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Abstract
Electron Cyclotron Current Drive (ECCD) experiments have been con-
ducted at the superconducting stellarator Wendelstein 7-X, with the aim of
assessing the capabilities of ECCD for strikeline control operation and the
stability of the magnetic configuration to localised current. The toroidal
current in a stellarator like W7-X evolves on a timescale of tens of seconds,
thus moving the strikelines on the divertor as the current itself (and there-
fore the rotational transform) evolves. The strikeline control is crucial for
future operations, in order not to damage the components which are not
suited to withstand high heat fluxes. However, during ECCD experiments,
sawtooth-like crashes were observed. These sawtooth-like crashes are char-
acterised by a fast drop of the central electron temperature, as a result of
the hot core expulsion.

ECCD calculations performed with the ray-tracing code TRAVIS show
that the rotational transform ι is modified in such a way that low order
rational values are crossed.

The analysis of experimental data shows that up to two different types of
crashes, with different affected volumes and amplitudes, can be recognised.
The joint analysis of Electron Cyclotron Emission (ECE) and soft x-ray
tomography (XMCTS) shows that the temperature crash is preceded by a
fast displacement of the plasma core, consistent with a (m,n) = (1, 1) mode.
The size of the crashes is not constant and a dependence on the toroidal
current was found. The toroidal current evolves and shifts the resonance
outwards, thus making the instability affecting a larger plasma volume.
Sawtooth-like crashes are found in different magnetic configurations and
for different heating schemes.

A very limited amount of ECCD experiments with relatively high toroidal
current is related to a strong decrease of the confined energy and in some
cases even to the fast and premature termination of the experiment. It
was not possible to fully understand the dynamics of these events, however
several indications point in the direction of a strong increase of impurities
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in the plasma, probably due to the ionisation of impurities caused by the
expelled core. The energy loss is mainly caused by radiation and did not
threaten the device integrity.
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Kurzzusammenfassung
Experimente zur Untersuchung des Elektronen-Zyklotron-Stromtrieb (ECCD)
wurden am supraleitenden Stellarator Wendelstein 7-X durchgeführt, um
die Möglichkeiten des Stromtriebs für die Strikelinekontrolle und die Stabil-
ität der magnetischen Konfiguration in Bezug auf lokalisierten Stromtrieb
zu bewerten. Der toroidale Strom in einem Stellarator, wie dem W7-X,
entwickelt sich in einer Zeitspanne von zehn Sekunden. In dieser Zeit wer-
den die Strikelines auf dem Divertor vom entstandenen Strom bzw. vor der
sich ändernden Rotationstransformation bewegt. Die Kontrolle der Strike-
lines ist entscheidend für zukünftige Experimente, um die Komponenten,
die nicht höheren Wärmeflüssen widerstehen können, nicht zu beschädigen.
Sogenannte Sawtooth Crashes wurden während den ECCD-Experimenten
beobachtet. Sie sind an einem Abfall der Elektronentemperatur und damit
verbunden an dem Auswurf des heißen Zentralplasmas zu erkennen.

Die Berechnungen des ECCD wurden von dem Ray-Tracing Code TRAVIS
durchgeführt. Sie zeigen, dass die Rotationstransformation mit Stromtrieb
niedrig rationale Werte annimmt.

Zwei Typen von Sawtooth Crashes können unterschieden werden. Sie
weisen unterschiedliche Amplituden und betroffene Volumina auf. Die Anal-
yse von Elektronen-Zyklotron-Emission (ECE) und Soft X-ray-Tomographie
zeigt, dass der Elektronentemperaturenabfall einer schnellen Verschiebung
des Zentralplasmas vorausgeht, was im Einklang mit einer (m,n) = (1, 1)
Mode ist. Die Amplitude der Crashes ist nicht konstant, sondern hängt
vom toroidalen Strom ab. Der sich mit der Zeit entwickelnde toroidale
Strom verschiebt die Resonanzposition nach außen, weshalb das betrof-
fene Plasmavolumen zunimmt. Sawtooth Crashes wurden in verschiedenen
magnetischen Konfigurationen und mit verschiedenen Heizkonfigurationen
beobachtet.

Eine sehr begrenzte Anzahl von ECCD-Experimenten mit relativ hohem
toroidalen Plasmastrom war mit einer starken Abnahme der Plasmaenergie
und in einigen Fällen sogar mit einem schnellen und vorzeitigen Abbruch des
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Experiments verbunden. Eine schlüssige Erklärung ist bisher nicht möglich,
aber Hinweise deuten darauf hin, dass der Auswurf des Zentralplasmas und
die damit verbundene Wandbelastung zu einem unkontrollierten Anstieg
von Verunreinigungen und damit verbunden von Strahlungsleistung führt,
die dann das Plasma beenden.
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Chapter 1.

Introduction

1.1. Nuclear Fusion

The atomic age starts in 1945 with the Trinity test and the following nuclear
bombings of Hiroshima and Nagasaki. The first nuclear fission power plant
generated electricity in 1954 and several generations of power plants have
been conceived during the years. Nonetheless, nuclear fission has not been
able to fulfil the promise of a clean, safe and inexhaustible source of energy.
A series of incidents, the most infamous being the Černobyl and Fukushima
ones, along with the unsolved problem of radioactive waste storage, led
several countries to reduce or dismiss their nuclear programs. Therefore,
in the framework of an increasing global demand of CO2-free energy, the
development of alternative sources is to be pursued. Nuclear fusion could
play an important role as a safe, constant and almost inexhaustible source
of energy [1].

Nuclear fusion reactions are among the most important phenomena in the
universe, being the energy source of stars and having played a fundamental
role in the nucleosynthesis. Nuclear fusion consists in binding together
two light nuclei to create an heavier nucleus and, for exothermic reactions,
the difference of binding energy is equal to the produced energy. Being
the Coulomb repulsion between nuclei very strong, it is possible to fuse two
particles by reaching kinetic energies high enough to overcome the potential
energy barrier.

The advantages of a fusion power plant with respect to a fission one
are numerous. The nuclear fusion technology does not rely on the chain
reaction of the fuel, allowing for a safer control of the process and reactions
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Chapter 1. Introduction

do not produce long-lived products as for nuclear fission1. On the other
hand, several parameters, such as particle energy, density and confinement,
need to be fulfilled at the same time, which makes the development of a
fusion power plant challenging.

