed magnetic field, « =b- Vb is the
curvature vector (pointing in the direction of the center of curvature of the magnetic
field lines), b = B/B is the unit vector along B, and ¢* is the complex conjugate
of ¢ (since the force operator F(¢) is self-adjoint, §WE is always real). The first
three terms in the volume integral are always positive and, hence, stabilizing. They
represent, respectively, the energy cost associated with bending magnetic field lines
(shear Alfvén wave), compressing the magnetic field (compressional Alfvén wave),
and compressing the plasma fluid (sound wave). Instabilities (or modes) can arise
solely from the last two terms:

* Pressure-driven instabilities: These modes are driven by the pressure gradient
Vp and include interchange instabilities, similar to Rayleigh-Taylor instabilities,
and ballooning modes, which impose a limit on the achievable plasma g (the
ratio between the plasma and the magnetic pressures). Compared to current-
driven instabilities, they are less likely to cause major disruptions, but they

drive enhanced turbulent transport.

* Current-driven instabilities: These modes are driven by the current density
parallel to the magnetic field J. They are known as kink modes because
they induce a macroscopic twisting of the plasma column and are classified
according to the extent of the mode structure. Internal kink modes are confined
within the plasma volume (leaving the boundary fixed) and are typically less
catastrophic, manifesting primarily as periodic relaxation events of the core
temperature and current profiles known as sawtooth oscillations. Conversely,
external kink modes involve a displacement of the plasma-vacuum interface S,
and are particularly dangerous, often leading to major disruptions and setting
severe limits on S.

The stability analysis provided by the energy principle relies on the ideal MHD
approximation, which assumes a perfectly conducting fluid (n = 0), where magnetic
topology cannot change. However, in realistic plasmas with finite resistivity, this
constraint is relaxed, allowing magnetic field lines to break and reconnect in magnetic
islands, giving rise to resistive instabilities such as tearing modes. These modes
typically resonate on rational flux surfaces (where the safety factor g can be expressed

as a rational number m/n) and constitute a significant threat to stable operation:
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by forming magnetic islands that break the nested flux surfaces, they facilitate the

sudden release of the plasma’s stored energy, potentially resulting in a disruption.

Finally, the linear approach discussed here is limited to determining the onset
of an instability, but it cannot predict the long-term evolution of the system far
from equilibrium. To distinguish whether a mode will saturate into a benign quasi-
stationary state or grow explosively into a disruption, a non-linear treatment is
required. Furthermore, this treatment is essential to capture how the interaction with
conductive structures can decelerate instabilities to the characteristic diffusion time
of the wall. Accurately modeling these complex dynamics requires non-linear codes
such as JOREK (Section 3.1).

2.2 Disruptions

Disruptions are a consequence of MHD instabilities and are defined as sudden, un-
controlled losses of global plasma confinement, resulting in the complete termination
of the discharge [15]. During such an event, the majority of the energy stored in
the plasma (both thermal and magnetic) is released on a millisecond timescale. In
reactor-scale devices like ITER and EU-DEMO, the magnitude of these energies
poses a severe threat to the machine integrity, and therefore must be avoided or
mitigated. The rapid energy release during a plasma disruption drives three distinct

damage mechanisms:

* Thermal loads: The rapid loss of thermal energy results in extreme heat fluxes
on PFCs, potentially causing their ablation and melting.

* Electromagnetic forces: The decay of the plasma current induces eddy
currents in the surrounding conductive structures. The interaction of these
currents with the background magnetic field generates massive J x B forces

that can deform the vacuum vessel and structural supports.

* Runaway electrons: The high toroidal electric field induced during the current
decay can accelerate electrons to relativistic energies, creating high-energy
beams capable of causing localized, deep damage to in-vessel components.
Since this is the main focus of this thesis, it will be analyzed in more detail in
the following sections.
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It is important to distinguish between different degrees of confinement loss based
on the severity of the instability. A minor disruption is characterized by a partial or
complete loss of thermal energy from which the magnetic confinement is preserved,
allowing the discharge to potentially recover. In contrast, a major disruption (the
primary focus of this work) is an irreversible event where the loss of thermal energy
is immediately followed by the complete collapse of the plasma current.

To provide the necessary context for the RE analysis presented in later chapters, it
is essential to first understand the macroscopic evolution of disruptions. Section 2.2.1
details their physical triggers and their dynamics (thermal and current quenches).
Section 2.2.2 focuses on the specific risks associated with the loss of vertical
control, including vertical displacement events (VDEs) and halo currents. Finally,
Section 2.2.3 reviews the disruption mitigation strategies that could alleviate these
loads.

2.2.1 Disruption causes and dynamics

Disruptions are typically the consequence of crossing operational boundaries or
of technical failures. The primary operational limits responsible for triggering
disruptions [15] are:

* The density limit: The density should not exceed the Greenwald limit
ngw(102°m=3) = Ip/(naz), where I, is in MA and a in m.

* The g-limit: The safety factor calculated at the edge (gos) typically must

remain above 2.

* The B-limit: The normalized toroidal S is constrained by the Troyon ideal
MHD limit (3.5% MA m~! T1).

While the ¢ and S limits imply immediate ideal MHD instabilities, the density
limit underpins a deterioration of confinement and may indirectly initiate MHD
instabilities close to the g = 2 surface. Although modern control systems aim to
avoid these boundaries, the necessity of operating near high-performance limits to

maximize fusion gain Q makes disruptions an inherent risk.

The onset of a major disruption is then followed by a multi-stage process driven
by the non-linear evolution of MHD instabilities. Although the specific triggering
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Fig. 2.1 Schematic evolution of plasma parameters during a disruption involving runaway
electron generation. (a) The electron temperature 7¢. (blue line) collapses during the thermal
quench phase (TQ, green shaded area), causing a rapid increase in resistivity and the induction
of a large parallel electric field £ (red line) during the current quench phase (CQ, red shaded
area). (b) The total plasma current I, (solid line) shows the characteristic initial spike in
the TQ followed by a decay. If a macroscopic RE beam is present, the decaying thermal
current Iy, (dotted line) is replaced by the relativistic RE current Irg (dashed line), potentially
leading to a runaway plateau (yellow shaded area). Adapted from [16].

mechanisms vary and there may be a precursor phase, the macroscopic sequence of
events is commonly characterized by two distinct phases: the thermal quench (TQ)

and the current quench (CQ):

* Thermal quench: During this phase (green shaded area in Figure 2.1), most
of the core thermal energy of the plasma (Wy,) is quickly lost and the plasma
temperature 7, drops by several orders of magnitude, typically falling from keV
levels to just ~ 10 eV (blue line in Figure 2.1(a)). While the exact disruption
trigger may vary (e.g., impurity radiation or MHD instabilities), the loss
mechanism typically involves the stochastization of magnetic flux surfaces,
which allows rapid parallel transport to exhaust the core energy. This energy is
lost to the divertor and first wall (which experience a massive heat flux spike)
on a timescale that scales with the machine cross-section, but which can be
as short as =~ 1 ms for devices like ITER [15]. Simultaneously, the current
density profile flattens because of toroidal current redistribution, leading to a
decrease in the plasma internal inductance /;. As a consequence of poloidal
flux conservation, the total plasma current I, experiences a current spike of
about 10% of the pre-disruption value [15] (Figure 2.1(b)).
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* Current quench: Following the TQ, the temperature results from a balance
between radiation losses and Ohmic heating. Radiation losses are dominated
by impurities that can originate from plasma-wall interactions or be injected
as part of a disruption mitigation strategy (Section 2.2.3). Generally, the
plasma remains at tens of €V; in this cold state, it is highly resistive, since the
Spitzer electrical resistivity scales as 1 o Te_3/ 2. This high resistivity causes
the plasma current I, to decay, dissipating the stored magnetic energy (Wag)
into Ohmic heating and radiation, while inducing eddy currents and EM forces
on the surrounding structures. The duration of this phase (red shaded area in
Figure 2.1) is on the order of tens of milliseconds. Crucially for this thesis,
the rapid change in magnetic flux during the CQ induces a strong toroidal
electric field (E))) in accordance with Faraday’s law (red line in Figure 2.1(a)).
It is this large electric field that is responsible for the acceleration of electrons
into the runaway regime. The formation of a macroscopic beam of REs is not
inevitable, as it occurs only if a sufficient initial RE seed population is present
and the electric field forces overcome the collisional friction. In such scenarios,
while the thermal current /i, (driven by thermal electrons) decays (dotted line
in Figure 2.1(b)), the RE current Irg grows (dashed line in Figure 2.1(b)).
This may lead to the formation of a runaway plateau (yellow shaded area in
Figure 2.1), where the RE beam effectively carries the entire instantaneous
plasma current (/, ~ Irg). Depending on the specific scenario, the RE current
can eventually carry a highly significant fraction of the pre-disruption plasma
current (often up to 70% [15], although full conversion has been observed
in devices such as the TCV tokamak [17, 18]). The physics governing these

generation and transport mechanisms is detailed in Section 2.3.

2.2.2 Vertical displacement events and halo currents

Tokamaks typically operate with elongated plasma cross-sections, in order to increase
the plasma performance by increasing the energy confinement time and improving
the 5-limit. However, this elongation naturally renders the plasma vertically unstable
with respect to the n = 0 axisymmetric mode [19]. Since the elongation is produced
by PF coils that carry currents in the same direction as the plasma, an attractive
force exists between them. If the plasma undergoes a small vertical displacement dz

from its equilibrium position, it moves closer to one set of coils and further from
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the other, resulting in a net J X B force that accelerates the plasma in the direction
of the perturbation, making the equilibrium unstable. Quantitatively, the vertical
component of this destabilizing force F; is proportional to the plasma current /1, and

the gradient of the radial component of the external magnetic field B, yac [1]:

dB,
F, o I, a;“ dz (2.17)

During normal operation, this instability is mitigated by the presence of conductive
structures surrounding the plasma (e.g., vacuum vessel, stabilizing coils). As the
plasma moves, the changing magnetic flux induces eddy currents in these structures,
which, in turn, generate a magnetic field that opposes the plasma motion, providing a

stabilizing force F gab:

dMpy, \?
FZ,Staboclg( d;”v) dz (2.18)

where M, represents the mutual inductance between the plasma and the conductive
structures [20, 1]. However, these stabilizing currents decay on the resistive timescale
of the wall 1R up to hundreds of milliseconds, making this passive stabilization
insufficient for steady-state operation and requiring an active feedback control system
to maintain the vertical position [21]. This is feasible as long as the plasma current is
high enough [22]. A vertical displacement event (VDE) occurs when this vertical
control is lost, either due to a system failure or because the destabilizing force exceeds
the maximum controllable force. When this happens, the plasma column experiences

uncontrolled motion toward the PFCs (see Figure 2.2).

Depending on the causal sequence between the thermal quench and the vertical
motion, VDEs are classified into two categories:

* Hot VDE: This event is initiated by a loss of vertical control while the plasma
retains its thermal energy. As the plasma column is displaced (e.g., due to a
control system failure), it is scraped off by the wall, reducing its minor radius
a. Since the plasma current [, initially remains roughly constant during the
displacement, the edge safety factor gos, which scales as a?/ I,,, decreases
rapidly [23]. Because of the g-limit discussed in Section 2.2.1, when gg5 drops
below 2 it destabilizes low-n current-driven MHD modes. Further MHD modes
are triggered by the sharp gradients at the edge [24]. The growth of these
instabilities destroys the magnetic topology of the core plasma and triggers
the TQ. Crucially, because the plasma impacts the wall while retaining high
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current and temperature, this scenario generates the most severe EM forces
and thermal loads. Consequently, the avoidance of hot VDEs is a mandatory

requirement for the safe operation of a reactor-scale device.

* Cold VDE: In this scenario, also known as vertically unstable disruption [15],
the causal sequence is effectively reversed compared to a hot VDE. The event
begins with a major disruption (triggered by standard operational limits or
MHD instabilities) that exhausts the plasma’s thermal energy in the TQ phase.
Vertical stability is lost only during the CQ phase, once the plasma has become
cold and resistive and the current begins to decay. This instability arises
because the stabilizing force F gqap scales as /. 2 whereas the destabilizing force
F, scales linearly with /,. Therefore, as the current drops, the restoring force
vanishes faster than the destabilizing one, accelerating the plasma towards
the wall. In the limit of fast current quenches (rcq < 7R), the vertical
position becomes strictly a function of I, [25], implying that wall contact
consistently occurs at the same current level [26]. Sustaining this cold vertical
displacement typically requires the presence of impurities to prevent the plasma
from reheating, which would otherwise alter the CQ dynamics [27]. The
defining distinction from hot VDE:s is that the plasma loses its thermal energy
before directly interacting with the wall; therefore, the localized thermal loads
are generally lower than those observed in hot VDEs. However, significant

halo currents and vertical forces can still be generated [15].

The dynamics of VDEs are of particular importance for the physics of REs. If
a macroscopic RE beam is formed, it typically carries a significant fraction of the
current and becomes the dominant current channel (runaway plateau in Figure 2.1).
In the presence of such an RE beam, the dynamics of the VDE is fundamentally
altered, as the plasma current stops decaying due to the negligible resistivity of the
relativistic electrons. The subsequent VDE evolution determines the final impact
location of the RE beam on the PFCs, dictating where the massive kinetic energy of
the REs will be deposited. Furthermore, the shrinking of the plasma cross-section
during a VDE influences the safety factor profile g, which in turn affects the stability
of the RE beam against kinetic instabilities. These mechanisms will be detailed in
Section 2.3.

As the plasma column moves during a VDE, the open magnetic field lines of
the scrape-off layer (SOL, Figure 1.2) intersect the conductive first wall. When the
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Fig. 2.2 Schematic representation of the electromechanical loads during an upward vertical
displacement event (VDE). The halo current (/},, green arrows) flows along the open magnetic
field lines in the scrape-off layer, intercepts the first wall, and closes its circuit poloidally
through the conductive vacuum vessel. The interaction between the poloidal component of
this current and the toroidal magnetic field (B, light blue arrow) generates a net vertical
Lorentz force (F,, gray arrow) that acts on the machine structure. Reproduced from [28].
© ITER Organization.

LCEFS touches the PFCs, the resulting scraping of the plasma forces a fraction of
the plasma current to flow along the open field lines (encompassing the so-called
halo region [15]), enter the wall, flow through the conductive structure, and then
re-enter the plasma [7]. This current is known as halo current (Iy) and is depicted in
Figure 2.2 (green arrows). Additionally, these currents can be induced by the change
in magnetic flux during the rapid current decay in the CQ phase and by the vertical

motion of the plasma column [29].

The magnitude and spatial structure of halo currents are typically quantified by

two parameters:
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* Halo fraction (HF): It is defined as the maximum axisymmetric poloidal halo

current normalized to the pre-disruption plasma current [30]:

_ I h,max

HF

(2.19)
L0

In general, HF is found to be higher in hot VDEs compared to cold VDE:s [15,

31]. Values up to ~ 60% have been observed in JET discharges [30].

* Toroidal peaking factor (TPF): Since halo currents are rarely axisymmetric,
this parameter describes their toroidal asymmetry:
maxg (Jp)

TPF= ——— 2.20
(Jn)e (220

I h,max

where maxg(Jp) is the maximum value of the halo current density J, at a given
toroidal position and (-)4 represents the toroidal average [30]. The TPF is
usually calculated at the time of the maximum current (/h max)-

The product of these two parameters (HF - TPF) is frequently used to estimate the
maximum local poloidal halo current (and thus the worst-case local mechanical stress

on machine components) as a function of the pre-disruption current I, .

2.2.3 Disruption mitigation systems

Given the potential for irreversible machine damage, which would severely compro-
mise sustained energy production, disruption avoidance is a paramount operational
priority. However, when a disruption becomes inevitable (e.g., a hardware failure
has occurred) a fast-acting disruption mitigation system (DMS) must be triggered
to minimize the consequences. The fundamental strategy of modern DMS is to
preemptively inject large quantities of high-Z impurities (such as neon or argon) or
deuterium into the plasma before the natural TQ occurs, in order to trigger it. The
presence of these impurities has the main purpose of uniformly radiating the stored
thermal energy (Wy,) over the entire first wall (FW) surface, preventing the localized
deposition of heat onto specific portions of the PFCs. Additionally, the impurities
cause a faster CQ, typically reducing the halo currents by more than 50% and reducing
the TPF to ~ 1 in modern devices such as ASDEX Upgrade, JET and DIII-D [15, 32,

33]. Recent non-linear MHD simulations and experimental analyses have clarified
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the physics behind this EM load reduction [34, 35]: relatively strong toroidal currents
in the SOL region effectively clamp the plasma vertical current centroid Z,, near
the equatorial plane, preventing the large vertical displacements required to generate
large electromechanical forces (F, o< I,AZqy;). Indeed, a significantly reduced AZcy,,
is consistently observed in mitigated disruptions across various devices [36, 37, 38,
34]. Notwithstanding these toroidal halo currents, the poloidal component remains

low in mitigated disruptions, reducing the resulting F, on the structures [34].

Two primary techniques have been developed for injecting material inside the

plasma environment:

* Massive gas injection (MGI): This method involves the rapid injection of
gas through fast valves located at the vessel wall. Experimental observations
indicate that the neutral gas itself does not penetrate deeply into the high-
pressure core; instead, the rapid cooling at the edge triggers large-scale MHD
instabilities [39], responsible for the rapid mixing of the impurities into the
plasma center, facilitating the fast radiation of the thermal energy [15]. While
MGTI has been successfully employed in present-day devices [40, 41, 42], the
effectiveness of its penetration and assimilation in reactor-scale plasmas is

potentially limited [15].

* Shattered pellet injection (SPI): To overcome the penetration limitations of
MGI, the shattered pellet injection (SPI) concept [43, 44] was developed and
tested [43, 45, 46] and has been selected as the baseline mitigation strategy for
ITER [45]. In an SPI system, a cryogenic pellet is accelerated to high speeds
(typically hundreds of m/s) and shattered against a bent tube (the ‘“shatter
head”) just before entering the vacuum vessel. The resulting spray of solid
fragments penetrates deep into the plasma core while ablating, promoting a
more uniform assimilation of the material compared to surface gas injection [47,
44]. However, since the radiative cooling rate of impurities (such as neon)
depends strongly on the electron temperature (7,) and can be significantly
lower in the core than at the edge during the pre-TQ phase, this more uniform
assimilation does not necessarily guarantee a more efficient radiated power

fraction.

While impurity injection is effective at mitigating thermal loads, it introduces

a critical trade-off regarding REs. The rapid cooling induced by the impurities
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dramatically increases the plasma resistivity and, consequently, the induced parallel
electric field (E))). If this field exceeds a critical threshold, it can trigger the generation
of REs [48, 49, 15]. Conversely, a sufficiently high density of free electrons (the
so-called “Rosenbluth density” [15, 48]) can suppress the RE avalanche mechanism
through collisional damping. This density threshold for ITER-scale tokamaks is
typically orders of magnitude higher than the pre-disruption electron density [15, 50]
and attempting to achieve it would impose considerable stress on the technological
systems of the tokamak [50]. Furthermore, because of the strong RE avalanche
gain of ITER (see Section 2.3.3), any RE seed would be efficiently multiplied into a
multi-MA RE beam [51, 52]. Consequently, rather than aiming for the Rosenbluth
density, the goal of the ITER DMS is to completely avoid RE generation before the
avalanching phase. This relies on an appropriate tuning of the material injection: it
must be sufficient to mitigate heat loads by triggering a TQ, but the composition
and timing must be carefully orchestrated to prevent RE generation altogether. To
achieve this, a potential strategy is to inject deuterium pellets prior to the high-Z
impurity injection: 3D non-linear MHD simulations have shown that this increases
the collisional drag and electron density before the TQ is triggered [53]. Because the
primary objective of this pure deuterium injection is to maximize electron density
for RE avoidance, deep core assimilation is crucial. However, achieving this deep
assimilation remains physically challenging; recent 3D non-linear MHD simulations
of JET discharges have demonstrated that strong outward E X B plasmoid drifts
during deuterium SPI can substantially limit effective core assimilation [54].