On Earth, two main approaches have been developed to confine and ignite
particles, in order to reach reactor relevant parameters: inertial and mag-
netic confinement. The first approach will not be treated in this work, but,
for completeness, suffice it to say that it relies on the heating and compres-
sion of solid pellet via powerful lasers or particle beams [2]. The high kinetic
energies and densities allow the fuel to fuse. The second approach consists
in the confinement of an hot plasma, by means of magnetic fields. Although
several exothermic fusion reactions are known, the D + T →4 He + n re-
action is the easiest to achieve in terms of cross-section and required ion
temperatures. For this reason the first generation of commercial reactor is
foreseen to operate with a mixture of D-T. Deuterium is largely present in
water, while tritium is a β− unstable radioactive isotope with a short life-
time (12 years). Tritium breeding from a lithium blanket is a viable option
for reactors: thanks to the interaction between lithium and fusion produced
neutrons, tritium can be produced on-site.

In order to be used as an energy source, the fusion fuel not only needs
to be energetic enough to allow fusion reactions to take place, but it also
needs to be sufficiently abundant and confined for a sufficiently long time.
Confining properties can also be described by the so called triple product,
defined as nτET , where n is the ion density, τE is the energy confinement
time (ratio between the plasma energy and the input power) and T is the
plasma ion temperature. The triple product can be used to estimate under
which plasma properties ignition can be reached. In this condition, the
plasma itself, through the produced α particles is able to compensate the
losses and sustain the nuclear reactions. For D-T fuel[3] ignition is reached
if nτET ≈ 3× 1021 m−3keVs, for ion temperature in the range of 10−20keV.
A high triple product requires therefore good and stable confining properties
and efficient plasma heating methods. These factors are briefly reviewed in
the following chapters.

1However, neutronic reactions can still cause the activation of the device structure.
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1.2. Toroidal Magnetic Confinement

1.2. Toroidal Magnetic Confinement
A plasma can be described as a globally neutral but locally charged system.
Therefore, charged particles will gyrate around magnetic field lines. The
most promising magnetic confinement approach is represented by toroidal
devices, in which the magnetic field is closed. Due to the curvature and
inhomogeneities of the magnetic field, the toroidal magnetic field (Btor)
is not sufficient for plasma confinement and an additional poloidal field
component (Bpol) is necessary. The configuration results in helical magnetic
field lines around the torus and lying on the so called magnetic surfaces.
The magnetic field line winding can be expressed in terms of the rotational
transform ι/2π = ι:

ι

2π
=

dψ

dΦ
(1.1)

where ψ,Φ are respectively the poloidal and toroidal magnetic flux. Accord-
ing to [4], equation (1.1) can be decomposed into two terms, respectively
created by external magnetic fields (ιcf) or toroidal currents (ιcurr)

ι = ιcf + ιcurr = −S12

S11

+
µ0I(r)tor
S11Φ′ (1.2)

where I(r)tor is the toroidal current current enclosed in a surface of radius
r, Sij are the elements of the susceptance matrix, which depends on the
external coil geometry and Φ′ is the radial derivative of the toroidal flux.
The existence of finite values of the rotational transform is a direct conse-
quence of the superposition of a toroidal and a poloidal magnetic field. The
rotational transform can be seen as an indicator of the number of poloidal
transits a magnetic field lines completes during a toroidal transit. Irrational
rotational transform values mean that a single magnetic field would tran-
sit around the magnetic surface infinite times before reaching the position
where it started. Conversely, a magnetic field line lying on a magnetic sur-
face with a rational value would reach the starting position in m poloidal
and n toroidal transit. Surfaces with a rational value of the rotational trans-
form (ι = n/m) are sensitive to perturbations, since they are not ergodically
covered by the magnetic field lines. These surfaces are labelled as resonant
magnetic surfaces.

Different toroidal configurations have been developed, differing mainly in
the way magnetic fields are produced. The most promising configurations
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Figure 1.1.: Schematic representation of a tokamak (left) and a (modular) stel-
larator (right) ( c⃝ IPP).

are the tokamak and the stellarator. A tokamak (figure 1.1, left) presents
an axisymmetric configuration of the magnetic field. The toroidal magnetic
field is generated by external coils, while the poloidal field is generated by
an inductive toroidal current flowing in the plasma, which is generated by
a central solenoid. In a tokamak the toroidal current plays a two-fold role:
the toroidal current heats up the plasma, especially at low temperatures and
being S12 ∼ 0 (equation 1.2) it is necessary for plasma confinement. The
necessity of sustaining the toroidal current makes the tokamak a pulsed
operation machine, although several experimental efforts are pursued to
maintain the confinement through non-inductive currents, which can be
generated by external systems [5] and by the plasma itself due to neoclassical
effects (bootstrap current) [6, 7]. Additionally, the toroidal current is a
source of free energy which can destabilise the plasma, thus limiting the
achievable performances.

Stellarators (figure 1.1, right) instead do not rely on a toroidal current for
plasma confinement and can operate in steady state without any current
drive. Both the poloidal and the toroidal magnetic fields are created by the
external coils, which results in a non-axisymmetric configuration. Early
stellarators had the magnetic field created by a set of toroidal coils and a
set of helical windings, but this approach has almost been abandoned since
it was demonstrated they possess a high neoclassical transport and there

4



1.3. Magnetohydrodynamic

are generally unconfined particle orbits [8]. In modern stellarator the helical
and toroidal coils are combined together in one system of modular coils and
resulting in a more complex coil geometry than in tokamaks. This approach
gives the possibility to optimise the coil design for the magnetic field to ful-
fil a series of requirements, such as the achievement of a lower neoclassical
transport [9]. It was estimated by A. Boozer that the number of degrees of
freedom for non-axisymmetric configurations is about 50 (conversely, it is
about 4 for axisymmetric configurations) [10]. Two main types of config-
uration optimised to improve the confinement of collisionless and trapped
particles are the quasi-symmetric stellarator and the quasi-isodynamic stel-
larator. An excellent review is provided by [11]. Wendelstein 7-X (W7-X)
is quasi-isodynamic stellarator and will be introduced in section 1.5. In
the next sections, we will describe how an equilibrium is achieved and the
conditions under which the plasma stability can be lost.

1.3. Magnetohydrodynamic
A plasma can be described as a quasi-neutral fluid which interacts with
electromagnetic fields. This assumption is valid when the system is close
to the thermodynamic equilibrium, i.e. when the spatial scales of the sys-
tem are large compared to the mean free path of the particles composing
the fluid. This assumption is not always fulfilled along the magnetic field
lines, since the collisionality in a hot plasma is very small and therefore the
mean free path becomes large. However, for the direction perpendicular to
the magnetic field B, the mean free path is about the Larmor radius rL 2,
which is typically very small, making the fluid approximation valid. The
system can, therefore, be investigated in the framework of the magnetohy-
drodynamic (MHD), which is "a fluid model that describes the macroscopic
equilibrium and stability properties of a plasma" [12] and can be studied
by combining Euler’s equations, Maxwell’s equations and the Ohm’s law.
If we neglect some terms, such as the high-frequency response in the Am-
pere’s law or corrective factors in the Ohm’s law and we add the adiabatic
equation of state, we can write the set of equations as follows:

2rL = v⊥/ωc, where v⊥ is the thermal velocity perpendicular to the magnetic field and
ωc is the cyclotron frequency.
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Chapter 1. Introduction

∂ρ

∂t
+∇ · (ρv) = 0 (1.3)

ρ

[︃
∂v

∂t
+ (v · ∇)v

]︃
= −∇p+ j×B (1.4)

E+ v × B = ηj (1.5)

∇×B = µ0j (1.6)

∇ ·B = 0 (1.7)

∇× E = −∂B
∂t

(1.8)

d

dt

(︃
p

ργ

)︃
= 0 (1.9)

where ρ is the mass density, v the fluid velocity, j the current density, B
and E the magnetic and electric field.

Considering a stationary state (∂/∂t → 0) without flows (v = 0), equa-
tion (1.4) becomes

∇p = j×B (1.10)

which describes how the magnetic force balances the force given by the
plasma pressure. An important consequence is that B · ∇p = 0 and
j ·∇p = 0, which means the magnetic field lines and current lines lie on sur-
faces of constant pressure. The magnetic field is generated by external coils
and by the toroidal current (if present, see equation (1.2)) but it is modified
by the plasma currents that arise to maintain the force balance (equation
1.10). The current j has components both perpendicular and parallel to the
magnetic field and can be expressed as j = j∥b̂+j⊥, where b̂ is the unit vec-
tor in the direction of the magnetic field. The perpendicular component is
necessary for producing a magnetic force j×B = ∇p and can be expressed
as j⊥ = (B×∇p) /B2. In addition, the current j has to fulfil the condi-
tion ∇ · j = 0 which generally requires an additional parallel current jPS∥
(known as Pfirsch-Schlüter current), proportional to the pressure gradient.
The parallel current is given by two terms j∥ = jPS∥ + ⟨j∥B⟩B/(B2), where
the second term on the right hand side represents the Ohmic current, the

6



1.3. Magnetohydrodynamic

bootstrap current and any non-inductively driven current and brackets ⟨...⟩
indicate the average over the magnetic surface [11]. The Pfirsch-Schlüter
current depends on the plasma pressure and has a dipole character (the
direction of the current is different for inboard and outboard sides), which
generates a vertical magnetic field that shifts the central magnetic surfaces
towards the outboard side of the torus (Shafranov shift). A large Shafranov
shift limits the maximum achievable plasma pressure.

The solution of equation 1.10 consists of a function whose curves describe
the magnetic surfaces of the system. An example is provided in figure
1.2, where the magnetic surfaces of the stellarator W7-X at three different
toroidal positions are plotted. As it was previously mentioned, stellarators
are not axisymmetric, but have instead a discrete symmetry. The lack of a
continuous symmetry has important consequences on the magnetic surface
topology and the so-called magnetic islands are created in correspondence
of the resonant surfaces [11, 13]. Magnetic islands (zoom in figure 1.3) are

4.5 5.0 5.5 6.0 6.5

−1.0

−0.5

0.0

0.5

1.0
ϕ=0∘

4.5 5.0 5.5 6.0 6.5

ϕ=18∘

4.5 5.0 5.5 6.0 6.5

ϕ=36∘

r∘[m]

Z∘
[m

]

Figure 1.2.: Examples of magnetic surfaces of W7-X at different toroidal loca-
tions (φ = 0◦, φ = 18◦, φ = 36◦).

topologically separated by a surface called separatrix, with the two parts
of it meeting at the X-point. The magnetic lines within the separatrix
are nested around a new magnetic axis, called O-point, which generally
lies at the same position of the resonant surface. In a magnetic island,
different radial regions of the plasma are connected along the island field
lines. Since the transport is much larger along a field line than across it,
the connection of magnetic lines at different radial position creates larger
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heat and particle fluxes and thus a reduction of the confinement [14]. Flat
temperature and density profiles are generally detected inside the islands.
Additionally, islands at different resonant surfaces can also overlap and
create a region of ergodic magnetic field, in which the magnetic surfaces are
destroyed and confinement is strongly reduced.

4.5 5.0 5.5 6.0 6.5
R [m]

−1.0

−0.5

0.0

0.5

1.0

z[
m
]

X-point

O-point

Figure 1.3.: Sketch of an island chain at W7-X. The islands are divided from
the confined region by the separatrix (red).