If prevention fails and a macroscopic RE beam is formed, the strategy must
shift from avoidance to mitigation, with the ultimate goal to dissipate the energy of
the RE beam and ensure its benign termination. A primary method to reach this
benign termination scenario relies on injecting a low-Z pellet to deliberately induce
harmless instabilities that safely dissipate the RE beam [55]. During this process,
the injected low-Z material (typically deuterium) triggers large-scale current-driven
MHD instabilities, whose rapid growth stochastizes the magnetic flux surfaces,
leading to a deconfinement of the REs [18, 56]. Recent simulations have shown that
this magnetic stochastization broadens the wetted area of the RE beam on the PFCs,
avoiding localized hotspots and mitigating the risk of melting [57, 58]. Crucially,
because REs are rapidly expelled, the current is transferred back to the cold bulk
plasma, ensuring that the remaining stored magnetic energy is harmlessly dissipated
as radiation during the CQ [56].
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Given the severe risk these relativistic particles pose to machine integrity and the
complexity of the mechanisms governing their generation, acceleration, and eventual

loss, the fundamental physics of REs is analyzed in detail in Section 2.3.

2.2.4 The DTT disruption mitigation system

At the DTT facility, a dedicated DMS will be implemented with a dual objective:
ensuring robust machine protection against the severe loads of unmitigated disruptions
and REs, and serving as a crucial experimental testbed. Indeed, one of the main
goals of DTT is to support ITER and EU-DEMO regarding disruption and RE
mitigation, playing a pivotal role in validating and optimizing mitigation strategies

for reactor-scale plasmas [10].

From a technological standpoint, the DTT-DMS is planned to be implemented in
phases, aligning with the operational phases of the device. While an MGI system is
expected to be employed during the Day-0 operations, the ultimate objective is to
commission an SPI as the primary mitigation technology for the Full Power scenario
of DTT [9]. Because the detailed engineering and physical design of the DTT-DMS
is currently ongoing, predictive modeling efforts are heavily relied upon. The RE
avalanche assessments presented in this thesis serve as a foundational step in this
effort. By mapping the parameter space for RE generation, this work will assist in
designing a DMS capable of mitigating thermal loads while minimizing the risk of
macroscopic RE beam generation.

2.3 Runaway electrons

While the MHD framework described in the previous sections treats the plasma
as a thermal fluid, the phenomenon of REs is inherently kinetic. It arises from a
fundamental property of Coulomb collisions in a fully ionized plasma, first predicted
by Wilson [59, 60]: the collisional friction force acting on an electron decreases as
its velocity increases. Specifically, in a plasma the friction force for suprathermal
electrons scales as Fyp,g o 072, Consequently, since the driving electric force is
independent of velocity, any electron exceeding a critical velocity will experience a
net acceleration that grows with speed, causing it to effectively “run away” from the

thermal distribution.
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Fig. 2.3 Visual evidence of localized damage resulting from the impact of a collimated RE
beam on the beryllium limiter of the JET tokamak. The concentrated energy deposition led
to significant surface melting of the tiles. Reproduced from [61].

In the context of the disruptions described in Section 2.2, the conditions for this
phenomenon are highly favorable. Following the TQ, the plasma becomes cold and
highly resistive, causing the plasma current to decay (CQ). To conserve magnetic flux,
this decay induces a very large toroidal electric field (E)), often substantially above
the critical threshold required to continuously accelerate electrons out of the thermal
distribution. Under these conditions, the magnetic energy stored in the tokamak is
converted into the kinetic energy of an RE beam. The formation of a macroscopic
RE beam poses a critical threat to the integrity of high current tokamaks, since the
avalanche mechanism can amplify a small seed population by a factor of around 10?°
in reactor-scale devices like ITER [48]. Unlike the thermal plasma, which disperses
energy over a relatively wide area, these RE beams are highly collimated and can
deposit megajoules of energy onto localized regions of the PFCs [15, 61]. Figure 2.3
provides experimental evidence of this damage mechanism, showing the melting
of beryllium tiles in JET caused by the impact of an RE beam [61]. While this
specific event was limited to surface melting, the significantly higher stored energies
in reactor-scale devices would likely result in deep structural failure and possible
loss of coolant accidents.

The following subsections detail the theoretical framework governing REs.
Section 2.3.1 introduces the dynamics of individual particles and the critical field
thresholds. Sections 2.3.2 and 2.3.3 describe the mechanisms by which these
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electrons are generated, distinguishing between primary seed formation and secondary
avalanche multiplication. Finally, Section 2.3.4 discusses the transport and eventual

loss of these relativistic particles.

2.3.1 Runaway dynamics

To properly describe the evolution of the RE population during a disruption, it is
necessary to move beyond the fluid description and adopt a kinetic approach. The
behavior of electrons is governed by the relativistic version of Equation (2.1) for
a = e, which reads:

9 fe

E+V-er—€(E+VXB)-VPfe:Ce+Se (2.21)

where Se has been added to take into account secondary generation mechanisms (e.g.,
knock-on collisions), and mLVU has been substituted by V,, (p being the momentum)

to correctly treat relativistic effects.

While the full kinetic evolution requires solving this equation, the fundamental
condition for electron runaway is best understood by analyzing the parallel force
balance. Following Dreicer [62, 63], who analyzed a system in which electrons and
ions exist in thermal equilibrium within a homogeneous plasma, the simplified force

balance reads:
—— —eE)| = —Fyrag | = —PnVee ¥ (p) (2.22)

where Fyp,g | is the parallel component of the friction force, pn = V2m.T, is the
thermal momentum (7; being the electron temperature), vee is the thermal electron-
electron collision frequency, and W (p) represents the variation of collisional friction
with respect to energy. The collision frequency is given by:

menee* In A
Vee =

(2.23)
2.3

drespy,
where m. is the electron rest mass, 7. is the electron density, and In A is the Coulomb
logarithm. The function ¥ (p) monotonically increases with velocity in the thermal
range (v < vy,) before peaking at W(py) ~ 0.428. Then, it decreases monotonically
as ~ ptzh/ (mv)? for suprathermal electrons [64]. This scaling (F o« v=2) at high

velocities creates the possibility for “unlimited” acceleration if the parallel electric
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Fig. 2.4 Graphical representation of the force balance governing electron runaway. The red
curve depicts the collisional friction force, which for suprathermal electrons decreases with
increasing momentum. The dashed horizontal lines represent the driving force from the
electric field (eE) and the critical electric field force (eE.). A critical momentum muv. exists
at the intersection of the electric field force eE and the collisional drag force: for higher
momenta (shaded red region), electrons experience a net positive acceleration and enter the
runaway regime. The minimum field required to enable this process is the critical electric
field E.; for fields below this threshold, no runaway generation occurs. Conversely, if E is
high enough to exceed the slide-away value of ~ 0.21eEp (Ep being the Dreicer electric
field), the whole electron population is converted into runaways. Reproduced from [65].

force eE) exceeds the friction drag Fyrag |, as illustrated in Figure 2.4. For electrons
whose momentum is much larger than the thermal one (p > py,), the magnitude of

the friction force can be written as:

4
nee”InA
Fdrag,|| (p > pm) ~ 62—2 (2.24)
dregmev
By defining the Dreicer electric field as:
Ep = 2pthVee nee>InA (2.25)

e 47T8(2)Te
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it is possible to write the maximum friction force, which occurs near p = py, (Where
Y(pwm) =~ 0.428), as:

max (Farag ||) ~ 0.428 ppvee = 0.214eEp (2.26)

If the applied force (eE)) is greater than this value, the entire electron population

would theoretically run away.

Considering that for suprathermal electrons Fy,g || decays as v~2 and, thus, has a
minimum as v approaches the speed of light c, it is possible to find a threshold value
for which there is no possibility of runaway. The electric field required to overcome
this minimum drag and sustain the runaway of an already relativistic electron (i.e.,

with v — ¢) is the Connor-Hastie critical electric field E. [66]:

SlnA T,

Eo= 210 - " E) 2.27)
4rnegmec?  mec
For values of the electric field £ between these two thresholds (E. < E| <
0.214 Ep), a fraction of the electron population will run away and become relativistic

(shaded red area in Figure 2.4). For a given E|, this occurs for velocities exceeding:

V>CHl— =0 (2.28)

where v, is the critical speed for runaway (the smallest velocity at which electrons can

become REs). This can also be expressed in terms of the critical momentum using
. . 2 .

the relativistic definition p = ymev, where y = (1-%)~'/? is the Lorentz factor:

mecC

De= (2.29)
B

£~ 1

While Equation (2.22) establishes the fundamental threshold for RE generation,
experimental measurements [67, 68] indicate that the “effective” critical field E. e
necessary to maintain an RE beam consistently exceeds the Connor-Hastie limit,
sometimes by an order of magnitude. This divergence stems from the simplified
nature of the theoretical model, which excludes non-collisional energy losses and the

perpendicular dynamics. In a real scenario, significant braking mechanisms such
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as synchrotron emission [69], bremsstrahlung, and collisions with partially ionized
high-Z impurities [70, 71, 72] increase the total drag. These additional energy
sinks ultimately limit the maximum energy of the RE beam and they are detailed in
Section 2.3.4.

2.3.2 Primary generation

Primary generation encompasses the physical processes capable of accelerating
electrons directly from the thermal bulk distribution across the critical momentum
threshold p. (Equation (2.29)) into the runaway region. A defining characteristic
of these mechanisms is that they do not require a pre-existing population of REs,
unlike secondary generation. They provide, instead, the essential initial RE “seed”
population. While the number of primary runaways may be relatively small compared
to the final beam intensity in large devices, their presence is indispensable for
triggering the subsequent exponential amplification via the secondary avalanche
mechanism (described in Section 2.3.3). The principal primary mechanisms relevant
to tokamak disruptions are the Dreicer source, hot-tail, acceleration driven by
magnetic reconnection, and sources from nuclear processes such as beta decay and

Compton scattering.

* Dreicer source: This classical mechanism for runaway formation, first de-
scribed by Dreicer in 1959 [62], is a diffusive process occurring in velocity
space. Since electrons with a velocity exceeding v. are rapidly accelerated
away, they leave a depleted region in the tail of the Maxwellian distribution.
Collisional velocity diffusion in the bulk constantly attempts to refill this high-
energy tail as particles become REs, resulting in a continuous, diffusive “leak”
of electrons across the critical velocity boundary into the runaway region [73].
A simplified estimate for this generation rate can be expressed as

dl’lRE eE e ED
dt VmeT: e OXP 2FE

under the assumption of a rigid Maxwellian distribution and electrons becoming

REs within one collision time [73]. While the Maxwellian distribution is strictly
not valid for suprathermal electrons, this expression effectively illustrates its

fundamental scaling: it becomes exponentially weak in the regime where
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the electric field is small compared to the Dreicer electric field (E < Ep).
The normalized electric field typically required to produce a non-negligible
RE population within relevant experimental timescales is E/Ep ~ 0.02 [74].
Consequently, while in many modern tokamaks Dreicer generation remains
competitive with other primary mechanisms such as hot-tail, it is expected to
be negligible in ITER post-disruption conditions [75, 72, 73].

Hot-tail: In the context of mitigated tokamak disruptions, the hot-tail mech-
anism is often the dominant primary source [76, 77, 78, 52, 79]. This
phenomenon arises from the extreme disparity between the collisional re-
laxation timescale of cold and suprathermal electrons. While thermal bulk
electrons collide frequently and thermalize rapidly to the new cold temperature
during a TQ, suprathermal electrons have much lower collision frequencies and
therefore lose their energy much more slowly. Consequently, the high-energy
(“hot”) tail of the Maxwellian distribution retains most of its high initial energy
on the timescale of bulk cooling. As the bulk plasma cools, its resistivity
increases rapidly, inducing a sharp rise in the toroidal electric field E). If this
electric field rises fast enough, the critical velocity v, may drop below the
velocity of these surviving high-energy electrons. These particles are then
effectively accelerated by the electric field before they can thermalize, forming
an RE seed [73]. This process creates a significant distortion in the electron
distribution function, as illustrated schematically in Figure 2.5.

Magnetic reconnection: Unlike the previous mechanisms driven by the global
axisymmetric loop voltage, this source stems from the rapid conversion of
magnetic energy into particle kinetic energy during local topological rearrange-
ments. The physics of electron acceleration in reconnecting plasmas generally
involves three distinct pathways [73]: (i) direct acceleration by the strong DC
electric field generated at the X-points of magnetic islands; (ii) stochastic ac-
celeration of resonant electrons by linear waves; and (iii) acceleration at shock
fronts. While these processes are the primary engine for high-energy particles
in astrophysical phenomena (such as solar flares [80]), the strong toroidal
guide field in tokamaks constrains the dynamics. Consequently, a unified
theoretical framework for this source in tokamaks is still under development,

and experimental evidence specifically during the TQ remains scarce [73].
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Fig. 2.5 Schematic representation of the electron distribution function in the early phases of a
mitigated disruption. The injected impurities provide the plasma with cold electrons through
ionization (gray and black curves) which slow down the hot electrons (red curve) through
collisions. However, the higher-energy tail cools much more slowly and, if the induced
electric field is strong enough to define a critical momentum (vertical dashed green line) that
falls within this surviving hot tail, these particles are accelerated into the runaway regime.
Reproduced from [16].

Furthermore, predictions are complicated by uncertainties regarding the degree

of stochastization of flux surfaces during a disruption [81].

* Nuclear sources: In fusion reactor devices operating with DT fuel, such
as ITER or EU-DEMO, nuclear processes provide an intrinsic source of
high-energy electrons:

— Tritium beta decay: Tritium is radioactive with a half-life of ~ 12.3 years.
Its B decay produces electrons with a continuous energy spectrum up to
a maximum of 18.6 keV, providing a continuous volumetric source of
suprathermal particles, which may become REs depending on the value

of ve.

— Compton scattering: In a nuclear environment, y rays (emitted by
neutron-activated metallic walls) can undergo Compton scattering with
bulk plasma thermal electrons, transferring sufficient momentum to knock
them directly into the MeV energy range, instantly converting them into
REs.
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These nuclear sources ensure that, in future fusion power plants, the avalanche
mechanism (Section 2.3.3) always has an RE seed to amplify regardless of the

TQ dynamics.

2.3.3 Secondary generation (RE avalanche)

While primary generation mechanisms provide the initial seed population of REs,
it is the secondary generation, or “avalanche” mechanism, that poses the greatest
threat to high-current devices. In these machines, the avalanche mechanism acts
as a massive amplifier of the initial RE seed, ultimately dominating the runaway

dynamics and driving the formation of macroscopic RE beams.

The avalanche process is driven by large-angle, close Coulomb collisions between
an existing high-energy RE and a thermal electron from the bulk plasma. This is
distinct from the cumulative small-angle scattering that dominates the frictional drag.
In such a large-angle collision, a primary RE transfers a significant fraction of its
momentum to a thermal electron while still retaining sufficient energy to stay in the
runaway region. If the energy transferred is sufficient to kick the secondary electron
above the critical momentum p. (Equation (2.29)), this secondary electron becomes
a new RE. The probability of these events is governed by the differential Mgller
cross-section [82, 83] for the scattering between a relativistic electron and a thermal

one (assumed stationary [84]):

do  2mr? 2 2 2y0—-1( 1 1
L (70 ) +( 70 ) +1-20 ( + ) (2.30)
de  y2-1[\y-1 Yo=Y vo—1 \y=1 »yo—v

where r. is the classical electron radius and vy, y are the Lorentz factors of the incom-
ing RE and secondary electron, respectively [73]. The two leading terms correspond
to the classical Rutherford cross-section, whereas the remaining components arise
from the exchange interaction [73]. The total Mgller cross-section can be found
by integrating Equation (2.30) for all possible momenta, introducing a minimum
vmin (1.€. neglecting low-angle collisions below a certain threshold) to ensure that a

collision actually takes place and that the integral does not diverge [85]:

Y0+ 1=Ymin d
o= / 49 1y (2.31)
Y dy

min
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Since the production rate of new REs is proportional to the instantaneous density of
existing runaways, this mechanism leads to an exponential amplification of the RE

current. The avalanche growth rate can then be written as [86]:

1 d R
NRE

= = =— 2.32

P > Nox - c 2neo'vo ( )

where v is the velocity of the incoming RE. The factor 1/2 is introduced to
avoid double-counting the electrons in phase-space integration, since they are
indistinguishable [86]. It is important to note that the simplified source term in
Equation (2.32) represents a specific limit, as this formulation formally assumes
that the primary electrons are ultrarelativistic (yg — oo0) and have a negligibly small
pitch angle. While this simplification is justified when the electric field significantly
exceeds the runaway avalanche threshold, a truly general treatment requires solving
the exact knock-on collision source alongside a proper sink term in the continuous

kinetic equation to preserve particle conservation [73, 85].

Neglecting radiative limitations and considering a uniform and fully ionized
plasma, Rosenbluth and Putvinski [48] calculated the avalanche growth rate to be

Fx e E|-E.
meclnA¢ V5 + Zesr

where Z.g is the effective charge of the plasma and In A, is the relativistic Coulomb

(2.33)

logarithm, relevant when considering collisions between runaways and thermal elec-
trons [87]. The relativistic Coulomb logarithm can be linked to the standard thermal
electron-electron Coulomb logarithm In Ay = 14.9 + In (Tiev / ng';o) [1] through this
expression [87]:

1 2 T
lnAc:lnAo+—ln(meC )z l4.6+0.51n( "V) (2.34)
2 Te ne20

where Tiey and T,y are the temperatures normalized to 1 keV and 1 eV, respectively,
and neyo 1s the electron density normalized to 102 m~3. While the standard thermal
Coulomb logarithm evaluates to InAg = 8 in typical cold, dense post-disruption
plasmas (T ~ 10 €V, ne ~ 10?2 m™3), the relativistic correction adds 0.5 In(mec?/Te) ~
5.5 to this baseline, yielding InA. ~ 13.5. Conversely, under much hotter pre-
disruption fusion conditions (T, ~ 1 — =25 keV, ne ~ (0.5—-—1) - 10?° m~3), the
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relativistic correction diminishes, reducing the discrepancy between the two Coulomb
logarithms, which typically range between 14 and 20.

Equation (2.33) highlights that I" is driven linearly by the excess electric field
(E| — E.) and suppressed by the effective charge Z.g. For a very strong electric field
in the limit E}| > E. (commonly encountered during a disruption) and considering a
hydrogen plasma (Z.g = 1) [74, 48], it is possible to write the avalanche growth rate
as: ¢E|

N~ ——— 2.
2mecIn Ac (2.35)

While Equations (2.33) and (2.35) are foundational, they rely on the assumptions
of a uniform, fully ionized plasma. This is rarely the case during disruption mitigation
via massive material injection, where the resulting partially ionized conditions can
significantly enhance the avalanche growth rate. This occurs because the increased
friction force on fast electrons only partially compensates for the additional bound
target electrons that become available for the avalanche process via large-angle

collisions [88].

In the fully ionized limit, the baseline avalanche gain, representing the ratio
of final to initial REs for an infinitesimal RE seed population, can be obtained by
integrating Equation (2.35) over the duration of the CQ, considering that E|| is driven
by the current decay:

G TRE ( fy ) (2.36)
= ~ €X .
av seed P{7 A 1nA.

where 14 ~ mec®/e ~0.02 MA is the Alfvén current [48]. It is crucial to note that
despite this massive exponential amplification, the final RE beam current is not
always strictly proportional to the initial seed. In fact, in high-current scenarios where
the avalanche gain is massive (such as the DT phase of ITER), the final runaway
current has been shown to be only logarithmically sensitive to the magnitude of the
seed [89]. This relatively weak dependence arises from the self-consistent dynamics
of the electric field: when the rapidly growing RE current becomes comparable to
the decaying Ohmic current, the induced electric field E is reduced, which in turn
suppresses the avalanche growth rate [89]. Consequently, the final RE current in
reactor-scale devices is largely decoupled from the precise magnitude of the initial

RE seed. This presents a formidable challenge for disruption mitigation strategies,
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since achieving a meaningful reduction in the final RE beam requires reducing the

initial seed by several orders of magnitude.

Because the primary dependence of the avalanche gain G,, is on the pre-disruption
plasma current I, o, there is a fundamental difference in how these dynamics unfold
between present-day low-current machines and future high-current reactors [71, 72,
89, 52]. Employing the widely used historical value of In A = 20 [48, 15], which
represents an optimistic scenario for a post-disruption plasma (since smaller values
would lead to a larger avalanche gain), yields the simplified scaling G,y =exp (2.5 - 1)
(I, in MA) [15]. This allows us to distinguish the following scenarios:

* In small-size tokamaks like ASDEX Upgrade (I, = 1.4 MA), the gain is negli-
gible (G4 ~ 30), meaning RE beams are rarely observed unless deliberately
triggered. The Day-0 scenario of DTT (I, = 2 MA, G, ~ 150) falls into this
category.

* For medium-size tokamaks such as JET or DTT, the gain can increase by orders
of magnitude, depending on the specific scenario. For instance, considering
the full power scenario of DTT (I, = 5.5 MA), the theoretical avalanche gain
can reach G, ~ 1-10°.

* In future reactor-scale devices, the gain becomes massive. Given the 15 MA
plasma current of ITER, the gain exceeds 10', which implies that the conversion
of the majority of the current into RE current is virtually unavoidable. While
this is a theoretical value, its magnitude is nevertheless of great concern,
especially considering future power plants such as EU-DEMO which will have
a plasma current up to 19 MA (G, ~ 4 - 10%).

This substantial difference in amplification factors positions DTT in a unique
operational space. While the Day-0 scenario remains in a regime of relatively low
avalanche multiplication, the full power phase introduces a shift where the avalanche
mechanism becomes the dominant driver of the final RE beam intensity. This thesis
will specifically investigate this transition, analyzing how the jump from the low-G,y
initial phase to the high-G,, full-current scenario impacts the disruption dynamics

and mitigation strategies.
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2.3.4 Transport and losses

The final intensity of an RE beam depends not only on the generation rates described
in the previous sections, but also on the confinement properties of the relativistic
electrons. As discussed in Section 2.2, the rapid growth of MHD instabilities (such
as tearing modes) during the TQ destroys the nested magnetic flux surface topology.
This leads to a region of magnetic stochasticity where field lines “diffuse” radially
across the minor radius. Since REs possess high parallel velocities (v ~ ¢), they
quickly stream along these chaotic field lines, leading to rapid radial diffusion. This
transport is often described by the diffusion coefficient D obtained by Rechester
and Rosenbluth [90]:

2
0B
D” = ﬂ'qR() (E) l)|| (237)

where ¢ is the safety factor, Ry the major radius, and 6 B/ B the relative amplitude of
the magnetic perturbation. This mechanism is particularly effective at deconfinement
during the TQ, potentially suppressing the formation of the initial hot-tail seed if
the stochastic region extends to the PFCs. However, non-linear MHD simulations,
such as those performed with the JOREK code [57], reveal that magnetic surfaces
often reform as the MHD activity saturates during the CQ. This allows some of the
RE population to be trapped again in the core and act as a new RE seed that can be
avalanched, as illustrated in Figure 2.6. In addition to magnetic stochasticity, the
particle orbits themselves play a critical role in confinement. As an RE accelerates, its
orbit increasingly deviates from the magnetic flux surface. For multi-MeV electrons,
this outward shift can be macroscopic, eventually causing the trajectory to intersect
a solid component [91]. This results in REs being scraped off and losing all their

energy even if the magnetic axis remains centered.

Furthermore, macroscopic vertical motion of the plasma during a disruption, such
as in VDEs (discussed in Section 2.2.2), leads to a similar and highly consequential
scraping-off effect. As the plasma cross-section is pushed onto the PFCs, toroidal
flux surfaces are sequentially opened. Since REs stream rapidly along these open
field lines, they are quickly lost to the wall and can no longer proliferate via the
avalanche mechanism. Recent 2D non-linear MHD simulations with JOREK [92]
have demonstrated that this vertical displacement drastically reduces the poloidal
flux available for RE acceleration, limiting the theoretical maximum avalanche gain

in ITER to a range of 10°~10'? (compared to earlier stationary-plasma estimates of
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Fig. 2.6 Poincaré plots from a JOREK simulation showing the evolution of the RE density
(ny) and magnetic field stochasticity during a disruption. Starting from intact surfaces (a), the
topology becomes highly stochastic as the disruption progresses (b-d), leading to the loss
of REs. As the CQ proceeds, flux surfaces begin to re-form (e-f), effectively trapping the
remaining REs in the core. Reproduced from [57].

10'6-10?%). This dynamic has also been captured in computationally efficient 1D
models: extensive studies utilizing the DREAM code demonstrate that a sufficiently
slow RE avalanche allows the sequential destruction of flux surfaces to prevent
the formation of a macroscopic RE plateau entirely, making possible the total RE
avoidance even under the stringent conditions of a 15 MA ITER discharge [93].

Finally, the RE population is regulated by energy dissipation mechanisms that
counteract the electric field acceleration. Two radiative processes are dominant:

* Synchrotron radiation: Unlike the cyclotron emission from thermal electrons
which is largely reabsorbed by the plasma, synchrotron radiation emitted by
relativistic electrons escapes the plasma, acting as a net energy sink [94].
The associated radiation reaction force scales strongly with the perpendicular
momentum (p ). Consequently, electrons with large pitch angles lose energy
most rapidly. Although the runaway population is already strongly collimated
by the parallel momentum gained from the electric field, this radiation can
further reduce the average pitch angle, reinforcing the narrow, beam-like
distribution.
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* Collisions with heavy ions: Following mitigated disruption scenarios, the
plasma often contains high densities of partially ionized impurities (e.g., argon,
neon) or wall materials (like tungsten). REs can penetrate the electron clouds
of these heavy ions, scattering off a nuclear charge effectively larger than the
net ion charge. This enhances elastic scattering, which increases the collisional
drag force, while simultaneously driving significant radiative energy dissipation
through Bremsstrahlung [95, 89, 71]. While a relativistic electron can lose
energy ionizing atoms, the released electron may contribute to the avalanche

effect if it is released with a velocity larger than v..

The interplay between the generation, transport, and dissipation mechanisms
discussed in this Section defines if a macroscopic RE beam forms and dictates
whether it results in a benign dissipation of energy or a catastrophic impact against
the PFCs.



Chapter 3
Numerical tools and methodology

The theoretical framework established in Chapter 2 highlights the inherent multi-scale
and multi-physics nature of tokamak disruptions. The complex interplay between
macroscopic MHD instabilities, magnetic field stochasticity, and disruption dynamics
cannot be fully captured by analytical models or reduced OD/1D codes. To transition
from a qualitative understanding to a predictive description of these phenomena,

self-consistent non-linear simulations are essential.

In this thesis, the non-linear extended MHD code JOREK [96, 97, 98] is employed
as the primary numerical tool. Originally developed to investigate instabilities such
as edge-localized modes and kink modes in X-point geometry [99], JOREK has
evolved into a modular framework capable of simulating diverse large-scale plasma
dynamics, including disruptions and VDEs. Its capability to handle realistic tokamak
geometries and its use of fully implicit time-stepping schemes make it well-suited for
the self-consistent modeling required in this work. The simulations presented here
rely on a specific combination of physical models: the reduced MHD fluid description
for the thermal plasma, extended by a fluid description for the REs, and a resistive
wall model for electromagnetic (EM) boundary conditions. The reduced MHD model
is particularly advantageous, as it retains the essential physics while allowing for
significantly faster computation. This efficiency arises from the elimination of fast
magnetosonic waves, which enables the use of larger time steps, as well as from the

reduced number of variables [96].

This chapter details the numerical implementation and methodology used to
obtain the results discussed in Chapters 4 and 5. Section 3.1 introduces the JOREK
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code, focusing on its discretization and the derivation of the reduced MHD equations
it uses, while Section 3.2 is devoted to the RE fluid model included in JOREK, with a
special focus on the RE avalanche generation model. Section 3.3 details the coupling
with the resistive wall code STARWALL [100, 101], which is essential for correctly
modeling the VDE dynamics. Finally, Section 3.4 outlines the basic assumptions and
physical setup of the simulations presented in the following chapters and the artificial
thermal quench (ATQ) procedure, which is used to numerically initiate disruptions

in a controlled manner.

3.1 The JOREK code

JOREK is a non-linear, resistive extended MHD code used for investigating magneti-
cally confined plasmas. While it was originally developed to study instabilities in
tokamak X-point geometries [99, 96], it has since evolved into a modular framework
that supports a diverse range of physics models, including two-temperature fluids,
neutrals, impurities, and REs. A thorough overview of these physical models and

their extensive applications is provided in [96, 97] and their references.

The following sections detail the specific physical and numerical implementations
adopted for the simulations in this thesis. Section 3.1.1 outlines the numerical
discretization scheme, including the hybrid spatial representation and the time-
stepping methods, while Section 3.1.2 summarizes the reduced MHD model, which
forms the basis for the plasma evolution. A brief introduction to the construction of
equilibria in JOREK is given in Section 3.1.3. The RE fluid model, which is self-
consistently coupled to the reduced MHD equations and provides the computational
basis for the RE avalanche, will be detailed in Section 3.2.

3.1.1 Spatial discretization and numerical implementation

JOREK employs a cylindrical coordinate system (R, Z, ¢), as illustrated in Figure 3.1.
To solve the system of MHD equations described in the previous sections, the code
employs a hybrid spatial discretization scheme that combines a 2D finite element
grid in the poloidal direction and a Fourier expansion in the toroidal direction [96,
102]. In the toroidal direction (¢), the physical variables are expanded in a Fourier

series, exploiting the periodicity of the geometry. The number of harmonics n,
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Fig. 3.1 (a) JOREK cylindrical coordinate system (R, Z, ¢) used to describe the tokamak
geometry. (b) Single 2D Bezier element in the (R, Z) space. The element-local coordinates
are also shown: (s,7) € [0,1]. Adapted from [96].

can be selected for each simulation, with ny,; = 0 implying toroidal symmetry (i.e.,
2D simulations in the poloidal plane) [96]. The poloidal plane (R, Z) is discretized
using G' continuous Bezier finite elements consisting of cubic polynomials, although
higher-order elements are available [96]. Since the coordinates use the same
basis functions as the variables for their decomposition, these elements are also
isoparametric. The equations are solved using the finite element method (FEM),
which is briefly described in Appendix A. JOREK allows the use of a computational
grid aligned with the magnetic flux surfaces of the initial equilibrium, which is more
accurate for describing the anisotropy between parallel and perpendicular fluxes.
Furthermore, it is possible to extend the grid to the PFCs, allowing for realistic wall

geometries, which is crucial for SOL physics [96].

The system of equations is discretized in time using a fully implicit time-stepping
scheme, typically utilizing the linearized Crank-Nicolson or the BDF2 Gears scheme
[96]. By using an implicit scheme, it is possible to alleviate the Courant-Friedrichs-
Lewy (CFL) condition, which restricts the largest usable time step. By writing the
physical equations in the general form:

0A(u) _

o — =B(u.1) 3.1)

where u represents the vector of physical variables, it is possible to advance the
solution from time step n to n+ 1 by linearizing it with respect to the increment

su” =u"! —u”. The resulting general time-stepping scheme is given by:

n n n—1
(1+§)(%) —At@(a—B) ]6u”:AtB”+§(%) su' !, (3.2)
ou Ju ou
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where At is the time step size [96]. The specific numerical scheme is selected by the

choice of the parameters 6 and &:

* Setting 6 = 0.5 and ¢ = 0 yields the Crank-Nicolson scheme.

» Setting 6 = 1 and & = 0.5 selects the BDF2 Gears scheme.

By combining high-order spatial discretization with robust time-stepping schemes,
JOREK provides a reliable framework for simulating the complex, non-linear

dynamics of disruptions and runaway electron generation.

3.1.2 The reduced MHD model

The foundation of the physical model in JOREK is the set of normalized MHD
equations that describe the evolution of the magnetic potential A, the plasma mean
velocity v, the total mass density p, and the total pressure p. The normalization
is done with respect to uo (vacuum permeability) and pg (initial mass density at
the magnetic axis): while lengths are not normalized, time is normalized by a
factor Tporm = y/Hop0, and the total density and pressure are normalized using pg
and ug, respectively. The normalization factors for the main physical variables are

summarized in Appendix B [96]. The resulting equations take the form:

dA

— =-E-Vo, 3.3
ot )
ov
pE:—pv-Vv—Vp+JXB+V-I+SV, (3.4)
ap

= =V (pV)+V-(DVp)+5,, (3.5)
d

a_]: =—V-Vp—ypV-v+(y-DV-(kVT) +(y-D7:Vv+S,  (3.6)

where @ is the electric scalar potential, T represents the viscous stress tensor, while
D and « denote the particle and heat diffusion tensors, respectively. Crucially, these
transport tensors can be highly anisotropic, distinguishing between transport parallel
to the magnetic field lines and perpendicular transport. Sy, S,, and S, represent
source terms in the momentum, particle, and pressure equations, respectively. Unless
specified otherwise (e.g., in a two-temperature model extension), the ion and electron
temperatures are assumed to be equal (7, = T; = T/2). The total pressure is defined
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as the sum of electron and ion pressures, p = p. + pi = pT. The system is closed by
the definitions of the magnetic field B and the current density J:

B=FV¢+VxA (3.7)
J=VxB (3.8)

where ¢ is the toroidal angle and F = RBy is the toroidal flux function (R being
the major radius), which varies spatially but is constant in time and is added for
numerical reasons. The electric field E is determined by Ohm’s law, which includes

both drift-ordered (diamagnetic) and resistivity terms [96]:
5*
E:—v><B+77(J—J*)+F0;(lei—V||pe). (3.9

Here, J* = jsey (js and e4 being the toroidal current density source and the normalized
toroidal basis vector, respectively) is an optional source term used to maintain the
initial current profile or model bootstrap current, and 7 is the plasma resistivity,
which follows the typical Spitzer dependence 7 oc T73/2. The parameter 6* is the
diamagnetic coeflicient, defined as:

m:

_ 1
B e Foopo

where m; is the ion mass and the constant Fy is the toroidal flux function calculated

*

(3.10)

with the major radius at the geometric center Ry and considering the vacuum toroidal
field By o [96].

Historically, reduced MHD models relied on an ordering parameter, typically the
inverse aspect ratio € = a/R, to determine which terms of the full MHD equations to
keep. It is possible to retrieve several sets of reduced equations depending on the
ordering assumption, which consequently removes certain aspects of the physical
phenomena under study. In contrast, the reduction in JOREK is Ansatz-based [103,
104]: instead of discarding terms based on their ordering with respect to a chosen
parameter, this method postulates a specific structural form for the magnetic field
and velocity variables that inherently eliminates the fast magnetosonic waves [105].
This approach allows for exact energy conservation at the equation level and retains
more physical effects because of the lower number of assumptions. The drawbacks

of this approach are that the equations become more complex and more difficult
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to interpret. Moreover, it becomes harder to estimate errors without an ordering
parameter. Nevertheless, it is still of great use because it allows for significantly faster
computation, due to both the reduced number of variables and the ability to use larger
time steps [96]. The reduction of MHD equations in JOREK is achieved through
the fundamental assumption that the magnetic field is characterized by a dominant
and approximately constant toroidal component By, approximated as the vacuum
toroidal field Fyp/R (Fy being constant in space and time) [106]. The magnetic field
can then be written as:

B:@e¢+lVpre¢ (3.11)

R R

where ¥ is the poloidal flux. Equation (3.11) imposes a constraint on the velocity,
which cannot be arbitrary. By defining the velocity stream function u = @/ F), the
velocity can be written as:

0*R
v= vy B —RVuxey —
I ¢ 0

Vpixe, (3.12)
—_—— ——— ——
————

Vdia,i

VH VE

where the first term is the velocity parallel to B, the second term represents the E x B

drift, and the last term captures the ion diamagnetic drift velocity [96].

By substituting the magnetic and velocity ansatz given by Equations (3.11)—(3.12)
into the full MHD equations (Equations (3.3)—(3.6)), a closed system of equations
is obtained. To avoid the numerical computation of higher-order spatial derivatives
during the time-stepping, JOREK introduces two auxiliary variables: the toroidal

current density j and the toroidal vorticity w [96]. These are defined as:

1
j=AYy=R>V. (ﬁva) (3.13)

W = Apoit =V - Vpou (3.14)

where Vo denotes the gradient in the poloidal plane: V. = egdg +ez0z (Jr and
0z being the partial derivatives with respect to R and Z, respectively). Taking these
additional variables into account, the base reduced MHD model solves for seven
scalar variables: {¥, u, j, w, p, T, v|}. The specific evolution equations for these
variables are listed below [105, 106, 96].
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1. By defining the Poisson bracket as [a,b] = Va x Vb - ey, the evolution of the
poloidal magnetic flux ¢ can be written as:

16(//_ 1 oau

Roar - RV Rt

0"
( Jj—=J )+—Vp ‘B (3.15)
where j* is the optional current source described earlier.

2. The poloidal momentum equation can be rewritten as an equation for the

velocity stream function u:

OV o1l 1
RV - (R2 %) = [pR*w, u] -3 [R*0, R*|Vporut|*]
(3.16)
Fy 0
— [R%,pT] + [y, /] - ;ﬁ + uR*Aw

The stress tensor has been simplified to a constant dynamic viscosity u, even
though it is possible to prescribe a different value in the parallel direction, y ).

3. For the parallel momentum, the equation is written for v :

20y 1 oy P 22]  PFo (9(1)||B)
pB’ E"'R_pvllvpol‘/’ Vpol(at ) “>R [Lﬁ, vy B ] 2R 96
(3.17)
+l[ |- Foop +uy B2A
RW-P 296 M) BT Ay

where | is the value of dynamic viscosity parallel to B.

4. The continuity equation for density p retains its full MHD formulation, but
with the prescribed B and v:

(9,0 . Fo 1
= R[p,u] +2p0 2070zp — —0 -— ,
o7 = Rlp.u]+2p0zu+26"0zp — =505 (pvy) = Hv1p-¥] (3.18)

+V-(D||V||p+DJ_VJ_p) +Sp

where the particle diffusion tensor D has been divided into its components
parallel (D) and perpendicular (D) to B. The former is only used when v is
neglected, in order to avoid unphysical gradients in the parallel direction.
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5. Like the continuity equation, the pressure equation retains its full MHD form
as well, thus reading:
dp F il
— = —v—=0sp + =¥, p] — R[u,
o = Vlg20er+ ¥l =Rlu.pl
Fy 1 26" 0*R
-Yp ﬁagﬁvn-"ﬁ[vﬂ’w] —7azp+7[uap]—2azu (319)

+ (7— I)V . (K||V||T+KJ_VJ_T)
+(y-Dz:V(yB-RVuxey)+S,

As before, the heat diffusion tensor « is divided into its parallel and perpendicular
components (k| and « , respectively). Typically, because of the high mobility of
electrons along field lines, the parallel component is orders of magnitude larger
and is usually modeled with a T2 dependence, following the Spitzer-Hirm

formulation [3].

By combining these five equations (Equations (3.15)—(3.19)) with the definition
equations for w and j (Equations (3.13)—(3.14)), we obtain the seven equations that

are simultaneously solved at every time step in the JOREK code [96].

JOREK allows for a flexible implementation of boundary conditions (BCs),
supporting both Dirichlet BCs (where we fix the value of a variable at the boundary)
and Neumann BCs (where the derivative normal to the boundary is specified). By
default, for flux-aligned grids, the variables are fixed to their initial values at the
boundary. Special attention is instead required for open field line regions intersecting
the boundary, for instance considering grids that extend to the physical wall or the
divertor region. Here, sheath boundary conditions are applied [96]: the parallel
velocity component normal to the wall is set to the sound speed according to the

T 39T
PR b (3.20)
mj

where temperatures are in eV and y = 5/3 is the adiabatic index for plasmas. The

Bohm criterion:

heat flux, instead, is governed by:

B-n
q-n = ysnecsTe B (3.21)

where B = |B| is the magnitude of the magnetic field and ygp, is the sheath transmission
factor, with typical values ranging from 7 to 8 [107]. The BCs also distinguish
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between fixed-boundary cases, where the poloidal flux ¢ and current j are constant
in time on the JOREK computational boundary (resembling an ideal wall condition),
and free-boundary simulations, where these quantities evolve self-consistently. This
free-boundary approach requires the coupling of JOREK to a resistive wall code,
which, in the framework of this thesis, is the STARWALL code, discussed in greater
detail in Section 3.3.1.

3.1.3 Equilibrium construction

The initialization of the plasma state for the time-dependent simulations is performed
using JOREK’s built-in Grad-Shafranov (GS) equilibrium solver [96]. It utilizes
the same finite element grid and variable representation (Bezier elements) as the
non-linear time evolution, described in Section 3.1.1. This consistency ensures that
the discrete initial state accurately satisfies the equilibrium force balance, thereby
avoiding discontinuous behavior that may arise from interpolation of equilibria from
external codes.

The solver computes the equilibrium by solving the GS equation [108, 109]
iteratively. The inputs required are the boundary conditions for the poloidal flux
and the profiles of temperature, density, and FF’. They are provided as functions
of the normalized poloidal flux ¢, = (¥ —¥axis)/ (Wbnd — Yaxis)» Where ¥,xis and Ypng
are the values of ¢ at the magnetic axis and on the plasma boundary, respectively
[96].