If we combine equations (1.5) and (1.8), we obtain

∂B

∂t
=

η

µ0

∇2B+∇× (v ×B) (1.11)

which describes the dynamics of magnetic and fluid velocity fields.
If the resistivity η of the plasma can be neglected, the system can be

described in the framework of ideal MHD and magnetic field evolves on
the Alfvén timescale (τA = a

√
µ0ρ/B )3. It can be proved that the total

magnetic flux within an ideal MHD plasma is conserved [12]. An important
consequence is that the magnetic flux is frozen, which means the topology of

3a, ρ and B are the typical scale of the system, the mass density and the magnetic field
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1.3. Magnetohydrodynamic

the magnetic field cannot change. The approximation of ideal MHD is valid
for a wide range of parameters and applications. Nevertheless, situations
where the resistivity has to be taken into account can be encountered and
such as in regions where the term ∇ × (v × B) becomes negligible with
respect to the term η

µ0
∇2B. In this latter case, the resistivity allows the

magnetic field lines to diffuse on the resistive time scale (τη = µ0a
2/η)4 and

a rearrangement of the magnetic topology is possible. This process is known
as magnetic reconnection and can occur in regions where the magnetic field
changes sign. In a toroidal plasma, a similar situation occurs due the shear
of the magnetic field in proximity of a resonant surface with ι = n/m [14]
and it is schematically presented in 1.4. The magnetic field lines on the
resonant surface define a helix. Considering the poloidal angle θ and the
toroidal angle φ, it possible to define the coordinate χ = θ− (m/n)φ, which
is an angular coordinate orthogonal to the helix. The projection of the
equilibrium magnetic field onto this orthogonal direction can be written as
the helical magnetic field B∗ ≈ Bpol(r) − Bpol(rres)(r/rres), where rres it
the radial position of the resonant surface. It can be seen that B∗ > 0 if
r < rres, B∗ < 0 if r > rres and B∗ → 0 for r → rres. In proximity of
the resonant surface the helical magnetic field B∗ changes sign (1.4 (a))
and, due to the presence of a finite resistivity η, the frozen magnetic flux
condition does not hold any more and the rearrangement of the magnetic
field lines is possible. This generally requires a perturbation with the same
helicity of the resonant surface.

The effects a perturbation can have on a plasma is discussed in the next
section.

1.3.1. Plasma Instabilities
The existence of an equilibrium does not reflect its stability. A hot plasma
contains several sources of free energy and the system itself will approach
a condition of stability with lower stored energy. This means that plasmas
are subject to instabilities that can have different effects on the plasma
performance [15]. Plasma instabilities can lower plasma performance or, in
the case of violent instabilities, such as disruptions, can lead to the total loss
of the plasma. Conversely, instabilities can also be used to improve plasma

4where η is the plasma resistivity
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0 π/2 π/2 3π/2 2π
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Figure 1.4.: Sketch of the magnetic reconnection. The x- and the y-axes rep-
resent the helical angle and the distance from resonance. The left plot shows
that the helical field B∗ changes sign in proximity of a resonance. In presence
of a finite resistivity, the rearrangement of the magnetic field lines is possible
resulting in the formation of magnetic islands.

performance, such as by avoiding impurity accumulation in the core.
Instabilities are related to perturbations of the plasma equilibrium and

can be characterised by mode frequency (ω), poloidal (m),toroidal (n) mode
numbers, growth rate (γ) and displacement (ξ). The mode frequency ω in-
dicates the rotation frequency of the perturbation, which rotates poloidally
and/or toroidally, the helicity being defined by the mode numbers m and
n [16]. The growth rate indicates how fast the instability grows or decays
and the displacement ξ represents the shift of the magnetic field lines from
the equilibrium, which can be written as:

ξ(r, θ, φ, t) = ξr · cos(mθ − nφ+ ωt) · eγt (1.12)

where ξr is the radial displacement component.
The plasma stability can be assessed using the energy principle [17]. Here

an overview is presented in order to highlight the major drives for the insta-
bilities. A proper discussion can be found in [12, 14] and references therein.
It is possible to study the stability of the system under a small perturba-
tion such that A → A0 + A1 where the subscripts 0 and 1 represent the

10



1.3. Magnetohydrodynamic

unperturbed and perturbed values. It is possible to define the displacement
vector as:

ξ(r) =

∫︂ t

0

v1dτ (1.13)

where v1 is the perturbation of the velocity field. The energy change caused
by a displacement ξ and the force F(ξ) arising from it is defined as:

δW = −1

2

∫︂ t

0

ξ · Fd τ. (1.14)

The system is stable if δW > 0 and unstable if δW < 0. The term δW is
given by the sum of two components δW = δWvac+ δWplasma , which repre-
sent the energy increase in the vacuum magnetic field due to the displace-
ment and the contribution to the plasma energy given by the displacement.
They can be written as:

δWvacuum =

∫︂
V

B2
vacuum
2µ0

dV (1.15)

δWplasma =
1

2

∫︂
V
[|B1⊥|2/µ0 + (B0

2)/µ0|∇ · ξ⊥ + 2ξ⊥ · κ|2 + γp0|∇ · ξ|2+

− 2(ξ⊥ · ∇p0)(κ · ξ⊥)− j∥(ξ⊥ × B̂) ·B1⊥dV

(1.16)

where κ = (B̂ · ∇)B̂ is the curvature of the equilibrium magnetic field
B0 = B0B̂ and the subscripts (∥) and (⊥) refer to the direction of B0. The
terms in the first line of 1.16 are always non negative and therefore have a
stabilising effect. They represent the energy required to bend the magnetic
field, to compress the magnetic field and to compress the plasma. The terms
in the second line of 1.16 can be negative and drive the plasma unstable.
The component −2(ξ⊥ · ∇p0)(κ · ξ⊥) is related to pressure gradient, while
the component j∥(ξperp × B̂) ·B1⊥ is related to the plasma current parallel
to the magnetic field.

If the first term is dominant, the instability is said to be pressure driven,
while in the second case it is defined as current driven.

The term δWplasma in equation (1.16) was obtained by the linearisation of
the ideal MHD equations. Non-ideal terms, such as resistivity, can influence

11



Chapter 1. Introduction

the stability condition and can destabilise a mode that was predicted to be
ideal MHD stable. Therefore plasma instabilities can be ideal or non-ideal,
depending on whether they would occur even if the plasma were perfectly
conducting. Ideal instabilities evolve on the Alfvén timescale τA and are gen-
erally characterised by a fast movement of the plasma column and magnetic
surface distortion. Resistive instabilities evolves on the resistive timescale
τη slower than Alfvén timescale and may results in rearrangement of the
magnetic field lines and creation of magnetic islands. A typical ideal insta-
bility is the kink instability [18, 19], named after the kinking effect of the
magnetic surfaces and of the plasma boundary. Typical non-ideal current
driven instabilities in toroidal devices are the tearing modes (TM) [20] and
neoclassical tearing modes (NTM) [21], which result in magnetic reconnec-
tion and formation of magnetic islands. A sketch of the magnetic surface
perturbation due to an internal ideal kink and a tearing mode is depicted
in figure 1.5.