After the equilibrium calculation, the reduced MHD variables are consistently
initialized. The solution of the GS equation can be used to create a finite element

grid aligned with the calculated flux surfaces, if needed.

3.2 The RE fluid model

To simulate the interaction between REs and the background plasma, the JOREK
code encompasses a hierarchy of RE models. While earlier studies primarily
utilized test-particle approaches [110] or the fully coupled fluid model [111, 112]
described here, very recent developments have introduced a new approach based
on a full-f, full-orbit RE model self-consistently coupled to the MHD background



58 Numerical tools and methodology

[58]. Although this model offers particular accuracy in regimes characterized by
highly stochastic magnetic fields and is essential for detailed assessments of RE wall
deposition patterns, the high dimensionality and temporal resolution required for
such simulations impose significant additional computational costs, which can be

prohibitive for long-timescale simulations of the entire disruption evolution.

In this thesis, we utilize the RE fluid model, whose formulation is primarily
based on the development by Bandaru et al. [111] and its recent extension to
include partially ionized impurities and deuterium neutrals [112]. By introducing
the RE density nrg as an additional physical variable, this approach significantly
reduces the computational burden while retaining the essential physics of the mutual
non-linear interaction between the RE beam and the MHD equations [96]. Unlike
the test-particle model, the fluid formulation captures the EM back-reaction of the
REs onto the bulk plasma, which is critical for the self-consistent modeling of the

current quench phase of a disruption.

The efficacy and broad applicability of this RE fluid model have been demonstrated
through its extensive application to RE beam generation and termination scenarios
across major fusion devices, including JET [57], ITER [113, 114, 115, 92], and
EU-DEMO [116]. These studies have utilized this model to address diverse physics
objectives: from broad parameter scans in 2D predictive simulations [115], to
highlighting the necessity of free-boundary conditions for accurately capturing
avalanche multiplication [92]. Furthermore, utilizing 2D predictive modeling of
RE formation across various impurity densities and 3D simulations of the RE beam
termination against PFCs, the model has proven valuable for machine protection
through the evaluation of the performance of sacrificial limiters [116].

The description provided in the remainder of this section summarizes the
governing equations and physical assumptions employed in this work. For further
details regarding the model formulation and implementation, the reader is referred to
references [111, 112].

3.2.1 Governing equations for the fluid approximation

The fluid model treats REs as a distinct fluid species co-evolving with the background
thermal plasma. Unlike full kinetic treatments, the RE fluid is characterized primarily

by its number density, nrg. The total current density J is decomposed into the Ohmic
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current density carried by the thermal bulk plasma, Ju, and the relativistic current
density carried by the RE beam, Jrg: J = Ji +Jre. The RE current density is given
by:

B EXB) (3.22)

= — ~ — — +

JRE = —€nREVRE ~ —€nRE (C RS
where the velocity of REs vgg is assumed to have an E X B drift superimposed on the
motion parallel to the magnetic field at the speed of light c.

The evolution of the RE density is governed by a continuity equation that accounts
for both parallel advection and diffusive transport, as well as source mechanisms.
Nevertheless, for simulations of disruptions involving stochastic magnetic fields (e.g.,
in disruption events), the parallel transport can be mimicked diffusively using a large
RE parallel diffusivity D rg. Following this diffusive approach and the normalized

reduced MHD equations introduced in Section 3.1.2, the evolution equation for nrg

is given by:
(9nRE
e R[nrg,u]+2nredzu+V- (D) reVnre+D L ReV 1 ARE) + SRE + Say, (3.23)

where the notation is the same used in Section 3.1.2. The parallel diffusivity D rg
is set to a high value (typically ~ 10° m?/s) to mimic the fast transit of relativistic
particles along the magnetic field lines. Conversely, the perpendicular diffusivity
D | rE 1s set at a much smaller value, primarily to ensure numerical stability [113].
The two source terms Sgrg and Sy, are, respectively, the primary and secondary

generation mechanisms of REs, which are analyzed in the next section.

3.2.2 RE sources in the fluid model

The primary seed generation comprises tritium decay and Compton scattering from
activated wall structures (where applicable). The Dreicer and hot-tail sources are
currently not explicitly included in the standard RE fluid model formulation [112].
Consequently, they are typically treated as an initial condition or an explicit source
injected during the thermal quench, representing the fraction of the pre-disruption
current converted to RE current before the avalanche phase dominates. Given the
strong sensitivity of the hot-tail generation to the kinetic details of the TQ, this
approach introduces a significant degree of uncertainty regarding the exact magnitude

of the initial seed population. To address this, a parametric scan of the initial RE
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seed spanning several orders of magnitude is performed in the simulations presented
in this work, ensuring the robustness of the results against variations in the seed

amplitude.

The avalanche source, S,y, is modeled in JOREK accounting for the effects of
partially ionized impurities. This extension is critical for simulations involving
massive material injection, as bound electrons in high-Z impurities contribute to
the collisional stopping power and the knock-on source term [70, 88], increasing
the effective critical electric field and the avalanche growth rate compared to the
standard Rosenbluth-Putvinski model [48], which assumed a fully ionized plasma.
The avalanche source is defined as:

e ng'  E-E

mecInA ne \f4 4 Vs(p*)VD(P*)’

Sav = nrel” = nRg (3.24)

where InA is the relativistic electron-thermal electron Coulomb logarithm, n. is

tot _
e =

©! includes both free and bound electrons: n

the free electron density, and n
Ne+ Y, jnjNej (Ne,j being the number of bound electrons for each species j). vs and
vp are the normalized slowing down and deflection frequencies. The physics of the
avalanche process is encapsulated in two key parameters that must be determined
self-consistently: the effective critical electric field EST and the effective critical
momentum p... They must be computed iteratively by solving a non-linear equation

for each.

The slowing-down and deflection frequencies in Equation (3.24) are non-linear
functions of the momentum p and, unlike in fully ionized models, they include sums

over all impurity charge states to account for partial screening effects:

- _ 1 ee nf 1 k 2

= oA [InA +;n—eNe,j(Eln(l+hj)—,8
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In the above equations, In A and In A®' represent the electron-electron and electron-

ion Coulomb logarithms, respectively. The summation index j runs over all impurity
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charge-states present in the plasma. For each j, the number of bound electrons is
given by N, ; = Z; — Zy,;, where Z; is the nuclear charge number and Z ; is the
ionization state (charge number of the ion). The effective ion charge is defined as
Zeg=2jn ngJ /ne. The parameter h; = p\/yTl /1 relates the electron momentum
p to the mean ion excitation energy /; (normalized to the electron rest energy), while
a; represents the effective ion size for charge state j. Finally, 8 = p?/(1 + p?) and

k =5 [112]. The effective critical momentum p., instead, is evaluated using:

Vs(p)vp(p+)

VE|/E.

where E. is the Connor-Hastie critical field (Equation (2.27)). Since vs and vp

depend on p., this equation is solved iteratively for p. using a Newton-Raphson

scheme from an initial guess, which proved to be a numerically robust method [112].

Simultaneously, the effective critical electric field E gff, which defines the threshold
for avalanche onset in Equation (3.24), is determined by solving a system of coupled

equations:
Eeff
N T+ T (1+@)1n( DO)+\/26(ECE)+1 (3.26)
c VDO 21/51
o] _
VD() VDOT, “DO%syn VDO
S(EST + Pbro + et In 3.27
(EC) = EE Pbro + Pori (21731)] (3.27)

where 7y, represents the normalized synchrotron radiation damping timescale, while
the coefficients ¢y 9 and ¢y describe Bremsstrahlung contributions dependent on

the impurity mix. The slowing down and deflection frequencies are instead given by:

INej(InI;7' - 1),

J
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Although these expressions can be combined into a single cubic polynomial for the
unknown ratio x = EST/E, (by eliminating § (EST)), when the discriminant is negative,
an iterative solution for x is mandatory, which is achieved using the Newton-Raphson
method. Due to the potential for convergence difficulties in this non-linear regime,
the implementation utilizes an array of initial guesses covering a wide range of
values. The robust performance of this method has been consistently verified across

all simulations performed with the model thus far [112].

3.2.3 Self-consistent coupling to MHD

The inclusion of the RE fluid necessitates specific modifications to the standard
reduced MHD equations described in Section 3.1.2, ensuring a self-consistent
description of the interaction between the RE beam and the background plasma.
This is done via current-coupling, decomposing the total current density as done in
Equation (3.22) and adding a correction term to the plasma momentum equation.
While REs may carry a significant portion of the total current, their contribution to

the mass density is negligible compared to the main ions.

Since REs are relativistic and effectively collisionless, they do not contribute to
the resistive dissipation of the plasma. Consequently, the resistive terms are modified
such that they depend solely on the current carried by the thermal bulk, Ji, = J — JRrE.
This modification is crucial for capturing the physics of the CQ: as the thermal
plasma cools and its resistivity 77 increases, the electric field rises, accelerating the
REs. Eventually, the RE beam can carry the majority of the total current, effectively
clamping the loop voltage and sustaining the discharge even in a highly resistive

background plasma.

The correction to the MHD momentum equation caused by the presence of an
RE population is due to their role in maintaining quasi-neutrality, which leads to
an additional term in the force balance equal to enggE — Jrg X B. By utilizing the
definition of the RE velocity vector vgg used in Equation (3.22), this correction can
be simplified by the fact that the Lorentz force component —Jrg X B partially cancels
with the electric force term enggE, leaving a net force directed along the magnetic
field lines [111]:

ENRE
enrRgE —JrRp X B ~

E|B. (3.28)
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Incorporating this term, the corrected single-fluid momentum equation for the
background plasma is:
dv E€NRE

p=-Vp+IxB-vS,+ —TE|B (3.29)

where S, is the mass density source and d/dt is the material derivative (Equation (2.9)).
It is important to note that after the TQ, when the parallel electric field E|| is large,
the correction term can be of the same order of magnitude as the left-hand side,
significantly altering the plasma dynamics [111].

3.3 Free boundary simulations

Accurately simulating VDESs requires a realistic description of the EM boundary
conditions. A simple ideal wall would freeze the magnetic flux, preventing any
vertical motion, while a pure vacuum boundary would fail to capture the stabilizing
eddy currents that slow down the displacement. For the disruption and RE simulations
presented in this thesis, accurately modeling this interaction is critical as the forces
exerted by eddy currents in the DTT conductive structures play a fundamental role in
determining the disruption dynamics and, consequently, the extent of the RE beam
generation. To capture these effects, JOREK relies on a well-established coupling to
the resistive wall code STARWALL [100, 101] as well as on a more recent coupling
to the EM code CARIDDI [117, 118]. As mentioned in Section 3.1, this coupling
replaces the standard fixed-boundary Dirichlet condition for the poloidal flux ¢ and
current density j with a physically rigorous free-boundary formulation. Their value
at the computational boundary is allowed to evolve self-consistently, determined by
the instantaneous distribution of currents inside the plasma and the induced eddy

currents in the surrounding conductive structures.

The following subsections summarize the core numerical principles of the
coupling scheme with the STARWALL code (Section 3.3.1) and detail the specific
modeling assumptions used to represent the conductive geometry of DTT within the
STARWALL framework (Section 3.3.2).
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3.3.1 Coupling scheme with the STARWALL code

The coupling between JOREK and the resistive wall code STARWALL [101] is
achieved using the virtual casing principle [119]. This formulation allows the EM
BCs to evolve self-consistently, replacing the standard fixed-boundary condition
with a dynamic response that accounts for the interaction between plasma currents
and conductive structures. Effectively, the simulation domain is decomposed into a
closed plasma region, solved by JOREK, and a vacuum region containing resistive
walls, solved by STARWALL. Rather than solving for a full 3D volumetric current,
STARWALL models the conductive structures as infinitesimally thin 2D triangular
meshes. This section provides only the essential context required to understand the
numerical coupling and its underlying physical approximations: for a complete and
rigorous mathematical derivation, the reader is referred to the foundational works by
Merkel et al. [100] and Hoelzl et al. [101].

According to the virtual casing principle [119], the magnetic field produced by the
plasma current distribution inside the closed JOREK domain V}, can be represented by
an equivalent surface current density, jequiv, flowing on the computational boundary
surface 0V,, (coupling surface). Using Ampere’s law (V2A = —uoJ) and assuming the
Coulomb gauge (V- A = 0), this implies that the magnetic vector potential A evaluated
at a position rey outside the plasma domain V), can be computed by replacing the
volume integral of the internal volumetric plasma current density J with a surface

integral of the equivalent boundary current jequiy:

/ 1 ; r/
A(rey) = 22 / Iy B0 [ dein() (3.30)
4n Vo |rext —I”l 4n oVp |rext_r,|

To implement this numerically, the continuous integral relationship between the
magnetic vector potential A and the equivalent surface currents must be discretized.
By representing the coupling surface 6V}, with 2D finite elements and applying FEM

(Appendix A), this relation becomes a linear algebraic system:

e _ equiv
M A =M I 3.31)
where If,quw and A® denote the degrees of freedom for the equivalent surface current

distribution and for the magnetic vector potential, respectively, mapped onto the

JOREK finite element basis. The system relies on the self-inductance matrix Mpp
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and Mpe, which projects the vector potential A® onto the coupling surface [100].

A critical nuance in this formulation is that the vector potential A® solved within

JOREK contains contributions from both the internal plasma and the external wall
equiv
p

that actively drives the wall eddy currents, the external current contribution must be

currents. To properly isolate the plasma-equivalent current I, which is the term
subtracted:

Y = M (M A°-M_ 1), (3.32)

Here, I, represents the degrees of freedom for the wall currents, and their specific

coupling is captured by the mutual inductance matrix Mpw.

The time evolution of the currents outside the domain (the wall currents) is
governed by a resistive-inductive equation, which accounts for the self-inductance

(M,,,,) and resistance (R) of the structures, as well as the voltage induced by the

time-varying plasma currents (waigquiv):
M, 1, +RIL, + M B = U, (3.33)

where U, represents the inclusion of externally applied voltages (e.g., from active
coils). Because the matrices are strictly geometry-dependent, STARWALL computes
them a single time during the initialization phase, allowing Equation (3.33) to be
efficiently solved alongside the JOREK time-step [101].

Finally, to close the JOREK-STARWALL coupling, the tangential magnetic field
B, at the computational boundary is calculated using the Biot-Savart law in the
discretized FEM space, which reads:

By, = M ¥+ M Ty (3.34)
where Mep and M, respectively map the equivalent plasma surface currents and the
external wall currents back to the tangential magnetic field on the JOREK boundary.
These matrices are specifically formulated to inherently account for the Fourier
decomposition and the subsequent mapping onto the JOREK finite element grid [120,
31]. Substituting Equation (3.32) into Equation (3.34) yields the final form:

-1 -1
B, =M _M MpeAe +(M,,, _MepMppMpw)IW‘ (3.35)

tan = ——ep=—pp

which is used to dynamically solve the full free-boundary conditions of the simulations.
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Although a more recent development extends this formalism to couple JOREK
with the EM code CARIDDI [117, 118], able to handle complex topological
features such as 3D conducting structures and non-simply connected geometries, the
simulations presented in this work rely on the well-established JOREK-STARWALL
coupling described above. The specific implementation of the DTT conductive
structures in the STARWALL framework is detailed in the following section.

3.3.2 DTT structures in STARWALL

The description of the DTT conductive structures implemented in STARWALL
follows the setup previously detailed by the author in [121]. This specific geometry
is utilized for both the Day-0 (Chapter 4) and Full Power (Chapter 5) simulations
analyzed in this thesis.

The numerical coupling described in Section 3.3.1 is applied here to the specific
geometry of the DTT facility (Section 1.2). Accurate modeling of the conductive
environment is essential for realistic disruption simulations, as the passive structures
govern the timescales of VDEs, thereby directly influencing the RE beam generation
and its final loss dynamics. A 2D poloidal cross-section of the implemented geometry
is illustrated in Figure 3.2. For reference, the separatrix corresponding to the
standard SN Day-0 equilibrium is also depicted in pink, visualizing the typical
plasma volume relative to the vessel limits. Since the simulations discussed in
this work are axisymmetric, the geometry of the conducting structures is treated
with 2D toroidal symmetry as well, neglecting 3D features such as ports and the
intrinsic toroidally varying nature of the components, which could introduce localized
asymmetries. Further justification for the 2D approximation and its implications in
the simulation is provided in Section 3.4.1. The model imported into STARWALL
distinguishes between active coils and passive conducting structures. Due to the
numerical constraints of STARWALL, which handles a single continuous surface
with thin-wall triangles, the other structures are discretized as toroidal filaments.

This results in the following configuration:

* Vacuum vessel: The two shells of the vacuum vessel are the primary passive
conductors. The inner layer is modeled as a continuous axisymmetric thin wall
(depicted in orange in Figure 3.2), while the outer shell is instead discretized
using a set of toroidal filaments (red rectangles). The vessel material is stainless
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Fig. 3.2 Poloidal cross-section (R-Z plane) of the active and passive DTT conducting structures
as implemented in the STARWALL code. The vacuum vessel is split into an inner shell
(axisymmetric thin wall, orange line) and an outer shell (toroidal filaments, red). Active
components, including the central solenoid, poloidal field coils, and in-vessel coils, are shown
in black. The JOREK computational boundary (green) is defined to closely track the physical
first wall (blue) while smoothing sharp corners to ensure numerical stability. The separatrix
for the standard single null Day-0 scenario is included in pink for reference.

steel, characterized in the simulation by a resistivity ny, = 0.75 uQm and a

uniform thickness of dy, = 15 mm.

¢ Active coils: The EM environment includes the PF coils, the central solenoid,
and the in-vessel coils, all shown in black in Figure 3.2. These are treated as

current-carrying toroidal filaments that contribute to the magnetic equilibrium.

A critical aspect of the simulation setup is the definition of the JOREK computational
boundary (shown in green in Figure 3.2). While the physical contour of the first wall
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(FW, blue line) defines the material limit for the plasma volume, the computational
boundary must remain numerically robust. Therefore, the boundary is constructed by
smoothing out sharp geometric discontinuities to facilitate the numerical computation,
while remaining as adherent as possible to the FW contour. This close proximity
is crucial for the subsequent analysis, as it ensures that when the plasma touches
the computational boundary during a VDE, it can be accurately interpreted as
contact with the physical PFCs, given that the actual FW lies immediately beyond
it. By solving Equation (3.33) using this geometric configuration, the simulations
self-consistently evolve the plasma dynamics alongside the induced currents in the
DTT structures.

3.4 Simulation setup and methodology

Having detailed the vacuum coupling via STARWALL in the preceding section, we
now turn to the specific setup of the JOREK simulations employed to study the RE
dynamics in DTT. This chapter outlines the numerical framework applied to both the
Day-0 (Chapter 4) and Full Power (Chapter 5) scenarios. While the specific initial
equilibria and scenario-dependent parameters will be detailed in their respective
chapters, the fundamental assumptions and methodology remain consistent across all

simulations and are introduced here.

First, the specific model assumptions and the values of the main physical parame-
ters used in this work are introduced in Section 3.4.1. Subsequently, Section 3.4.2
details the strategy employed to assess the sensitivity of the RE beam formation to
the initial RE seed current and the impurity content, while Section 3.4.3 describes
the artificial thermal quench (ATQ) procedure used to initiate the disruptions and
establish the post-TQ conditions.

3.4.1 General modeling assumptions

The simulations presented in this work utilize the reduced MHD model available
in JOREK (Section 3.1.2), coupled with the RE fluid model (Section 3.2). The
analysis is restricted to 2D (toroidally symmetric) simulations, thereby omitting
non-axisymmetric perturbations. This choice is driven by several factors. First,

2D simulations provide a conservative upper estimate of the RE beam current:
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since stochastic magnetic field lines in 3D simulations typically enhance RE losses
(Section 2.3.4), a 2D approach represents a “‘worst-case” scenario regarding beam
survival and current conversion. Second, the computational efficiency of the 2D
model is essential to simulate the generation of an RE beam during the CQ for the
wide range of parameters discussed in Section 3.4.2. Finally, these axisymmetric
simulations may serve as a starting point for future 3D RE termination studies: as
demonstrated in recent work [116], 2D simulations can be used to study the generation
of a macroscopic RE beam, which is subsequently employed in 3D modeling to

investigate its termination against PFCs.