ξr

r

ξr

r

Figure 1.5.: Sketch of the perturbed magnetic surfaces,the radial component of
the displacement ξr for an internal (m,n) = (1, 1) ideal kink and tearing mode.
The internal ideal kink ξr is non zero within ι = 1 and zero outside. For the
tearing mode, ξr changes sign.

Good MHD stability is a crucial parameter for every machine. Instabili-
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1.3. Magnetohydrodynamic

ties cannot only hamper the plasma performances but can also damage the
device itself. In the following, we will briefly discuss two phenomena related
to plasma instability: sawtooth crashes and disruptions.

1.3.2. Sawtooth instability

3.310 3.312 3.314 3.316 3.318 3.320 3.322 3.324
Time [s]

2

3

4

5

6

T e
[k
eV

]

Core Te decrease

Mid-plasma Te increase

Te precursor oscillations

Te postcursors

Figure 1.6.: Example of a sawtooth crash. The red time trace represents the
central electron temperature Te and the black one represents electron temperature
in the mid-plasma region. The sawtooth is characterised by a fast crash of Te
and a small increase in the mid-plasma Te. Sawtooth crashes can be preceded
by Te oscillations (precursors). Te oscillations can also be present after the crash
(postcursors).

The sawtooth instability is a periodic relaxation of the plasma core tem-
perature and density [22, 23]. An example is shown in figure 1.6. Sawteeth
are characterised by a fast collapse of the central temperature and a small
temperature increase in the external region and are often preceded by a
(m,n) = (1, 1) precursor MHD mode activity. The first theoretical model
to explain these oscillations was proposed by Kadomtsev in 1975 [24] in
which a (m,n) = (1, 1) kink is destabilised due to the presence of a ι = 1
magnetic surface in the plasma and drives magnetic reconnection between
magnetic surfaces with the same helicity. Due to the magnetic reconnection,
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(a) (b)

(c) (d)

Figure 1.7.: Sketch of the Kadomtsev’s model. (b) The growth of the island dis-
places the core. The island grows (c) until the reconnection process is completed
(d).

a magnetic island is created (b) and the core is displaced inside the ι = 1
surface. The island grows (c) until full reconnection between the old core
and the outer part is completed (d). The O-point of the magnetic islands
becomes the new magnetic axis and a flat temperature profile is obtained
in the centre and being the core expelled. The rotational transform at the
magnetic axis relaxes to unity. According to this model, the crash time
is on the order of τC ∼ (τητA)

1/2, where τA is the Alfvén time and τη the
resistive time. Initially, the observed crash times were in agreement with
estimated τC , but it turned out that data from larger tokamaks could not
be explained by the Kadomtsev model.

Several corrections have been proposed, in order to include different ef-
fects and mechanism such as resistive two fluid MHD [25], collisionless ef-
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1.3. Magnetohydrodynamic

fects [26], magnetic stochastisation [27], chaos [28], triggering of secondary
instabilities [29].

Another issue is the assumption of complete reconnection. Several ex-
periments have measured ι > 1 throughout the whole sawtooth crash. This
measurement is consistent with the observation of the so-called postcur-
sors, i.e. electron temperature and/or electron density fluctuations after
the crash with the same mode numbers of the precursors (figure 1.6). The
postcursor existence indicates the reconnection process stopped before the
core has been completely expelled. Additionally, it has to be noted that the
condition ι > 1 is not often sufficient for the instability onset. An heuristic
model [30] was successfully developed by Porcelli. According to this model,
several factors (such as trapped ions, diamagnetic rotation and fast ions)
can contribute to the stabilisation or destabilisation of the instability. A
review regarding the sawtooth physics can be found in [31, 32].

Sawtooth physics and dynamics is of concern for the nuclear fusion de-
vices. Small amplitude sawteeth with high period can be beneficial since
they might have a positive impact on impurity accumulation [33]. Con-
versely, large amplitude sawteeth can strongly decrease plasma performances
by flattening and reducing the core temperature, can provide a seeding for
NTMs [34, 35] or can couple with m > 1 harmonics, thus extending the
perturbation to the plasma edge and causing loss of plasma energy at each
event [30]. For this reason the understanding of the trigger conditions is cru-
cial for tokamaks operations. Localised non-inductive current, like Electron
Cyclotron Current Drive (ECCD, chapter 1.4.3), is a common tool used for
the suppression of strong sawteeth. Since ECCD is very localised, it can
change the rotational transform in the core, thus reducing the amplitude of
the sawteeth. Sawtooth oscillations have already been observed in several
current-carrying stellarators.

Stellarator MHD instabilities play a minor role than in tokamaks. This
occurs due to a lower net toroidal current and to the possibility of optimis-
ing the magnetic field, in order to assess good MHD stability properties.
For instance, it is either possible to avoid low order rational values (such
as in Wendelstein 7-X) or to have an high shear (such as in the Large Heli-
cal Device (LHD)). Nevertheless non-inductive currents, be it the intrinsic
bootstrap current or external applied current drive, can locally modify the
profile of the rotational transform, thus making the configuration subject
to MHD instabilities. Examples of sawtooth-like activity has been observed
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in LHD [36], TJ-II [37] and Wendelstein 7-AS [38].