Moreover, to reduce computational costs while capturing the essential macroscopic

dynamics, several simplifications are applied to the background plasma fluid model:

* Single-fluid approximation: The plasma is treated as a single fluid where
thermal equilibrium is assumed between ions and thermal electrons (7; = T¢).
Consequently, the total temperature is defined as T = 27;. This simplification
allows for the resolution of global energy dynamics without the computational

burden of the two-temperature extension available in JOREK.

* Velocity simplification: The parallel velocity of the background ions (v)) and
the diamagnetic drift velocity (vgiy) are set to zero. Neglecting these terms
significantly reduces the complexity of the model and the computational costs,
since we can simplify Equation (3.12) to v~ —RVu x €.

* Absence of neutral particles: The presence of neutral particles is neglected in
this fluid description. Consequently, atomic physics processes such as charge

exchange and wall recycling are not included in the model.

e Impurity treatment: Impurities are modeled as a distinct fluid species
convected with the main plasma and characterized by a total mass density
Pimp»> Which becomes an additional physical variable of the MHD model [122].
Consequently, the total mass density p is found by summing the plasma and
the impurity densities. Additionally, impurities are assumed to be introduced
in coronal equilibrium: although JOREK includes a marker-based module
capable of evolving the full charge state distribution self-consistently [96,
123, 124], the coronal equilibrium assumption is chosen here to maintain

computational tractability.
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Regarding BCs, fixed Dirichlet conditions are applied to all fluid variables.
However, as established earlier, the poloidal magnetic flux ¢ and the total toroidal
current density j at the boundary are determined self-consistently through the implicit
coupling with the resistive wall code STARWALL, ensuring that the magnetic response
of the conducting structures is accurately captured and enabling free-boundary
simulations.

The physical coefficients used in the simulations are selected to balance physical
accuracy with numerical stability. The electrical resistivity 1. and parallel thermal
diffusivity x| are modeled using standard Spitzer (oc T, 6_3/ 2) and Spitzer-Harm
(¢ Te5 / 2) scalings, respectively. However, to prevent numerical difficulties in regions
of high temperature (pre-TQ), these coeflicients are regularized using cut-off values.
Cross-field transport for the thermal plasma is governed by a perpendicular thermal
diffusivity y ., which follows a prescribed radial hyperbolic tangent profile dependent
on the normalized poloidal magnetic flux y,. Regarding particle transport, the
background plasma and impurities are governed by a constant isotropic particle
diffusivity D. A dominant parallel diffusivity (D rg) is imposed to mimic the rapid
transport of REs along magnetic field lines, which critically governs the RE loss
rate upon contact with the PFCs. Its order of magnitude (~ 10° m?/s) is anchored
to optimal ranges identified via sensitivity studies in the literature for the same RE
fluid model [112, 113]. Conversely, the perpendicular diffusivity (D, rg) is kept
at a minimal value, with the objective of maintaining numerical stability without
introducing artificial perpendicular diffusion [113]. Furthermore, it is important to
clarify that while the behavior and order of magnitude of all the transport coefficients
remain consistent across both scenarios, their specific physical values may differ
slightly between the Day-0 and FP simulations. This is purely a consequence of
using identical normalized input parameters, which scale differently based on the
scenario (detailed in Appendix B). The specific physical values are summarized in
the respective chapters (see Tables 4.1 and 5.1).

3.4.2 Parameter scanning strategy

A critical aspect of the methodology for both the Day-0 and FP scenarios is the
systematic scanning of two physical quantities: the initial RE seed current and the
amount of injected impurities. This approach allows for a comprehensive RE risk
assessment in DTT.
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1. Initial RE seed: The amplitude of the primary RE generation mechanisms
(such as hot-tail and Dreicer generation) during the TQ is difficult to predict
without dedicated simulations and can span several orders of magnitude [73].
Consequently, the initial RE seed current is treated as a free parameter in
the framework of this thesis. By varying the seed current across a broad
range (whose values are expressed as fractions of the pre-disruption plasma
current), we comprehensively assess the sensitivity of the subsequent avalanche

multiplication to the initial population in both DTT scenarios.

2. Impurity content: The quantity of impurities injected into the plasma is
experimentally controlled by the disruption mitigation system. This parameter
dictates the radiative cooling rate (thereby determining the CQ dynamics and
the electric field magnitude) and influences the efficiency of the avalanche
mechanism via knock-on collisions with bound electrons, as detailed in
Section 2.3.3. Neon is selected as the impurity species for the simulations, as
it is a primary candidate for the DTT DMS alongside argon [10].

Specific values for these scans will be provided in the dedicated chapters for each
scenario. The objective of exploring the parameter space defined by these two
variables is to characterize the RE avalanche dynamics across widely different
regimes, thereby establishing the safety boundaries for DTT operations with respect
to REs.

3.4.3 The artificial thermal quench (ATQ)

To investigate the formation of REs during the CQ, it is necessary to initialize the
simulations with plasma conditions representative of a post-disruption state. While the
JOREK code is capable of simulating the full, self-consistent TQ triggered by massive
material injection in 3D [125, 126, 127, 128], such simulations are computationally
demanding and are not essential for the objectives of this work, where the focus lies
specifically on the CQ phase and RE avalanche generation. Consequently, we employ
an artificial thermal quench (ATQ) methodology, which allows for the efficient
and controlled establishment of post-TQ conditions (specifically low temperatures,
flattened current profiles, and impurity injection), enabling a focused analysis of
the subsequent RE generation and beam evolution. This procedure has already
been exploited in past studies for different tokamaks [34, 113, 92, 116, 35], and



72 Numerical tools and methodology

is designed to bypass the chaotic phenomenology of the TQ while preserving the
macroscopic parameters required to study the CQ. The ATQ can be subdivided into
three sequential steps, allowing the different aspects to be addressed independently,
thereby facilitating the simulations. Importantly, throughout all these three steps,
Ohmic heating is artificially disabled to prevent premature reheating of the plasma
while the target conditions are being established:

1. Thermal collapse: In the first step, the perpendicular thermal diffusivity (y.)
is artificially increased by several orders of magnitude. This triggers a rapid
collapse of thermal energy, driving the maximum electron temperature (7¢)
down to a target value of approximately 10 eV, mimicking the cooling occurring
during a TQ. Once the target temperature is reached, y, is reset to its physical
value. In the temporal plots presented in subsequent sections, the conclusion

of this phase is visually marked by a vertical dotted brown line.

2. Current profile flattening: To approximate the effects caused by stochasticity
and magnetic reconnection during a disruption, a large hyper-resistivity in the
core is temporarily applied. This serves to smooth gradients in the current
density profile (), flattening the safety factor profile g as well. This rapid
flattening induces a transient /,, spike, a mechanism well-described in the
literature [129, 130]. Upon achieving a sufficiently flattened current profile, the
hyper-resistivity is returned to a negligible level for the rest of the simulations.

3. Impurity injection: In the final step, whose onset is indicated by a vertical
dash-dotted brown line in the later time traces, neon impurities are introduced
uniformly into the computational domain at a fixed constant rate of ~ 1.35-
10?2 particles/ms for both scenarios. This specific rate was chosen to ensure
that the injection phase is rapid compared to the self-consistent CQ phase,
while avoiding sharp transitions that could compromise numerical stability.
Although, physically, impurity injection often precedes or triggers the TQ,
in this artificial setup, impurities are introduced after the thermal collapse to
establish the necessary power balance for the CQ, as they provide the radiative
cooling required to counteract Ohmic heating during the subsequent phase.
The injection continues until the desired total impurity content (a scanning
parameter) is achieved.
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Completion of these three steps concludes the artificial setup. At this point, Ohmic
heating is reactivated, marking the onset of the self-consistent physical simulation
during the CQ. The plasma then evolves freely according to the physical parameters
and the interaction between the electric field, resistive dissipation, and RE generation.
This approach ensures that the CQ and RE avalanche dynamics are studied in a
controlled environment, initialized from a robust and reproducible post-disruption

state.



Chapter 4

Runaway electron generation in the
Day-0 scenario

The initial operational phase of DTT, referred to as the Day-0 scenario, represents a
critical step in the commissioning of the machine. Although this early operational
phase is characterized by a reduced plasma current of approximately I, = 2 MA,
significantly lower than the nominal 5.5 MA target of the Full Power scenario, RE
risks cannot be dismissed entirely. Experiments have demonstrated that disruptions
occurring at currents comparable to the DTT Day-0 level can still generate high-
energy RE beams that result in significant damage to the first wall [61] (Figure 2.3).
Consequently, a rigorous predictive assessment is required to confirm that the specific
disruption dynamics of the Day-0 phase remain within safe limits, ensuring that
the integrity of the PFCs is maintained as the facility progresses toward full power

operations.

This chapter investigates the CQ dynamics and RE generation within the Day-0
framework. We explore a wide range of post-disruption conditions, systematically
varying the quantity of injected impurities and the magnitude of the initial RE seed
population, with the primary objective of defining the operational boundaries where
macroscopic RE beams might form and quantifying the maximum potential RE
currents that could threaten the device integrity during this early phase. Section 4.1
outlines the specific modeling assumptions adopted for this scenario. It details the
starting magnetic equilibrium used for the simulations, the transport coefficients
governing the plasma and RE fluid evolution, and the definition of the parameter
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space regarding initial RE seeds and impurity injection levels. Subsequently, Section
4.2 presents the results of the non-linear MHD simulations. The analysis begins by
examining the disruption dynamics under intermediate seed conditions, proceeds to
investigate the high-amplitude seed scenario, and concludes with a summary of the
RE generation risks across the full parametric scan. The analysis and results detailed
throughout this chapter are based on the work published in [121].

4.1 Scenario specifications

4.1.1 Equilibrium

The simulations discussed in this chapter are based on a simplified single null (SN)
configuration of the Day-0 scenario (scenario A1 [131]), where the plasma current is
limited to approximately I, =2 MA and the vacuum toroidal magnetic field By is
set to 3 T. The magnetic equilibrium was derived using the CREATE-NL plasma
equilibrium solver [132], ensuring an up-to-date representation of the DTT geometry.

In establishing the initial equilibrium for the simulations, a selection was made
between two available datasets. The first option offered realistic, experimentally
relevant temperature profiles but relied on an outdated geometrical description of
the machine (including the first wall and coil positions) and presented a safety factor
q < 1 in the core, implying immediate susceptibility to internal MHD instabilities.
The second option, which was ultimately selected for this study, utilizes a simplified,
bell-shaped temperature profile (orange line of the bottom graph in Figure 4.1) but
retains the correct, modern machine geometry. The decision to prioritize geometrical
accuracy and initial MHD stability (¢ > 1) over realistic profiles is justified by the
specific methodology employed to trigger the disruption. As detailed in Section
3.4.3, the ATQ procedure initiates the event by forcing a rapid thermal collapse:
in the first computational steps, the electron temperature is driven from keV levels
down to approximately 10 eV via enhanced perpendicular diffusivity. Because this
collapse is profound and relatively quick, the specific nuances of the pre-disruption
temperature profile (whether simplified or realistic) become effectively irrelevant to
the subsequent CQ dynamics. Furthermore, the choice of an initially stable g-profile
avoids the numerical complexities associated with modeling pre-existing internal

kink modes or sawteeth. Since the second step of the ATQ involves a flattening
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Fig. 4.1 Radial profiles of electron density (7, top) and temperature (7', bottom) as a function
of the normalized poloidal flux ¥r,. The orange curves represent the equilibrium configuration
implemented in the JOREK simulations for the Day-0 scenario. The density profile used in
the simulation (orange) is a fit of the original data (blue). Regarding the temperature, the
adopted equilibrium employs a simplified bell-shaped profile (orange) rather than the more
complex profile of the older dataset (blue). This choice allows for the utilization of the most
up-to-date DTT geometry while ensuring the initial magnetic equilibrium remains MHD
stable (¢ > 1). The use of a simplified initial temperature profile is physically justified by
the specific focus of this study on the CQ phase, during which the temperature evolution is
determined self-consistently by the balance between Ohmic heating and impurity radiation,
rendering the specific details of the pre-disruption temperature profile largely irrelevant to
the final RE avalanche dynamics.

of the current density which inevitably reshapes the safety factor, starting from a
stable ¢ > 1 configuration allows for a clean initialization of the disruption physics
without the overhead of managing core instabilities. Figure 4.1 illustrates JOREK
input profiles for the electron density n. and electron temperature 7, (orange lines).
The initial plasma density is obtained through a fit of the equilibrium data for this
scenario (blue line in the top plot). For completeness, the bottom graph also depicts
the realistic temperature profile from the rejected, outdated equilibrium (blue line) to

highlight the differences with the temperature of the chosen equilibrium.
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Coeff. Dependency Value
. T. <500eV Spitzer oc T, 3/2 Ne = Te,Sp
) T. > 500eV Constant NI = e sp(@500€V)

T. <20eV Constant X" = x.su(@20€V)

X| 20 <T. <3506V Spitzer-Hirm o T/ X = X|\.sH
T, > 350eV Constant )(ﬁna" = x|,su(@350eV)

X1 Radial tanh profile X1 core =2m?/s

D Constant 1.23m?/s

D\ re Constant 1.83-10°m?/s

D, rg Constant 1.83-1072m?/s

Table 4.1 Physical parameters adopted for the Day-0 simulations. The plasma resistivity
(ne) and parallel thermal diffusivity (y) follow standard scalings but are regularized by
constant cut-off values. The perpendicular thermal diffusivity (y, ) utilizes a radial hyperbolic
tangent profile dependent on the normalized poloidal flux y,, maintaining a core value
and transitioning sharply to zero at ¢, = 0.92 over a transition width of 0.01. The particle
diffusivity (D) is isotropic for the thermal species, including impurities. In contrast, the RE
fluid employs a highly anisotropic diffusion tensor. The value of the parallel component
(D) re) Was selected based on sensitivity studies of the RE fluid model in the literature, to
optimally mimic fast parallel transport and minimize artificial perpendicular diffusion [112,
113]. The perpendicular component (D rg) is maintained at a minimal level, in order to
ensure numerical stability [113].

4.1.2 Physical parameters

The physical parameters governing MHD equations follow the general framework
detailed in Section 3.4.1. The specific numerical coefficients adopted for the
Day-0 scenario are summarized in Table 4.1. Regarding the temperature-dependent
coefficients, the regularization cut-offs are set to 500 eV for electrical resistivity (ngﬂn),
and 350 eV and 20 eV for parallel thermal diffusivity ( X|I|nax and Xﬁmn, respectively).
While ™" and X|‘|na" are employed for numerical stability, /\(ﬂm“ is applied to avoid
underestimating boundary heat fluxes [34, 35]. For particle transport, a constant
isotropic diffusivity of D = 1.23m?/s is applied to the thermal species. The runaway
electron fluid utilizes the optimized anisotropic diffusion tensor described in the

methodology, with a dominant parallel component (D) rg) to reproduce fast parallel
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dynamics and a minimal perpendicular component (D, rg) to ensure numerical
stability. The specific order of magnitude for D grg was selected based on sensitivity
studies in the literature for this specific RE fluid model, which demonstrate that it
optimally mimics fast parallel advection without inducing spurious perpendicular
diffusion [112, 113]. However, given the importance of this parameter in determining
the RE loss rate once the plasma boundary touches the PFCs, sensitivity studies

specifically devoted to the DTT environment could be explored in future work.

4.1.3 RE seed and impurity scan

Consistent with the scanning strategy defined in Section 3.4.2, we systematically
vary the initial RE seed current and the impurity inventory to map the RE safety
boundaries of the Day-0 scenario.

Regarding the initial RE population, three distinct seed currents were selected
to bracket the possible primary generation regimes. These cases are defined within
a relative framework for this parametric study and their values correspond to fixed
fractions of the pre-disruption plasma current (I, = 2 MA):

« Baseline seed scenario — 2 A (107° I,): Representing a minimal reference

seed where primary generation is low.

+ Intermediate seed scenario — 200 A (10~* I,): A transitional case serving to

model moderate primary generation levels.

« High-amplitude seed scenario — 20 kA (1072 I,): An upper-bound worst-case
scenario. This value implies an enhanced primary generation mechanism
where a significant fraction (1%) of the total current is carried by relativistic

electrons immediately following the TQ.

It is worth emphasizing that the selected upper bound of 20 kA already constitutes a
massive suprathermal population. Any further increase in this parameter (e.g., to an
order of magnitude higher) would represent a scenario where the device safety is
threatened by the initial RE seed itself rather than by its subsequent amplification.
Such conditions would shift the focus of the analysis from the avalanche dynamics
during the CQ to the primary RE generation physics during the TQ, which falls
outside the scope of this work.
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Simultaneously, the content of the injected pure neon impurity, which is experi-
mentally controllable via the DMS, is varied across the simulations. We define Njp,
as the total number of injected neon particles and, for the Day-0 scenario, it ranges
from approximately 1-10'° to 3-10?! particles within the computational volume
(= 52 m?). This upper limit corresponds to an impurity content roughly equivalent to
that of the background ions, marking a clear transition into a massive gas injection
regime. This range provides a sufficiently broad parameter space to characterize the
RE generation dynamics for this scenario of DTT. Exploring even more extreme

impurity contents remains an open avenue for future studies.

4.2 Results

This section details the simulation results obtained for the DTT Day-0 scenario,
analyzing the interplay between impurity content, initial RE seed currents, and
the resulting CQ dynamics and RE generation. The investigation spans a range of
conditions, from a benchmark case with no impurities or REs to scenarios with
significant impurity injection and varying initial RE populations. A dedicated
subsection for the baseline seed (2 A) is omitted because RE generation in this case
remains negligible across all impurity levels, resulting in discharge dynamics that
are virtually identical to the 200 A case. Consequently, the results for the 2 A seed

are presented directly in the comparative summary (Section 4.2.3).

4.2.1 Intermediate RE seed (200 A)

We first examine the disruption evolution for an intermediate initial RE seed current
of 200 A. Figure 4.2 displays the time traces for the plasma current (/;) and RE
current (/rg), maximum electron temperature (7 max), and the particle inventories

for ions and impurities.

The early phase of the simulation (¢ < 1 ms) corresponds to the ATQ procedure,
with its distinct phases marked by vertical brown lines in the time-evolution plots.
The first phase concludes at the dotted line, marking the end of an initial drop in
electron temperature to approximately 10 eV. Figure 4.3 illustrates this thermal
collapse by comparing the poloidal cross sections of 7; at the simulation’s onset and
at the end of this initial phase. The second phase of the ATQ is characterized by the
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Fig. 4.2 Temporal evolution of key plasma parameters for the Day-0 scenario with an initial
runaway electron (RE) seed of 200 A. From top to bottom: total plasma current (I;,, solid)
and RE current (/rg, dashed); maximum electron temperature (7, max); and total particle
content for ions (Njen, solid) and impurities (Nimp, dashed). Lighter shades of the same color
indicate reference simulations performed without REs; these curves are largely obscured
due to the negligible impact of the RE population at this RE seed level. The phases of
the artificial thermal quench (ATQ) are delineated by vertical brown lines: the dotted line
marks the end of the initial thermal collapse, while the dash-dotted line indicates the start
of impurity injection. The sharp transient drop and subsequent recovery of 7¢ max around
t ~ 1 ms for the highest impurity scenario (red curve) is due to this artificial setup, as Ohmic
heating remains disabled until the impurity injection phase concludes.
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Fig. 4.3 Poloidal cross sections of the electron temperature (7;) distribution at the beginning
of the simulation (# = 0 ms, left) and at the end of the first step of the artificial thermal quench
(t = 0.326 ms, right), a timestamp consistently marked by the brown dotted vertical lines
in the time-evolution figures throughout this chapter. Despite the visual similarity of the
relative profiles, note the difference in the color bar scales, highlighting a collapse in peak
temperature from 4.28 keV down to approximately 10 eV.
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Fig. 4.4 Poloidal cross sections and corresponding 1D linear cuts of the current density (j)
distribution. The left panels show the state at the end of the first artificial thermal quench
step (¢ = 0.326 ms, marked by the brown dotted vertical lines in the time-evolution figures
throughout this chapter), while the right panels show the state at the end of the second step
(t = 0.871 ms, marked by the corresponding dash-dotted lines), immediately before impurity
injection. The linear cuts clearly illustrate the flattening of the current profile inside the core
during this phase.
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flattening of the current profile and its associated /,, spike. Figure 4.4 highlights this
current flattening inside the core through poloidal cross sections and linear cuts of
the current density () at the start (dotted line) and at the end (dash-dotted line) of
the second phase. The dash-dotted line also marks the onset of the third ATQ phase:
impurity injection. During this period, the maximum electron temperature (7 max)
undergoes a further transient drop, which is most pronounced in the highest impurity
case (red line) due to the extended duration of the injection phase. This drop is a
direct consequence of the ATQ setup introduced in Section 3.4.3: as Ohmic heating
remains artificially disabled while large quantities of impurities are introduced, the
plasma experiences unopposed radiative cooling. Once the target impurity content is
reached, the ATQ phase concludes and Ohmic heating is reactivated. Consequently,
T: max quickly recovers to a physically self-consistent level dictated by the new
balance between Ohmic heating and radiative losses. From this point onward, as the
self-consistent CQ begins, the plasma current trajectories diverge depending on the
injected quantity Njyp. For the lowest impurity case (green line), the plasma current
decay is protracted, closely mirroring the impurity-free benchmark. This is a direct
consequence of the insufficient radiative cooling, which fails to keep the electron
temperature at levels that would maintain a high plasma resistivity. Conversely,
higher impurity concentrations (e.g., red lines) drive strong radiative losses, clamping

T, to low values and enhancing resistivity, thereby accelerating the CQ.

Crucially, for this 200 A seed, the presence of REs has a negligible effect on
the global CQ dynamics. The curves for simulations with REs (standard colors)
and without REs (lighter shades) are virtually indistinguishable. Even at the highest
impurity level (Nimp ~ 3 - 10%!), where the CQ is the fastest and the electric field
is strongest, the maximum /Rrg remains strictly below 0.1 MA, indicating that the
avalanche gain is insufficient to produce a macroscopic beam from this intermediate

seed level.

4.2.2 High-amplitude RE seed (20 kA)

To probe the upper limits of RE avalanche risk in this scenario, simulations were
performed with a significantly larger initial seed of 20 kA. The resulting current

evolution is presented in Figure 4.5.
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Fig. 4.5 Time traces of plasma current (I, solid) and runaway electron (RE) current (/grg,
dashed) for the high-amplitude initial seed case (20 kA). Varying impurity levels are shown
by different colors. Lighter shaded lines represent reference cases without REs and the phases
of the artificial thermal quench (ATQ) are delineated by vertical brown lines: the dotted line
marks the end of the initial thermal collapse, while the dash-dotted line indicates the start
of impurity injection. The end of the ATQ and the start of the self-consistent CQ phase is
discernible by the distinct change in the I, slope immediately following the dash-dotted line.
Unlike the lower seed cases, a divergence between RE-inclusive and RE-free simulations is
observed at the highest impurity level (red lines), where the growth of an RE beam notably
alters the current decay dynamics.

A comparison with the previous case reveals a distinct change in behavior for the
highest impurity scenario (dark red curves). While lower impurity levels (green and
blue) still result in RE currents that do not affect the macroscopic /, evolution, the
combination of the highest seed (20 kA) and highest impurity content (3 - 10%!) leads
to a notable RE beam. In this specific case, Irg peaks at approximately 0.8 MA. This
significant RE population carries enough current to visibly slow the CQ compared
to the RE-free reference case (lighter red line). Despite the strong RE growth, the
beam does not carry the full plasma current. This is attributed to the presence of
substantial halo currents in the SOL: the high impurity injection leads to comparable
temperatures in the core and SOL, allowing large currents to be induced in the

open field line region during the vertical displacement. These thermal halo currents
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Fig. 4.6 Poloidal cross-section showing the runaway electron (RE) density distribution at the
time of peak RE current (¢ ~ 5.7 ms) for the 20 kA RE seed and maximum impurity case.
The white contour marks the separatrix, demonstrating that the REs are contained within the
confined volume, which is being reduced by the vertical motion of the plasma.

cannot be converted into runaways because they flow in the open field line region.
Consequently, they prevent Irg from fully replacing the total plasma current /.

Simultaneously, the plasma experiences a vertical displacement that eventually
forces it into contact with the PFCs. Figure 4.6 presents a snapshot of the poloidal RE
density (nrg) at the moment of peak RE current, demonstrating that the REs remain
concentrated within the shrinking confined plasma volume bounded by the separatrix
(indicated by the white line). A detailed analysis of these vertical movement dynamics

and their full implications for RE generation will be discussed in the next section.

4.2.3 Summary of parameter scan

A consolidated view of the RE current evolution across all simulated scenarios is

provided in Figure 4.7. To facilitate a direct comparison, the RE currents obtained for
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the baseline seed (2 A, dotted lines) have been scaled by a factor of 100. Furthermore,
the bottom panel introduces the time traces of the vertical position of the magnetic
axis (Zyxis), llustrating the interplay between RE generation and the vertical motion

of the plasma.

The results reveal distinct regimes of RE generation and varied VDE dynamics
depending on the injected impurity content and starting RE seed. As the impurity
content increases (and consequently the CQ and electron current drop faster; see
Figure 4.2), the loss of vertical stability of the plasma shifts from a downward VDE
to an upward VDE.

For the two lowest impurity levels (Nimp = 110" and 1-10%°

, represented by the
green and dark blue lines), the plasma undergoes a downward vertical displacement,
ultimately striking the PFCs at approximately 4.8 ms and 5.7 ms, respectively. In
the lowest impurity case (1 -10'°), the avalanche mechanism is entirely absent. For
the 1-10?° case, a minor RE multiplication is initiated, but this marginal growth is

immediately halted upon contact with the PFCs.

The intermediate impurity scenario (Nimp ~ 1 - 10?1, represented by the light blue
lines) marks a critical transition point. Here, the vertical position remains relatively
stable for approximately 5 ms before rapidly accelerating downward, leading to a
complete collapse in less than 2 ms. Notably, the RE avalanche in this scenario is not
terminated by direct physical contact with the PFCs. Instead, its growth is suppressed
by the severe shrinkage of the confined plasma volume resulting from the rapid loss
of vertical stability as the plasma moves towards the X-point. This dynamic is clearly

illustrated in Figure 4.8.

For the baseline and intermediate seed scenarios (2 A and 200 A), the system
exhibits a linear response: the scaled 2 A curves (dotted) virtually superimpose
on the 200 A traces (dashed lines), indicating that the resulting RE current scales
proportionally to the initial seed magnitude. At high impurity levels (red and light
blue curves), the traces exhibit a constant positive slope on the semi-logarithmic scale,
confirming that the exponential avalanche mechanism is active during the initial
phase of the CQ. However, starting from such low initial seeds, this amplification is
insufficient to produce a macroscopic RE beam. For instance, in the highest impurity
case (Nimp ~ 3~ 102!, red lines), the RE avalanche originating from the 200 A seed is
terminated by the upward VDE, which drives the plasma into the PFCs and scrapes
off the growing RE beam (indicated by the red *x’ marker on the dashed lines). The
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Fig. 4.7 Time evolution of the runaway electron current (top) and the vertical position of the
magnetic axis (bottom) for the three initial seed regimes: baseline (2 A, dotted), intermediate
(200 A, dashed), and high-amplitude (20 kA, solid). To improve readability and highlight
scaling trends, the Irg values for the 2 A seed (dotted lines) have been multiplied by a factor
of 100. Color coding indicates the impurity injection levels, while the phases of the artificial
thermal quench are delineated by vertical brown lines: the dotted line marks the end of the
initial thermal collapse and the dash-dotted line indicates the start of impurity injection.
The °x’ markers denote the timestamps when the plasma first contacts the plasma-facing
components. The constant slopes clearly observed for high impurity levels (red and light
blue) reflect exponential avalanche growth. The superposition of the scaled 2 A and 200 A
traces points to a linear dependence on the initial seed magnitude, whereas the 20 kA case
reveals non-linear effects. Note that the simulation for the 2 A seed at the highest impurity
level (which would appear as a red dotted line) was omitted, as its negligible macroscopic
impact is already bounded by the corresponding 200 A case.
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Fig. 4.8 Evolution of the runaway electron density profile (ngg, expressed in 10'9m=3) for
the high-amplitude seed scenario (/geeq = 20 kA) with an intermediate impurity content of
Nimp = 1- 10?! (corresponding to the light blue solid traces in Figure 4.7). The white contour
denotes the separatrix, distinguishing the confined plasma from the open field line region.
The sequence illustrates the volumetric collapse mechanism: as the vertical instability drives
the plasma rapidly downward towards the X-point, the confined volume is progressively
reduced. Consequently, although the local RE density in the core continues to rise due to
the avalanche mechanism, the total RE current (/rg, indicated at the top right of each panel)
eventually decays after reaching its peak at ¢ ~ 6.3 ms, as the reduction in confined volume
outpaces the avalanche growth prior to direct contact with the PFCs.
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Fig. 4.9 Current decomposition for the high-amplitude seed scenario (/seeq = 20 kA) with an
impurity inventory of Njy, ~ 3- 10?! (corresponding to the solid red traces in Figure 4.7). The
plot displays the total plasma current (/,, solid line), the runaway electron (RE) current (/Rrg,
dashed line), and the total current flowing within the closed flux surfaces (/core, gold dotted
line). The phases of the artificial thermal quench are delineated by thin vertical brown lines:
the dotted line marks the end of the initial thermal collapse, the dash-dotted line indicates
the onset of impurity injection, and the dashed line signals the completion of the ATQ
procedure and the start of the self-consistent current quench. Notably, during the artificial
current flattening phase (between the dotted and dash-dotted vertical lines), a transient 7,
spike occurs alongside the development of a negative edge skin current. An additional red
dashed vertical line marks the timestamp of first contact with the plasma-facing components
(PFCs). The exponential growth of the RE avalanche deviates from linearity and approaches
saturation as Irg nears the available confined current limit (/¢qr ), an effect manifesting prior
to PFC contact. The subsequent convergence of the /.. and Irg curves demonstrates that
the current within the confined plasma volume is eventually carried almost entirely by the RE
beam, implying that the remaining current (I, — Irg) consists predominantly of halo currents
flowing in the scrape-off layer.
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dynamics of this upward VDE and the subsequent wall-scraping mechanism are
highly analogous to those encountered in the Full Power scenarios. Consequently,
a detailed 2D visualization of this specific interaction is deferred to the following
chapter (Figure 5.8). Simulations for the baseline seed were not extended to the
highest impurity level (red curves), as its macroscopic impact is already bounded by
the intermediate case, which reaches less than 0.1 MA for the Njyp ~ 3 - 102! case
and does not visibly alter the CQ dynamics (see Figure 4.2). A 2 A seed under the
same conditions would yield a peak RE current below 1 kA, which is practically

negligible for the macroscopic evolution of the discharge.

A notable shift in the CQ dynamics becomes evident when analyzing the high-
amplitude initial seed scenario (20 kA, represented by the solid red line) at the highest
impurity level. Unlike the intermediate seed case, where the avalanche is terminated
by direct physical contact with the wall, the high-amplitude seed scenario deviates
from exponential growth prior to plasma contact with the PFCs (indicated by the
red "x’ marker on the solid lines). This early limitation occurs because a significant
fraction of the available thermal electron population within the core has already been
converted into runaways. Consequently, the avalanche cannot sustain its exponential
growth rate as the pool of thermal electrons inside the confined region is rapidly
depleted, while electrons residing on open field lines cannot be converted due to
prompt transport losses. As clearly illustrated in Figure 4.9, the majority of the
total confined core current (/.or) is already carried by the RE population prior to
wall impact (marked by the vertical dashed red line). This dynamic is also entirely
consistent with the electric field suppression mechanism introduced in Section 2.3.3,
where the rapid replacement of Ohmic current by the RE beam clamps the driving
inductive field [89].

In conclusion, the Day-0 analysis suggests a relatively low risk of sustained RE
beam formation during initial DTT operations within the scope of the simulated
scenarios. While a plasma current of 1, ~ 2 MA is traditionally sufficient to generate
damaging RE beams in contemporary tokamaks [61], our simulations indicate
that the specific VDE dynamics and rapid volume shrinkage characteristic of this
configuration play a crucial role in halting RE beam growth when the initial seed is
within the baseline or intermediate regimes (< 200 A). Indeed, a macroscopic RE
beam (=~ 0.8 MA) is observed only in the most pessimistic region of the parametric
space analyzed here, which combines the high-amplitude seed scenario with massive

impurity injection. Under all other investigated conditions, RE generation remains
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minimal because the inherent dynamics of the Day-0 scenario naturally suppress
beam growth through a combination of early PFC contact during VDEs, rapid
volume shrinkage, or core current depletion limits (the latter being intrinsically more
restrictive due to the smaller initial current compared to FP scenarios). Although
these conclusions are bounded by the assumptions of the current numerical model,
they suggest that by avoiding excessive impurity injection, the Day-0 operational
phase can be operated safely with a significantly mitigated risk of RE-induced

damage.



Chapter 5

Runaway electron generation in the
Full Power scenario

Following the assessment of the initial Day-0 phase, this chapter extends the
investigation to the DTT SN Full Power (FP) configuration (Scenario E1 [131]). This
operational regime represents the target performance of the machine, characterized
by a nominal plasma current of I, = 5.5 MA, a toroidal magnetic field of By =5.85 T,
and an auxiliary heating power of approximately 45 MW.

As explained in Section 2.3.3, transitioning from 2 MA to 5.5 MA introduces a
fundamental shift in the RE avalanche during the CQ, as the theoretical avalanche gain
G,y scales exponentially with the plasma current. Consequently, the safety margins
observed in the Day-0 scenario cannot be assumed to hold for FP operations. At these
higher currents, the potential for converting even a small RE seed into a macroscopic
RE beam increases dramatically, posing a significantly greater threat to the PFCs
of DTT. This chapter aims to quantify these risks by performing a comprehensive
parametric scan of impurity levels and initial RE seed currents, specifically tailored

to the conditions of the FP scenario.

The chapter is organized as follows: Section 5.1 outlines the modeling setup
for the FP scenario, detailing the modifications made to the magnetic equilibrium
to ensure stability and defining the range of the scanning parameters. Section
5.2 presents the results of the JOREK simulations. The analysis is structured by
seed magnitude, progressing from baseline seeds to test the avalanche threshold, to
intermediate and high-amplitude scenarios. Subsequently, Section 5.3 provides a
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comprehensive discussion and general assessment of the RE risks in DTT, featuring
a direct comparison between the Day-0 and FP regimes that highlights the critical
role of the plasma current in determining the final avalanche gain. The core analysis
and results detailed in this chapter form the basis of the work collected in [133].

5.1 Scenario specifications

5.1.1 Equilibrium

Unlike the simplified Day-0 case, standard integrated modeling for this high-
performance scenario typically predicts a safety factor g < 1 across a significant
portion of the plasma core, creating susceptibility to large sawtooth crashes [10].
Although work on sawtooth control optimization is ongoing, here we employ a
modified magnetic equilibrium based on the CREATE-NL solution [132] to isolate
the CQ dynamics from these pre-existing instabilities. Figure 5.1 compares the
original and modified profiles for electron density (n.), electron temperature (7;), F' F’
(F being the toroidal flux function), and the safety factor (g) (from top to bottom).
The original CREATE-NL data are shown in blue, while their fitted approximations
are depicted in orange. To ensure initial MHD stability, the 7, and F F’ profiles were
adjusted so that g could be maintained above unity in the core. These modified
curves (green lines), together with the fitted n. profile (which has not been modified),
are adopted as input for recalculating the equilibrium inside JOREK (Section 3.1.3).

The modifications of the equilibrium profiles are methodologically consistent
with the strategy employed for the Day-0 scenario. As detailed in Section 3.4.3,
the first step of the ATQ induces a massive thermal collapse that reduces the core
temperature by several orders of magnitude, effectively erasing the specific features
of the pre-disruption temperature profile. Furthermore, the subsequent current
flattening step reshapes the core g-profile regardless of its initial state. Consequently,
utilizing this modified MHD-stable equilibrium allows for a robust initialization
of the simulations without compromising the validity of the results during the CQ
phase.
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Fig. 5.1 Comparison of the equilibrium profiles for the Full Power scenario as a function of the
normalized poloidal flux ¢,,. From top to bottom: electron density 7., electron temperature
T., FF’, and safety factor q. The blue curves represent the original CREATE-NL data, while
the orange curves show the fitted approximations. While the electron density profile was left
unmodified from the fit, the profiles for 7., F F” and g were modified to eliminate pre-existing
core instabilities. These modified, MHD-stable profiles (¢ > 1), shown in green, are adopted
as the input for the Full Power simulations.
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5.1.2 Physical parameters

The numerical parameters governing the plasma and RE transport follow the frame-
work detailed in Chapter 3. Consistent with the Day-0 phase, the temperature-
dependent coeflicients (7, x|) are regularized by the same cut-off values, and a
constant particle diffusivity D = 2m?/s is applied to the thermal species. The RE
fluid retains the anisotropic diffusion tensor (D rg > D rg) introduced previously.
Notably, while the exact same normalized input parameter is used for the dominant
parallel component (D rg) as in the Day-0 simulations, the higher initial central
density of the FP scenario results in an adjusted physical value of 1-10°m?/s,
compared to 1.83 - 10° m?/s for the Day-0 scenario (see Appendix B for the details
regarding JOREK normalization). As discussed in previous chapters, this order of
magnitude aligns with optimal ranges established in the literature to properly model
fast parallel dynamics without inducing spurious perpendicular diffusion [112, 113].
As with the Day-0 case, conducting dedicated sensitivity studies on D) rg to further
characterize RE loss rates within the FP scenario could be explored in future work.
The main coefficients used for the FP simulations are summarized in Table 5.1.

5.1.3 RE seed and impurity scan

The results presented in this chapter build upon a broad scan of the initial RE seed
current and the quantity of injected impurities, in line with the strategy described in
Section 3.4.2.

Regarding the RE seed, we account for the large uncertainties in primary
generation mechanisms by treating /geeq as an independent variable spanning several
orders of magnitude, as done for the Day-0 scenario. To maintain a consistent relative
framework, the cases are defined as follows with respect to specific fractions of the

initial plasma current (/, = 5.5 MA):

¢ Baseline seed scenario — 5.5 A (10‘6Ip): This represents a minimal reference
seed, testing the system’s susceptibility to avalanche from negligible initial

populations.

* Intermediate seed scenario — 550 A (10‘4Ip): A transitional case representing
moderate RE generation during the TQ.
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Coeff. Dependency Value
. T. <500eV Spitzer oc T, 3/2 Ne = Te,Sp
) T. > 500eV Constant NI = e sp(@500€V)

T. <20eV Constant X" = x.su(@20€V)

X| 20 <T. <3506V Spitzer-Hirm o T/ X = X|\.sH
T, > 350eV Constant )(ﬁna" = x|,su(@350eV)

X1 Radial tanh profile X1 core =2m?/s

D Constant 2m?/s

D\ re Constant 1-10°m?/s

D, rg Constant 1-1072m?/s

Table 5.1 Summary of the physical coefficients employed for the Full Power scenario. The
resistivity (7¢) and parallel thermal diffusivity (y)) are based on standard Spitzer and
Spitzer-Hirm scalings, respectively, saturated at specific temperature thresholds. A radial
hyperbolic tangent profile is used for the perpendicular thermal diffusivity (y.), which
drops to zero around ¢, = 0.92 over a width of 0.01. The thermal particle diffusivity (D) is
constant and isotropic. For the runaway electron fluid, a highly anisotropic diffusion tensor is
employed. The large value for parallel diffusivity (D rg) was selected based on extensive
benchmarks of the RE fluid model, as it provides the optimal balance between capturing
fast parallel transport and minimizing numerical errors in the perpendicular direction [112,
113]. The specific physical value corresponds to the exact same normalized input used for the
Day-0 scenario, adjusted here by the higher density normalization factor. The perpendicular
component (D rg) is kept at the minimum value required for numerical stability [113].

* High-amplitude seed scenario — 55 kA (10‘21p): The upper-bound scenario
for this parametric scan. Similar to the Day-0 case, increasing the seed
significantly beyond this value would shift the problem domain from avalanche
dynamics to primary generation physics.

* Comparison case — 20 kA: This specific value is explicitly included to facilitate
a direct comparison with the high-amplitude seed used for Day-0 simulations
(Chapter 4), isolating the effect of the higher pre-disruption plasma current.

Simultaneously, the impurity content (Njyp) is varied from 1 - 102 to 6- 10%!
particles. While the DMS for DTT is currently in the design phase and formalized

reference parameters are still under development, this chosen range serves as a
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relevant baseline for ongoing predictive studies. Specifically, the upper bound
provides a scenario consistent with preliminary design estimates: the injection of
a 12 mm mixed pellet with a 20% neon and 80% deuterium fraction (containing
roughly 10%? neon particles) assuming a pre-TQ assimilation efficiency of less than
10%.