1.3.3. Disruptions
Disruptions are events in which the plasma confinement is lost [23]. Dis-
ruptions have long been observed in tokamaks and pose a hard operational
limit for certain plasma parameters, such as Itor and n, thus constraining
the operational space. Disruptions can have different causes [39], although
they generally result in the same process which eventually ends the plasma
discharge. Disruptions in tokamaks are generally initiated by a specific
event, such as the growth of MHD modes, the reaching of the density limit
[40] and so on. Whatever the cause, the so-called thermal quench phase
occurs, in which the temperature decreases and the plasma volume shrinks.
The shrinking causes an increase in the destabilising current gradient inside
the ι = 1/2 surface, which triggers instabilities [23]. Finally, the plasma
confinement is destroyed in a short time. The sudden temperature drop
causes in turn a sudden increase in the plasma resistance and therefore of
the toroidal electric field. The increased electric field may accelerate elec-
trons to relativistic energies (runaway electrons), which can damage the
machine wall. Additionally, the fast dissipation of the plasma energy and
current is the main cause of concerns, as it can induce strong electromag-
netic forces on the vessel. In fact, during this process the vertical stability
can be lost [41] and the plasma column is vertically displaced. The plasma
column comes in contact with the vessel, thus producing a thermal stress
and driving large poloidal currents in the vessel itself. This in turn generates
strong j×B forces, which can potentially damage the device. In tokamaks,
active control is performed both to avoid disruptions and to mitigate their
effects on the device.

Stellarators, conversely, do not rely on Itor for the plasma confinement,
which is assured by the external magnetic coils and therefore the Itor can
be orders of magnitude smaller. For this reason disruption-like events are
not routinely observed [42]. An example of disruptive events is given by
W7-AS [38, 43], in which strong MHD modes were induced by means of a
large Itor, leading to the plasma loss. It has to be noted that in most of the
cases, being Itor several order of magnitudes lower than that of comparable
size tokamaks, the induced electromagnetic forces are extremely reduced,
thus limiting the potential damages in case of a sudden dissipation of Itor.
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1.4. Plasma Heating

1.4. Plasma Heating
Plasma needs to be heated up to about 10 keV for fusion reactions to oc-
cur. In tokamaks, an important contribution is provided by the inductive
current, heating the plasma through Ohmic dissipation. However, since the
plasma resistivity scales with T

−3/2
e , the plasma becomes less resistive as

the temperature increases, thus making the ohmic heating less effective and
leading to the requirement for external heating systems.5. External heating
systems are regularly used in modern tokamaks and stellarators. A brief
description is provided in this chapter, while a detailed treatment can be
found in [23, 45].

• Neutral beam injection is based on the acceleration and injection
of neutral particles into the plasma. Injected particles are ionised due
to collisions within the plasma and transfer their energy to the plasma
itself until they are thermalised. The electron heating is dominant for
high injected particle energies. Then, as the beam ions are slowed
down, the heating is transferred to the plasma ions. The energy of
the injected beams depends on the properties of the device. The
injection can occur perpendicular or tangential to the magnetic field.
Tangential injection can also be used to drive non inductive current
in the plasma.

• Ion cyclotron resonance heating (ICRH) relies on electromagnetic
waves with frequencies in the range of the ion cyclotron frequency
(ωci), generally between 30 and 120MHz. Waves are injected from the
outboard part of the torus, where the magnetic field strength has its
minimum and then propagate as a fast magnetosonic waves until the
ion resonance condition is reached. For a single ion species plasmas
the injected frequency has to match the second ion cyclotron har-
monic. Another possibility is given by the so-called minority heating
scheme which occurs in a two ion species plasma, with the resonance
condition depending on the ratio of the two species. Wave launchers
are generally placed inside the vessel, facing the plasma.

5Compact experiments at high B in which the Ohmic heating is envisaged to play a
major role in reaching ignition conditions have been proposed. An example is given
in [44].
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• Lower hybrid waves are produced by klystrons at frequencies from
1−8GHz in a tangential direction with respect to the magnetic field,
although, due to the accessibility condition, only off-axis heating is
possible. Energy is ceded due to Landau damping. According to this
phenomenon, an electron travelling parallel to the magnetic field with
a velocity equal to the phase velocity of the wave will be accelerated
by the electric field of the wave itself. Lower hybrid waves are mainly
used to drive current in the plasma.

• Electron cyclotron resonance heating consists on the injection of
electromagnetic waves at the electron cyclotron resonance frequency.
Microwave beams are generated by means of gyrotrons (see [46] for
a review). Electrons are heated directly,then transfer their energy to
ions through collisions. Since ECRH is the main heating method of
W7-X a more extensive description is provided below.

1.4.1. Electron cyclotron resonance heating and current
drive

In this section, we provide a brief summary of wave propagation in a mag-
netised plasma, in order to highlight the main features of the electron cy-
clotron resonance heating. A full treatment regarding the physics of waves
in plasma can be found in [47].

The frequency range used for ECRH is 10−200GHz. In this range the ion
contribution to dispersion and absorption can be neglected. Let us consider
the propagation of a plane wave into the plasma. The electric field of a
plane monochromatic wave can be expressed as:

E(r, t) = Ê(k, ω) exp(ik · r− ωt). (1.17)

In order to obtain the dispersion relation for such a perturbation, let us
consider the following Maxwell’s equations:

∇× E = −∂B
∂t

, ∇×B = µ0

(︃
j+ ϵ0

∂E

∂t

)︃
. (1.18)

This combination yields:

∇× (∇× E) = − 1

c2
∂2E

∂t2
− µ0

∂j

∂t
(1.19)
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where the relation µ0ϵ0 = 1/c2 was used. Using the Ohm’s law (j(ω) =
σ(ω) · E(ω)) and from equation 1.17 we obtain:

k× (k× Ê) = −ω
2

c2
Ê− iωµ0σ(ω) · Ê = −ω

2

c2
ϵ(ω)Ê (1.20)

where ϵ(ω) = 1 + iσ(ω)/ωϵ0 is the dielectric tensor. Using the formalism
developed by Stix [47] and considering only the electron contribution, the
dielectric tensor can be written as:

ϵ =

⎛⎝ S −iD 0
iD S 0
0 0 P

⎞⎠ (1.21)

where
S ≡ 1

2
(R + L) , D ≡ 1

2
(R− L) (1.22)

and

R ≡ 1−
ω2
pe

ω2

(︃
ω

ω − ωpe

)︃
, L ≡ 1−

ω2
pe

ω2

(︃
ω

ω + ωpe

)︃
, P ≡ 1−

ω2
pe

ω2
(1.23)

where ωpe =
√︁

(nee2/ϵ0me) is the electron plasma frequency. We emphasize
again that these quantities refer to a plasma in which the contribution of
ions and collisions has been neglected. Introducing N = kc/ω and defining
θ as the angle between the mangetic field B = ẑB0 and N , the equation
becomes⎛⎝S −N2 cos2 θ −iD N2 cos θ sin θ

iD S −N2 0
N2 cos θ sin θ 0 P −N2 sin2 θ

⎞⎠⎛⎝Ex

Ey

Ez

⎞⎠ = 0 (1.24)