5.2 Results

This section details the simulation results for the DTT FP scenario (I, = 5.5 MA).
Following the ATQ procedure, the plasma enters the self-consistent CQ phase where
the evolution of the electron temperature is determined by the balance between Ohmic
heating (which is driven exclusively by the thermal current) and impurity radiation.
We present the results organized by the magnitude of the initial RE seed, culminating

in a direct comparison with the Day-0 scenario.

5.2.1 Baseline RE seed (5.5 A)

The lowest RE seed current considered for FP, Ieeq = 5.5 A (a fraction of 1076 of the
initial plasma current), represents a scenario where primary generation mechanisms
are relatively weak. Figure 5.2 illustrates the time evolution of the plasma and RE

currents for varying impurity levels.

The simulations illustrate the substantially higher susceptibility of the FP scenario
to avalanche amplification compared to the Day-0 case, consistent with the theoretical
avalanche expectations discussed in Section 2.3.3. At low impurity levels (Njmp ~
1-10%, represented by the black curves), radiative cooling is insufficient; consequently,
T remains elevated, maintaining the electric field below the threshold required for
significant multiplication, albeit at the cost of a partially mitigated disruption.
Conversely, for all the other impurity inventories considered (Njmp 2 1+ 10?1, the
enhanced radiation clamps the post-TQ temperature to approximately 5—15 eV.
The resulting surge in resistivity drives a stronger electric field, amplifying the
baseline 5.5 A seed by over five orders of magnitude (G, ~ 1.3 -10°) and ultimately
culminating in a macroscopic RE beam of roughly 0.7 MA. Notably, this growth
exhibits distinct temporal characteristics: due to the microscopic initial seed, the

RE current remains negligible during the first ~ 2 ms of the CQ even at the highest
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Fig. 5.2 Temporal evolution of the total plasma current (/, solid lines) and runaway electron
current (Irg, dashed lines) for the baseline initial seed case of 5.5 A. The colors distinguish
the specific neon impurity inventory (Ninyp), spanning a range from 1 - 10%° to 6- 10%! particles.
The phases of the artificial thermal quench (ATQ) are delineated by vertical brown lines: the
dotted line marks the end of the initial thermal collapse, while the dash-dotted line indicates
the start of impurity injection. The termination of the final ATQ phase (impurity injection) is
discernible by the distinct change in the I, slope immediately following the dash-dotted line;
this transition marks the onset of the self-consistent current quench, which is progressively
delayed at higher impurity levels because the fixed injection rate requires a longer duration to
reach the target inventory. The *x’ markers denote the timestamps of first plasma contact with
the plasma-facing components. A key finding is the formation of macroscopic RE beams
(= 0.7 MA) in the high-impurity regimes (Niyp 2 3 10?!, green, orange, and red traces).
This massive amplification, occurring despite both PFC contact and the minimal baseline
initial seed, serves as a clear demonstration of the high avalanche gain characteristic of the
Full Power scenario.
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Fig. 5.3 Simultaneous evolution of the total plasma current (/,,, top panel) and the vertical
position of the magnetic axis (Z,yis, bottom panel). The simulations initialized with the
baseline initial seed (/geeq = 5.5 A) are represented by thick solid lines, whereas the thin
dashed lines denote reference cases in which the avalanche source term was numerically
suppressed. As in the preceding figure, color-coding indicates the impurity inventory, and
vertical brown lines delineate the artificial thermal quench transitions. The ’x” and diamond
markers denote the timestamps of first plasma contact with the plasma-facing components
(PFCs) for the simulations with and without runaway electrons (REs), respectively. The
bottom panel highlights that higher impurity injections drive more rapid vertical displacement
events (yielding steeper slopes), thereby advancing the onset of PFC contact. Notably, a
delayed dynamical impact of the RE population is observed: due to the relatively small initial
seed, the avalanche requires several milliseconds to amplify the current to macroscopic levels
sufficient to alter the current quench dynamics. Consequently, the inductive braking effect
on the vertical motion, discernible as the divergence between the solid and dashed curves,
manifests exclusively during the late stages of the disruption.
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impurity concentrations, evolving into a macroscopically significant component of

the total current only during the final stages of the disruption.

The impact of the RE beam on the macroscopic vertical stability of the plasma is
shown in Figure 5.3. Because the RE population takes several milliseconds to grow
large enough to influence the discharge dynamics, the vertical trajectory of the plasma
(solid lines) only deviates from the RE-free reference cases (dashed lines) during
the final phase of the disruption, thereby manifesting a braking effect on the vertical
motion. Crucially, the plasma makes first contact with the PFCs while the avalanche
process is still highly active. Consequently, the ongoing RE generation is constrained
by the physical scraping-off of the plasma against the wall, which progressively
shrinks the confined volume in a manner highly analogous to the dynamics observed
in the Day-0 scenario. This competition establishes a temporary equilibrium between
avalanche generation and physical losses to the wall, manifesting as a characteristic
plateau in the RE current traces, before the RE current ultimately enters its final
decay phase, driven by the continuous upward displacement of the plasma and the

progressive reduction of its confined volume.

5.2.2 Intermediate RE seed (550 A)

Increasing the initial seed scenario to 550 A (= 10_4Ip) yields qualitatively similar
trends but results in notably higher beam currents and accelerated timescales. As
displayed in Figure 5.4, this larger initial population effectively lowers the impurity
threshold required for beam formation: significant avalanche multiplication is
now observed at intermediate impurity levels that previously yielded negligible
macroscopic RE generation in the baseline 5.5 A case. This advanced growth enables
the RE beam to achieve macroscopic magnitudes much earlier in the CQ. For the
high impurity case of Nimp ~ 4-10?!, the RE current peaks at approximately 1.8 MA,

constituting nearly 60% of the instantaneous plasma current.

To clarify the internal distribution of the plasma current, Figure 5.5 provides a
detailed current decomposition for this specific simulation. The analysis reveals that
the current within the closed flux surfaces (/.ore) is heavily dominated by the RE
population; indeed, the narrow gap between the /.o and Irg curves confirms that the
thermal current pool in the core has been almost entirely converted into runaways.

Conversely, the difference between the total plasma current and the core current
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Fig. 5.4 Temporal evolution of the total plasma current (/,, solid lines) and runaway electron
(RE) current (Irg, dashed lines) for the intermediate initial seed scenario (/geeq = 550 A).
Color-coding and the vertical brown markers delineating the artificial thermal quench phases
follow the convention established in previous figures, while the *x’ markers denote the
timestamps of first plasma contact with the plasma-facing components. A comparison with
the baseline seed scenario highlights a substantial reduction in the impurity threshold required
for beam formation, with macroscopic RE currents emerging at significantly lower impurity
inventories. Furthermore, for intermediate impurity levels, the magnitude of the resulting
RE beam is notably higher, culminating in a peak RE current of approximately 1.8 MA,
constituting nearly 60% of the instantaneous plasma current.

(Ip — Icore) Tepresents resistive halo currents flowing along the open field lines of the
cold scrape-off layer (SOL). As indicated by the separation between the solid (/) and
dotted (/core) traces, these halo currents play a major role, carrying roughly 1 MA
during the late CQ phase.

Finally, it is key to clarify the mechanisms governing the temporary plateau
and subsequent decay of the RE current. Much like in the baseline seed scenario,

the initial contact with the PFCs occurs when the RE current is still relatively
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Fig. 5.5 Detailed decomposition of the total plasma current components for the intermediate
seed case (Iseeq = 550 A) with an impurity inventory of Njy, ~ 4 - 10?! (corresponding to
the orange traces in Figure 5.4). The plot displays the total plasma current (1, solid line),
the runaway electron current (/rg, dashed line), and the total current flowing within the
closed flux surfaces (/core, gold dotted line). The vertical brown lines follow the artificial
thermal quench conventions established in preceding figures, with an additional brown dashed
vertical line at  ~ 1.6 ms indicating the completion of the ATQ procedure and the onset
of the self-consistent current quench. An orange dashed vertical line at r ~ 4 ms marks
the timestamp of first contact with the plasma-facing components (PFCs). Notably, during
the artificial current flattening phase (between the dotted and dash-dotted vertical lines),
a transient I, spike occurs alongside the development of a negative edge skin current. A
key observation is the convergence of the /... and Irg curves after ¢t ~ 6 ms; this overlap
demonstrates that the current within the confined plasma volume is carried almost entirely by
the RE beam despite continuous wall-scraping against the PFCs, implying that the remaining
current (/p — Irg) consists predominantly of halo currents flowing in the scrape-off layer.
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low. Crucially, this wall interaction does not immediately terminate the avalanche
mechanism: within the remaining closed flux surfaces, the avalanche continues to
drive robust growth until the RE current virtually consumes the entire core current
pool (Irg = Icore). This explains the trend observed at the highest impurity inventories
(e.g., between 4 - 10%! and 6- 10?! particles), where a stronger RE avalanche results in
a lower absolute peak RE current. While the avalanche successfully converts virtually
all of the available core electrons to runaways in both cases, the higher impurity
inventory accelerates the decay rate of the underlying core current. Consequently,
the avalanche operates on a much more rapidly depleting current reservoir, bounding
the absolute peak to lower values. As highlighted in Figure 5.5, it is only after this
full core conversion is achieved that the continuous upward VDE and the associated
scraping-off of the closed flux surfaces against the first wall become the dominant

macro-dynamics, ultimately forcing the RE beam into its final decay phase.

5.2.3 High-amplitude RE seed (55 kA)

The upper bound of the parameter scan, Iseeq = 55 kKA (= 10‘2Ip), simulates a scenario
characterized by exceptionally strong primary generation. As shown in Figure 5.6, the
RE beam forms almost immediately after the CQ onset, and the maximum RE current
reaches approximately 3.2 MA. Crucially, the simulation with the lowest amount

of impurities (1-10%°

particles, black line) eventually decays without avalanching,
proving that a sufficient impurity inventory is a strict prerequisite for RE growth even
when initialized with massive seeds. This absence of growth is due to the limited
radiative cooling provided by this minimal impurity concentration: the post-thermal
quench electron temperature remains sufficiently high to prevent the induced electric
field from significantly exceeding the critical threshold for avalanche multiplication.
Nevertheless, this inevitably results in a partially mitigated disruption characterized

by severe thermal and halo current loads.

In contrast, for impurity levels of Njy, 2 1- 102!, the conversion efficiency is
remarkably high, and the RE current rapidly constitutes the vast majority (=~ 80%)
of the total plasma current. The presence of such a massive current carried by the
runaway population has a profound effect on the CQ dynamics and on the vertical
displacement of the plasma column, as seen in Figure 5.7. The macroscopic RE beam
exerts a powerful braking effect that significantly slows down the upward vertical
motion, thereby noticeably prolonging the current quench duration. Interestingly, a
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Fig. 5.6 Temporal evolution of the total plasma current (1, solid curves) and runaway electron
(RE) current (Irg, dashed curves) for the high-amplitude initial seed case of 55 kA. Color-
coding and the vertical brown markers delineating the artificial thermal quench phases follow
the conventions established in preceding figures. The ’x’ markers denote the timestamps of
first plasma contact with the plasma-facing components (PFCs). Under these high-amplitude
seed conditions, the avalanche dynamics are exceptionally efficient: the RE fraction rapidly
escalates to approximately 80% of the total current within a few milliseconds, even for
moderate impurity inventories (Njyp ~ 1 1021). The resulting beams reach peak values of
~ 3.2 MA, a magnitude sufficient to induce a prominent prolongation of the current quench
by significantly reducing the total plasma current decay rate.

comparison with the RE-free reference simulations (dashed lines) reveals that in the
absence of runaways, the plasma column touches the physical walls later and at a
higher vertical position (Zis). This indicates that without the current-preserving
effect of the RE beam, the rapid resistive collapse of the current drives a more severe
shrinkage of the confined plasma volume, whereas the RE beam sustains the current

and stalls this rapid volumetric contraction during the VDE.
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Fig. 5.7 Comparison of the total plasma current (/,, top panel) and the vertical position of the
magnetic axis (Z,xis, bottom panel). Thick solid lines represent the high-amplitude initial seed
scenario (Iseeq = 55 kA), whereas thin dashed lines denote reference simulations in which
the avalanche mechanism was numerically suppressed. Color-coding and the vertical brown
markers delineating the artificial thermal quench phases follow the conventions established
in preceding figures. The ’x’ and diamond markers denote the timestamps of first plasma
contact with the plasma-facing components (PFCs) for the simulations with and without
runaway electrons (REs), respectively. In this high-amplitude seed scenario, the RE beam
carries a dominant fraction of the current, thereby significantly mitigating both the vertical
displacement velocity and the current quench decay rate compared to the RE-free reference
cases.
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Fig. 5.8 Evolution of the runaway electron density profile (ngg, expressed in 10'm=3)
for the high-amplitude initial seed scenario (/seeq = 55 kA) with an impurity inventory of
Nimp = 3 10?! (corresponding to the green traces in Figures 5.6 and 5.7). The white contour
denotes the separatrix, distinguishing the confined plasma from the open field line region.
The sequence illustrates the wall-scraping mechanism: as the vertical instability drives the
plasma upward, the confined volume is progressively reduced by interaction with the first wall.
The onset of this physical contact with the plasma-facing components (PFCs) corresponds
precisely to the green *x’ markers in Figures 5.6 and 5.7. Although the local RE density in the
core continues to rise due to the avalanche mechanism, the total RE current (/gg, indicated at
the top right of each panel) eventually decays due to this geometric reduction of the confined
plasma volume. Notably, the absolute peak of Irg for this scenario occurs at  ~ 5.8 ms,
falling between the discrete snapshots displayed here.

Consistent with the mechanisms described for the intermediate seed scenario, a
similar trend is observed at the highest impurity inventories (Njmp 2 3 - 10?"), where
the absolute peak of the RE current diminishes with increasing impurity content. In
these regimes, the avalanche is so efficient that the RE current virtually consumes
the entire core current pool (Irg = I.ore) Well before the plasma column makes

first contact with the PFCs. Because a higher impurity concentration accelerates
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the underlying decay rate of the core current reservoir, the avalanche operates on
a more rapidly depleting target, bounding the absolute peak RE current to lower
values despite the stronger initial multiplication. Following this full core conversion
into RE current, the slow decay of I, is primarily driven by the scraping-off of the
closed flux surfaces of plasma against the PFCs rather than resistive dissipation.
Figure 5.8 visualizes this termination mechanism through the evolution of the RE
density poloidal cross-section. In the early phase, the beam is generated in the
core and remains well-confined. As the vertical instability progresses and drives
the plasma column upward, the last closed flux surface (represented by the white
contour) progressively shrinks due to the interaction with the upper first wall. This
continuous scraping-off of the outer layers causes the loss of electrons to the wall
(which is extremely rapid for REs) to dominate over avalanche mechanisms within

the remaining confined region, governing the final decay phase of the plasma current.

5.3 Discussion and general assessment of RE risks in
DTT

The simulations presented in the preceding chapters provide a comprehensive
assessment of the behavior of REs in DTT. By utilizing the non-linear MHD code
JOREK coupled with the resistive wall code STARWALL, we have explored two
distinct operational phases: the initial Day-0 commissioning phase at a plasma current
I, =2 MA, and the Full Power (FP) operation at I, = 5.5 MA. The methodological
approach, which relies on an artificial thermal quench (ATQ), allows for a focused
analysis of the post-TQ dynamics. By varying the initial RE seed current (/geeq) and
the impurity inventory (Njmp) over several orders of magnitude, we have mapped the
operational boundaries of macroscopic RE beam formation. This section aims to
provide a detailed interpretation of these results, synthesizing the physical mechanisms
that differentiate the two scenarios and evaluating the implications for disruption

mitigation strategies in DTT.
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Fig. 5.9 Comparative analysis of runaway electron current evolution for the Day-0 scenario
(I, =2 MA, dashed lines, adapted from Figure 4.5) versus the Full Power scenario (I, =
5.5 MA, solid lines). Both configurations are initialized with an identical initial seed of
20 kA to isolate the effect of the plasma current on the RE multiplication factor. The
green and blue traces correspond to impurity inventories of Niyp ~ 1 - 10%! and 3-10%!
particles, respectively. The *x’ markers denote the timestamps of first plasma contact with
the plasma-facing components (PFCs). The use of a semi-logarithmic scale underscores the
divergence in avalanche dynamics: the Full Power cases exhibit visibly steeper growth rates
and higher peak currents compared to the Day-0 benchmarks, confirming the exponential
sensitivity of the avalanche gain to the background plasma current magnitude.

5.3.1 Comparison: Day-0 vs. Full Power

To quantify the difference in RE risk between the commissioning phase and full-power
operations, we compare simulations with identical initial seeds (/sceq = 20 kA) and
impurity levels. Figure 5.9 presents this comparison on a semi-logarithmic scale. The
Day-0 scenario (dashed lines) exhibits a comparatively RE-safe response, constrained
by a two-fold effect of the lower initial plasma current. First, the lower /, intrinsically

limits the absolute reservoir of thermal current that can be converted into runaways.
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As established in the previous chapters, even in high-amplitude seed cases where the
core current becomes virtually entirely carried by REs, the absolute peak is strictly
bounded by this smaller initial pool. Second, the lower plasma current reduces
the avalanche multiplication factor. In the FP scenario (solid lines), both of these
constraints are lifted: the 5.5 MA plasma provides a vastly larger absolute pool of
convertible current alongside an enhanced avalanche gain. Visually, this is captured
by the steeper slope of the solid curves (corresponding to a much faster avalanche
growth rate) and their much higher peak values compared to the shallower rise
and lower ceilings of the Day-0 lines. This dual effect leads to peak currents that
are nearly an order of magnitude higher than in the Day-0 case for Nimp ~ 1 - 10?1,
reaching ~ 3 MA. This direct comparison confirms that the safety margins inherent

to the 2 MA phase vanish at 5.5 MA, necessitating robust mitigation strategies.

5.3.2 The role of avalanche multiplication

The main result emerging from the comparison of the two scenarios is the fundamental
difference in their susceptibility to the RE avalanche phenomenon. While the Day-0
scenario appears robust against RE beam formation even for relatively high RE seeds,
the FP scenario exhibits a drastically narrowed RE safety margin. As expected from
the theoretical framework established in Section 2.3.3, this contrast confirms that
the discharge dynamics are primarily governed by the exponential sensitivity of the
avalanche mechanism to the higher plasma current.

The simulation results are consistent with the theoretical expectations based on
the Rosenbluth-Putvinski avalanche scaling introduced in Equation (2.36). In the
Day-0 case (I, = 2 MA), the theoretical gain was estimated to be relatively modest
(G ~ 102). JOREK simulations confirm this: even when initialized with substantial
seeds (up to 200 A) and driven by strong electric fields induced by massive impurity
injection, the avalanche multiplication is insufficient to bridge the gap to macroscopic
RE currents. It is only when the upper bound of the seed scan (20 kA) is explored that
a macroscopic RE beam forms. In contrast, the FP scenario (I, = 5.5 MA) possesses
a reservoir of poloidal magnetic flux sufficient to drive massive amplification. The
analytical estimate of G, ~ 10° presented in Section 2.3.3 is recovered by the
simulations, where a microscopic seed of 5.5 A (10_6Ip) is converted into a 0.7 MA
beam (G, ~ 1.3 -10°) solely through avalanche multiplication. When the seed is
increased by a couple of orders of magnitude (550 A), the FP scenario effectively
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converts the vast majority of the confined thermal current into RE current. This
implies that for FP operations, the uncertainty regarding the initial RE seed size
becomes secondary: the avalanche gain is so high that even minimal RE seeds
are sufficient to trigger a macroscopic RE beam. This observed weak dependence
of the final RE current on the initial seed magnitude is highly consistent with the
self-regulating electric field dynamics introduced in Chapter 2 [89].

Beyond the initial growth rates, the results also highlight fundamentally different
saturation behaviors between the two scenarios. In the low-current Day-0 simulations,
the avalanche gain is moderate. The RE beam reaches a maximum either because
it successfully replaces the vast majority of the confined plasma current (thereby
exhausting the driving electric field) or due to plasma volume shrinkage as it comes
into contact with PFCs or moves towards the X-point. In the high-current FP
simulations, however, the dynamics are distinct. For most of the combinations in
our parametric scan, the avalanche is so potent that the RE current rapidly grows
until it fully replaces the thermal plasma current within the closed flux surfaces
(Irg = Ilcore), €ven after making contact with the PFCs. Once this occurs, the core
resistive effects vanish, and the confined plasma becomes highly conductive. The
temporary RE plateau and subsequent decay are imposed by a geometric competition:
the avalanche converting the electrons in the core into REs versus the VDE scraping

off the confined plasma volume against the first wall.