Equation (1.24) represents the general dispersion relation for waves in
a magnetised plasma. The solution is given by the values for which the
determinant is zero:

AN4 − BN2 + C = 0 (1.25)

where
A = S sin2 θ + P cos2 θ (1.26)
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B = RL sin2 θ + PS(1 + cos2 θ) (1.27)

C = PRL. (1.28)

Finally, solutions can be obtained as:

N2 =
B ±

√
B2 − 4AC

2A
(1.29)

We will restrict the discussion to the case of perpendicular injection, i.e.
for θ = 0. Therefore the solutions of equation (1.29) are N2 = RL/S
and N2 = P . It can be proved that the two solutions refer to a different
polarization of the electric field. The first solution corresponds to a wave
whose electric field is perpendicular to the magnetic field (extra-ordinary
wave or X-wave), while for the second solution, the electric field is parallel
to the magnetic field (ordinary wave or O-wave). The different polarisations
have important consequences for wave propagation and absorption. Let us
introduce the concepts of cut-off and resonance. The first occurs when
N2 → 0. The wave at the cut-off cannot propagate anymore and can also
be reflected. The second occurs for N2 → ∞ and the wave can be absorbed
by the plasma.

The O-mode has a cut-off frequency for N2 = P = 0 (ω2 = ω2
pe). The

X-mode has two cut-offs ωL and ωR, either for L = 0 or R = 0, which can
be expressed as:

ωL =
1

2

[︁
−ωce + (ω2

ce + 4ω2
pe)

1/2
]︁

ωR =
1

2

[︁
+ωce + (ω2

ce + 4ω2
pe)

1/2
]︁ (1.30)

The X-mode resonance (S → ∞) occurs at the so-called upper hybrid
frequency ωuh, defined as:

ω2
uh = ω2

pe + ω2
ce. (1.31)

A more detailed description can be obtained by including warm-plasma
corrections. In particular, the introduction of a finite Larmor radius al-
lows to increase the number of resonances by adding the electron cyclotron
resonances (ω = nωce) for both modes.

The Clemmow-Mullay-Allis (CMA) diagram (figure 1.8) can be used to
study the accessibility conditions for inhomogeneous plasmas, i.e. where
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Figure 1.8.: Sketch of CMA diagram, adapted from [48]. The x- and y-axes are
proportional to ne and B2, respectively. The horizontal dashed lines represent
the first and second electron cyclotron resonances. An X1 wave injected from
the low field side (LFS) encounters the R cut-off before reaching either the upper
hybrid resonance or the first electron cyclotron resonance. Resonances are instead
accessible for an X1 wave injected from the HFS or for an X2 wave injected from
the LFS.

both the magnetic field and the electron density are not constant. This
is the case for fusion relevant magnetic confinement devices, where the
magnetic field depends on the distance from the major axis of the torus6.
We define as low field side (LFS) the outboard part of the torus and as

6A B ∼ I/R dependence, with B and R being the magnetic toroidal field and distance
from the major axis, is a good approximation for tokamaks. In stellarators this is
not always true and the relation could vary for different toroidal positions.
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high field side (HFS) the inboard part. In the CMA diagram the x-axis
and the y-axis are proportional to ne and to B2, respectively, therefore the
path of the wave moves upwards for LFS injection and downwards for HFS
injection. Let us first consider the case of perpendicular injection. For
the first harmonic of the O-mode, the wave propagates and reaches the
resonance ω = ωce for both HFS and LFS injection. This is not the case for
X-mode polarised wave in which, for LFS injection, the wave encounters the
low density cut-off before reaching the resonance position and is reflected.
Conversely, the resonance can be reached for HFS injection. It is interesting
to analyse the case for higher harmonic numbers n, {n ∈ N}. For an O-
mode polarised wave, the accessibility condition is given by ωp < n2ω2

ce.
In case of an X-mode polarised wave, the resonance layer becomes now
accessible for both LFS and HFS injection. In case of oblique injection,
the cut-off density limit is given by the condition N⊥ = 0, for fixed N∥,
making the accessibility condition for X-mode waves more restrictive, but
the description is qualitatively similar to the case of perpendicular injection
[48].

1.4.2. Wave absorption
ECR heating is based on the transmission of energy from waves to electrons,
which occurs when the resonance condition is satisfied.

ω = n
ωce

γ
+ k∥v∥ (1.32)

where γ represents the relativistic factor and v∥ the velocity of electrons
parallel to the magnetic field. The term k∥v∥ represents the Doppler shift
and is zero for exactly perpendicular injection. ECRH mainly increases the
perpendicular energy of resonant electrons, although parallel momentum
increase can happen for strongly relativistic electrons. The energy transfer
efficiency depends on several factors, such as the optical properties of the
plasma, the wave polarisation and the harmonic frequency. Optical proper-
ties of the plasma are described by the optical thickness τ , which influences
the power absorption in a single beam pass. High optical thickness values
are desired, in order to increase the heating efficiency. The optical thick-
ness strongly depends on the harmonic number n , Te , ne and the injection
angle. For instance, for n = 2, the optical thickness of a X-mode polarised
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Figure 1.9.: Resonance ellipses for N∥ = 0 (top plot) and N∥ = −0.5 (bottom
plot). Adapted from [48]. In top plot, the resonance ellipses coincide with the
curves of constant energy. In the bottom plot, the resonance ellipses and the
curves of constant energy do not coincide. This results in an asymmetric electron
heating.

wave scales as (Te/mc2)n−1, while for quasi-perpendicular injected O-mode,
the scaling changes to (Te/mc

2)n. This dependence makes the absorption of
the second harmonic X-mode waves better than the absorption for the sec-
ond harmonic of O-mode. Nonetheless, O-mode (or the third harmonic of
X-mode) can be absorbed at higher densities, which makes them interesting
for reactor-size devices.