5.3.3 Vertical stability and threat assessment

A consistent feature across both operational scenarios is the strong coupling between
the RE beam evolution and the vertical displacement of the plasma. The conversion
of the thermal core into a highly conductive RE beam essentially stalls the resistive
current decay, sustaining I, at MA levels for extended durations. During the
subsequent upward VDE characteristic of the FP scenario, the plasma column
is physically scraped off by the PFCs. While this continuous volume reduction
forces the termination of the beam, the dynamic equilibrium established during
this wall-scraping phase poses a severe threat to the machine. Instead of harmless
dissipation, the energy of the macroscopic RE beam (whose current exceeds 3 MA
in the worst-case FP scenarios analyzed here) is deposited directly onto localized

areas of the first wall. This highlights the absolute necessity of avoiding this highly
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efficient avalanche regime entirely, or otherwise ensuring the implementation of

sacrificial limiters capable of withstanding these concentrated thermal loads.

5.3.4 Impact of impurities

The quantity of injected impurities (Njmp) is controlled experimentally according to
the disruption mitigation strategy, introducing a complex trade-off between thermal
load mitigation and RE avoidance. The parameter scans performed in this work allow
us to categorize the operational space of DTT into distinct regimes based on impurity

content.

At low impurity levels (Njyp < 1+ 10?%), the radiative cooling is insufficient to
sustain the low electron temperatures required for a high-resistivity plasma. In
this regime, the CQ is slow, the induced electric field remains relatively weak,
and macroscopic RE generation is suppressed regardless of the scenario or seed
size. While this may eliminate the RE risk, it is unlikely to be a viable strategy for
disruption mitigation. The resulting incomplete thermal collapse leads to a partially
mitigated disruption, leaving the PFCs vulnerable to severe, unmitigated thermal
loads and subjecting the machine structures to extreme halo current forces. Therefore,

the management of these specific loads necessitates separate, targeted investigations.

An intermediate “transition” regime appears for moderate impurity levels
(1- 102 < Nimp < 1-10%!). Here, the RE safety of the discharge is conditional.
In the FP scenario, the electric field is strong enough to drive an avalanche, but the
final macroscopic outcome depends heavily on the initial RE seed size. A small seed
may not have enough time to multiply to dangerous levels before the plasma strikes
the wall, while a larger primary seed will result in a significant beam. This regime
presents a substantial challenge for predictive modeling, as the safety of the machine
relies heavily on the accurate estimation of primary generation mechanisms (e.g.,

hot-tail or Dreicer generation), which are currently subject to large uncertainties.

Finally, for high impurity contents (Njyp 2 2- 10?1, the simulations indicate a
transition to a regime fundamentally dominated by REs. In the FP scenario, this level
of impurity injection leads invariably to the formation of a macroscopic RE beam,
largely independent of the initial seed size. The enhanced resistivity drives a faster
CQ that maximizes the induced voltage, while the presence of partially ionized high-Z

impurities may further boost the avalanche growth rate via close collisions with
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bound electrons. It is crucial to emphasize that the Day-0 scenario remains largely
immune to this regime. Even at the highest impurity densities modeled (approaching
the background ion density), the 2 MA plasma does not support the massive runaway
growth seen at 5.5 MA, unless the initial seed is already exceptionally large (10‘21p).
This confirms that the RE risk associated with massive gas injection is not a primary

concern for the commissioning phase.

5.3.5 Strategies for Full Power operation

The FP scenario demands a much more nuanced operational approach compared
to the Day-0 phase. The simulations indicate that relying on pure neon injection
for thermal mitigation carries an unacceptable risk of triggering macroscopic RE
beams. Consequently, future strategies must navigate a narrow operational window.
On one hand, restricting the high-Z atom inventory below the critical avalanche
threshold (Njyp =~ 1-2- 10?1 is required to prevent macroscopic RE beam formation.
On the other hand, injecting pure impurity quantities below this threshold risks
an incomplete thermal collapse. Such a partially mitigated disruption leaves the
PFCs vulnerable to severe, unmitigated thermal loads and subjects the machine
structures to extreme halo current forces. To decouple these inherently contradictory
requirements, a two-step SPI strategy may be considered. This approach utilizes
deuterium [53] or trace-neon SPI mixtures to ensure necessary core penetration while
suppressing runaway generation [134, 135]. Ultimately, given the extreme strength
of the avalanche source term identified for the FP scenario, preventing the formation
of the RE beam directly at its source becomes of paramount importance for the Full

Power scenario of DTT.



Chapter 6

Conclusions and outlook

6.1 Summary of main achievements

The DTT facility plays a pivotal role in the European fusion roadmap, serving
as the bridge between ITER and EU-DEMO regarding power exhaust solutions.
However, the high operational parameters required to reproduce reactor-relevant
conditions inevitably introduce the risk of severe disruptions and runaway electron
(RE) generation. This thesis has provided the first systematic predictive assessment
of RE avalanche dynamics for DTT, focusing on two critical milestones: the

commissioning phase (Day-0) and the Full Power scenario.

By employing the non-linear MHD code JOREK coupled with the resistive
wall code STARWALL, we established a robust simulation framework. The use
of an artificial thermal quench (ATQ) allowed us to bypass the complexities of the
thermal quench (TQ) onset, isolating the physics of the current quench (CQ) and the
subsequent RE avalanche. Through extensive parametric scans of initial RE seed
currents and impurity injection amounts, this work has characterized the operational

space of DTT and identified the primary constraints for RE-safe machine operation.

The central finding of this research is the quantitative definition of the impurity
thresholds that separate benign operational windows from regimes dominated by
macroscopic RE beams. The analysis reveals that the viability of disruption mitigation
strategies is fundamentally determined by the machine’s sensitivity to the impurity

content:
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¢ Day-0 Scenario (I, =2 MA): This phase is characterized by a weak dependence
on the scanning parameters. The limited reservoir of poloidal magnetic
flux restricts the avalanche potential, rendering the system inherently robust
against RE avalanches. Our simulations showed that even under pessimistic
assumptions that combine massive impurity injection (up to Niyp ~ 3 - 1021)
with worst-case initial seeds, the resulting RE currents peak at levels below
1 MA. This effectively decouples the thermal mitigation problem from RE
avoidance, indicating that the commissioning phase allows for a broader
range of impurity injection parameters to optimize thermal protection with a
significantly reduced risk of triggering macroscopic RE beams compared to

the Full Power scenario.

* Full Power Scenario (/, = 5.5 MA): In the Full Power regime, the operational
window narrows drastically. The simulations identified a critical impurity
threshold at Njyp ~ 1- 102!, Below this value, the electric field is insufficient to
drive a sustained RE avalanche, but the resulting incomplete thermal collapse
leaves the PFCs vulnerable to severe, unmitigated thermal and halo current
loads. Conversely, above this threshold, the high avalanche gain allows even
seed populations as low as 10_61p to be amplified into macroscopic beams. This
creates a critical contradiction, where the massive high-Z injection required
for thermal mitigation acts as the primary driver for macroscopic RE beam
formation. Consequently, the Full Power scenario necessitates a disruption
mitigation strategy that strictly limits high-Z injection in favor of alternative
mixtures (e.g., deuterium-rich) to safely decouple thermal mitigation from RE

generation.

6.2 Implications for DTT operations

The results presented herein have direct consequences for the ongoing design of
the DTT disruption mitigation system (DMS). As previously discussed, the DTT-
DMS will serve both as a machine protection system and an experimental platform
to test ITER-relevant mitigation strategies [10]. While the massive gas injection
(MGTI) of pure high-Z impurities to mitigate thermal loads is viable for the Day-0
commissioning phase, the strategy must evolve for Full Power operations. The

simulations suggest that relying on massive quantities of pure high-Z noble gases to
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dissipate thermal energy will almost certainly trigger an RE event. Therefore, the
operational window for safe disruption mitigation at 5.5 MA is narrow: the DMS
(which will eventually transition to an SPI-based system) must inject enough material
to mitigate thermal loads and electromagnetic forces, but must limit the quantity of

high-Z atoms to prevent the generation of macroscopic RE beams.

These are intrinsically contradictory requirements, as the injection of low-Z
atoms (such as hydrogen isotopes) does not significantly contribute to the radiation
required to mitigate the thermal loads. To decouple these needs, a two-step shattered
pellet injection (SPI) strategy was initially envisaged for the ITER DMS [53]. In
this approach, a hydrogen-isotope SPI is injected first to drastically increase the core
electron density (aiming to suppress RE generation rather than increase radiation),
followed by a second injection with an impurity (e.g., neon) SPI to radiate out the

thermal energy.

However, recent simulations indicate that this technique is limited by the strong
outward E X B plasmoid drifts experienced by hydrogen-isotope SPI, which severely
limit the core assimilation of such isotopes and, consequently, compromise the primary
goal of the first injection [54]. To overcome this, an alternative strategy currently
under investigation is the use of trace neon SPI to replace the pure hydrogen-isotope
SPI: by adding a small fraction of neon (typically less than 1%), the outward plasmoid
drift could be effectively suppressed, thereby improving core assimilation [134, 135].

In light of these recent findings, the strategy for the DTT DMS should consider
these advanced injection schemes, which may be essential to successfully navigate
the narrow operational window, ensuring sufficient core density to avoid REs while
allowing for the safe dissipation of thermal loads.

6.3 Future outlook

While this work lays the foundation for predictive RE modeling in DTT, further
research is required to translate these physical insights into a fully optimized RE
avoidance and mitigation strategy. Based on the limitations and findings of this work,

the following activities are proposed:

* Sensitivity analyses and model refinements: The results presented in this

work rely on specific parameterizations and modeling assumptions that warrant
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further exploration. Most notably, the parallel diffusivity of the RE fluid (D rg)
plays a critical role in determining the RE loss rates upon physical contact
with the PFCs; dedicated sensitivity studies tailored to the DTT geometry will
help fully characterize its impact on the results. Furthermore, future efforts
should aim to relax certain physical simplifications, such as transitioning from
the simple coronal equilibrium assumption to a full charge state distribution.
Finally, expanding the simulation parameter space to encompass more extreme
impurity inventories and a broader continuous scan of initial RE seeds will
help solidify and refine the operational boundaries identified in this study.

* Self-consistent TQ modeling: The ATQ method, while efficient for scanning
parameters, enforces an axisymmetric thermal collapse. Future work will
aim to simulate realistic TQs triggered by SPI using 3D modeling. This will

provide physically self-consistent initial conditions for the CQ.

* 3D effects and stochastic losses: The simulations presented in this work
were toroidally axisymmetric, neglecting 3D MHD instabilities that may
destroy magnetic flux surfaces and create stochastic field lines. While 3D
magnetic perturbations introduce significant RE loss mechanisms through
enhanced radial transport (potentially expanding the safety window), the
resulting dynamics are highly complex. Recent studies indicate that these
stochastic effects do not strictly guarantee a reduction in the final RE beam
current [136]. Therefore, future 3D simulations are required to accurately
quantify the interplay between these phenomena and to determine the net
impact of magnetic perturbations on the RE safety limits of DTT.

* Advanced kinetic modeling: While the RE fluid approximation is robust
for macroscopic dynamics, it cannot capture velocity-space phenomena such
as the precise energy distribution of the RE beam or orbit-dependent losses.
Future studies could leverage the newly developed full-f, full-orbit RE modules
in JOREK [58] or hybrid fluid-kinetic schemes. These approaches will be
particularly valuable for refining the estimates of the heat deposition on PFCs,
where finite-orbit effects play a crucial role.

* Optimization of gas mixtures: The present study used pure neon to isolate
the impurity dependence. Future simulations should investigate mixtures of

deuterium and neon or other impurities (e.g., argon). The addition of deuterium
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could provide the necessary electron density for preventing the avalanche of a
macroscopic RE beam, potentially widening the safe operational window for

the Full Power scenario.

Injection techniques for RE seed suppression: Because of the strong
avalanche gain expected in reactor-scale devices, the primary disruption
mitigation goal is shifting toward the suppression of the initial runaway seed.
Building upon the advanced injection schemes discussed above, future research
for DTT should aim to develop and simulate dedicated injection techniques
specifically designed to minimize RE seed generation. Future 3D modeling
should assess how effectively different injection timings, shatter geometries,
and novel material mixtures can penetrate the core and limit primary RE

generation.

RE beam termination and sacrificial limiters: The interaction of the RE beam
with the first wall is the ultimate threat to the device. Detailed 3D simulations
of the termination phase are needed to assess the spatial distribution of the
heat loads during the vertical displacement. These studies will be crucial for
engineering solutions, such as the strategic placement of sacrificial limiters

designed to intercept the beam and protect the primary first wall structures.

Integrated disruption analysis: Finally, while this work focused strictly on
RE dynamics, a complete disruption safety assessment requires a multi-physics
approach. Future analyses must integrate RE risks with the evaluation of
thermal loads on PFCs during the TQ and the computation of electromagnetic

forces on the vacuum vessel, ensuring a holistic protection strategy for DTT.



Appendix A

Finite element method (FEM)

The finite element method (FEM) is the core numerical technique used by JOREK
to solve the MHD equations in the poloidal plane. The complex 2D poloidal
cross-section requires a flexible discretization capable of handling realistic tokamak
geometries. This appendix summarizes the mathematical foundation of the method,
transitioning from the physical strong form to the numerical algebraic system. A
rigorous derivation of the method and its theoretical foundations can be found
in [137].

A.1 Weak formulation

The starting point is a general partial differential equation for a physical variable X,

which can be written in terms of a differential operator £ and a source term f:
LX=f (A.1)

Solving this strong form directly can be numerically difficult, as it requires the
solution to strictly satisfy the equation at every point in the domain and possess
continuous derivatives up to the second order (C? continuous), assuming £ contains
second-order derivatives. To overcome this, FEM employs the weak form of the

equation, where it is multiplied by an arbitrary test function v and integrated over
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the domain Q. For our starting partial differential equation, the weak form is:

/ v LX = / o f (A2)
Q Q

A key advantage of this formulation arises when integration by parts is applied to the
left-hand side: the operation shifts spatial derivatives from the unknown solution X
to the test function v, relaxing the differentiability requirements on X. For instance,
second-order derivatives in the strong form may only require first-order continuity (a

C! continuous function) in the weak form.

A.2 Discretization and the Galerkin method

The second key step is the discretization of the spatial domain into a grid of elements
with different shapes (such as triangles or, in the case of JOREK, cubic Bézier
elements). The continuous variable X is then expanded as a linear combination of

basis functions w;“

X~ ) xw, (A.3)

s

j=1
where x; are the unknown time-dependent coefficients and N is the total number of
basis functions in the grid. The coefficients x; are found such that the residual R is

set to zero:

N

N
RE/QU;"(LX—f)=/Qv7 Zx]Lw;’f—f =;xj/gv;"£wj—/gv;"f:0 (A.4)

Jj=1

Once the basis functions w;‘. and the test functions v} are chosen such that the integrals
can be computed analytically, we can write a linear system of equations that has the
form:

Mx=f (A.S)

where X is the vector of unknown coefficients, and the components of M and f are

defined as:
MijE/v;k.[:w;f, f,-z/v;-kf
Q Q
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JOREK uses a specific approach referred to as the Ritz-Galerkin method, in which
the test functions and basis functions originate from the same function space and are
a specific class of cubic polynomials [96].



Appendix B

JOREK normalization

The physical model in JOREK relies on a set of normalized MHD equations, described
in [96]. This normalization is performed primarily with respect to the central mass
density po at the magnetic axis (corresponding to a central number density ng) and
to the vacuum permeability po. This choice ensures that ug is absorbed into the
variables and does not appear explicitly in the final system of equations, simplifying

the mathematical structure.

A distinctive aspect of the normalization applied in JOREK is that length scales
are not normalized and remain in their physical SI units. Time, instead, is normalized
by a factor Tyorm, defined as Tyorm = 4/fopo. This normalization time is physically
comparable to the standard Alfvén time, 7o = a+/uopo / B, although it excludes the
minor radius of the tokamak, a, and the magnetic field, B.

Consistent with this framework, the total mass density p is normalized by the
initial central density pg, while the total pressure p is normalized using wo. Several
physical constants and ratios are also used in the definition of JOREK variables:
kg denotes the Boltzmann constant, and y represents the adiabatic index (typically
vy = 5/3 for plasmas). Furthermore, the impurity particle density niyp utilizes the

mass ratio Uimp = m;/Mimp.

To distinguish between physical and normalized quantities, variables bearing the
subscript “SI” refer to values in the standard International System of Units. Conversely,
variables appearing without this subscript are expressed in the normalized units
internal to the JOREK code. A selection of the most relevant normalization factors,
following the conventions in [96], is detailed in Table B.1 on the following page.
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SI vs. normalized (JOREK) units

Description of the quantity

Rg1(m) =R
Zs1(m) =Z
Bsi(T) =B
Esi(Vm™) = E/+/ropo
Ys1(T m?) =y
Jo.si(Am™?) =—Jj/(Rpo)
nsi(m™) = pno
psi(kgm™?) = ppo
nResi(m™?) = ngey/po/to/ (eR)
Rimp,s1(m™2) = N0 PimpMimp
Ts1(K) =T/(kppono)
Tev(eV) =T/(epono)
FF§ (T rad) =FF’
psi(Nm™2) =pT/po
vsi(ms™!) = v/+/Hopo
oj,si(ms™1) =) - Bsi/+/Hopo
usi(ms=") = u/+/fopo
wpsi(m™!s71) = w/+/Hopo
1s1(8) =1-+/HopPo
Me.s1(€2 m) = e - \Ho/po
psi(kgm™" 7Y = p-+/po/ o
vsi(m? s™!) = psi/psi
Dgi(m?s™!) = D/~/popo
Ksikgm™ s7) = K-Vt
xsi(m? s71) = Ksi/ps1
gsi(As) = g+/Hopo

Major radius

Vertical coordinate

Magnetic field vector

Electric field vector

Poloidal magnetic flux

Toroidal current density; js s1 = jsi-€g
Particle density

Mass density = ion mass X particle density
Runaway electron number density
Impurity number density

Temperature = electron + ion temperature
Temperature = electron + ion temperature
Toroidal flux function F = RBy; F' = dF /dy
Plasma pressure

Velocity vector

Parallel velocity component, where Bsy = |Bg;]
Fou = @ is the electric potential

Toroidal vorticity

Time

Electrical resistivity

Dynamic viscosity

Kinematic viscosity (ps; is the local value)
Particle diffusivity (|| or L)

Heat diffusivity (]| or 1)

Heat diffusivity (]| or L)

Particle charge

Table B.1 Connection between SI and normalized units for various plasma parameters,
adapted from [96]. Variables with the subscript ‘SI’ denote physical units, while those
without are normalized. The normalization factors ny and pg are the central number and
central mass densities, respectively, while yg is the vacuum permeability. Additionally, kg is
the Boltzmann constant, 7 is the adiabatic index (y = 5/3 for plasmas), and pimp = m;/Mimp.



Nomenclature

ASDEX
ATQ

BC

BDF2

CFL

CQ

CS

DC

DMS

DTT
ECRH
EM
EU-DEMO
FEM

FP

FW

GS

Axially Symmetric Divertor EXperiment
Artificial Thermal Quench

Boundary Condition

Backward Differentiation Formula of 2"-order
Courant-Friedrichs-Lewy

Current Quench

Central Solenoid

Direct Current

Disruption Mitigation System

Divertor Tokamak Test

Electron Cyclotron Resonance Heating
Electromagnetic

EUropean DEMOnstration Power Plant
Finite Element Method

Full Power

First Wall

Grad-Shafranov
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HF Halo Fraction

ICF Inertial Confinement Fusion
ICRH Ion Cyclotron Resonance Heating
ITER International Thermonuclear Experimental Reactor
JET Joint European Torus

LCFS Last Closed Flux Surface

MCF Magnetic Confinement Fusion
MGI Massive Gas Injection

MHD MagnetoHydroDynamics

NBI Neutral Beam Injection

PFC Plasma Facing Component

PF Poloidal Field

RE Runaway Electron

RH Remote Handling

SI Systeme International d’unités (International System of Units)
SN Single Null

SOL Scrape-Off Layer

SP1 Shattered Pellet Injection

TF Toroidal Field

TPF Toroidal Peaking Factor

TQ Thermal Quench

VDE Vertical Displacement Event
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