A wave with frequency ω can interact only with electrons whose velocity
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components (v∥, v⊥) satisfy equation (1.32). The absorption process is not
isotropic and strongly depends on k∥ and ωce which vary along the path
of the injected ray. For this reason, let us introduce the concept of the
resonance curves. Considering the case where |N∥| < 1, the resonance
condition can be represented by an ellipse equation in the velocity space.
Introducing u = γv/c and defining the extremes of the ellipses as u∥± =
u∥ 0 ± α∥, we obtain: (︁

u∥ − u∥ 0
)︁2

α2
∥

+
u2⊥
α2
⊥
= 1 (1.33)

where
u∥ 0 = N∥

nωce/ω

1−N2
∥

α∥ =

√︂
N2

∥ + (nωce/ω)2 − 1

1−N2
∥

α⊥ =

√︂
N2

∥ + (nωce/ω)2 − 1√︂
1−N2

∥

.

(1.34)

Resonance ellipses for N∥ = 0,(N∥ = −0.5) are plotted in figure 1.9. Let
us start by analysing the perpendicular injection (N∥ = 0). In this case,
equation 1.33 becomes the equation of the circle. In this condition, the en-
ergy absorption occurs only if ω ≤ nωe. Four resonance ellipses for different
γ = nωce/ω values are plotted in figure 1.9. Let us consider the path of
a ray propagating from the LFS. The ray propagates into the plasma, but
no absorption occurs until the ray reaches the position where ω = nωe/γ
is satisfied. The wave energy is primarily transferred to low energy elec-
trons and the energy of resonant electrons increases with the distance from
the resonance layer. Conversely, if the injection occurs from the HFS, high
energy electrons are primarily heated and the energy of resonant electrons
decreases with the distance from the resonance layer. If the electromag-
netic beam is obliquely injected (|N∥| > 0) the contribution given by the
Doppler shift term needs to be taken into account. Let us consider the case
N∥ = −0.5, displayed in figure 1.9, where the blue and red curves represent
the resonance ellipses and the black solid circles the regions in the param-
eter space of equal energy. The velocity space can be divided into three
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regions. On the low field side for nωe/ω < 1−N2
∥ a region exists, where no

absorption occurs. In the limit nωe/ω → 1−N2
∥ , the ellipse collapses to the

point (u∥, u⊥) = (u∥ 0, 0) and absorption can occur in the high field side of
it. The second region extends for 1−N∥ < (nωe/ω)

2 < 1 and the resonance
ellipse (in blue) lies in the negative range of parallel velocities. It can be
easily seen that in this region the condition ω > nωe is satisfied, which
represents the up-shifted absorption. Finally, the third region is given for
ω < nωe which represents the down-shifted absorption (in red). In this re-
gion, the resonant ellipse lies both in the positive and negative range of u∥.
In particular, the extreme u∥+ is closer to the origin than the extreme u∥−.
For a Maxwellian distribution function, which is expected for a plasma at
the thermal equilibrium, the population of high energy electrons strongly
decreases as the energy increases, therefore the main contribution to the
absorption comes from resonant electrons with u∥ ∼ u∥+. In this case the
absorption starts with high energy electrons with a preferential velocity,
thus creating an asymmetry in the distribution function. The main differ-
ence between perpendicular and oblique injection from the LFS relies on
the energy of electrons involved in the power absorption. In the first case,
energy is mainly transferred to bulk electrons, while in the latter case the
absorption starts with high energy electrons moving in one direction. Such
a difference is fundamental for the generation of a net toroidal current in
the plasma.

1.4.3. Electron cyclotron current drive

Electron cyclotron current drive (ECCD) is a non-inductive current. It
relies, like the Low Hybrid Current Drive (LHCD), on the distortion of
the electron distribution function, although it is not generated by a direct
increase in the electron parallel momentum. Two mechanisms are respon-
sible for the generation of current: the Fisch-Boozer mechanism [49] and
the Ohkawa mechanism [50]. A sketch is depicted in figure 1.10. The
Fisch-Boozer mechanism relies on the generation of an "asymmetric plasma
resistance". Let us consider a thermal plasma whose electrons display a
Maxwellian distribution function. If oblique injection takes place, the en-
ergy transfer will begin with the electrons whose parallel velocities v∥ match
the resonance condition (equation (1.32)). These electrons are accelerated
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Figure 1.10.: Sketch of the different ECCD mechanisms. The region within the
blue dashed lines represents the trapped particle region in the velocity space. (1)
represents the Fisch-Boozer mechanism. (2) represents the Ohkawa mechanism.
(3) represents the increase in parallel energy for a trapped electron, where no
ECCD is generated.

to higher energies and therefore to a less collisional location in the velocity
space, since the charged particle collisionality scales as v−3 ∼ T−3/2. The
low collision frequency rate makes the isotropisation of high electrons slower
than the isotropisation of the lower energy location they come from. This
creates an asymmetric modification of the electron distribution function
and hence a net toroidal current (case 1 in figure 1.10).

The Ohkawa mechanism consists in moving electrons with velocity v∥
from the passing region to the trapped region. The momentum isotropi-
sation due to the bouncing motion of trapped electrons is faster than the
momentum isotropisation due to Coulomb collisions, thus creating a deple-
tion of electrons at energies inferior than the resonance energy. This results
in a current with an opposite sign with respect to the Fisch-Boozer mecha-
nism (case 2 in figure 1.10). A discussion regarding the two mechanism can
be found in [51].

Electron current drive efficiency depends on the plasma collisionality.
High Te increases the ECCD efficiency, while high ne decreases it. Also
the effect of trapped particles has to be taken into account, since they
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can strongly affect the maximum achievable current. In fact, due to their
fast bounce motion, trapped particles do not possess any privileged parallel
velocity. Any increase in the parallel momentum of trapped particles will be
immediately isotropised by their bouncing motion (case 3 in figure 1.10) and
no net current will be produced. Finally, electrons that lie in the velocity
space away from the trapped particle cone can decrease the efficiency of the
current drive. ECCD is an excellent tool for the generation of non-inductive
current drive. The toroidal current produced in this way is also well localised
and has successfully been used in tokamaks for plasma instability control,
such as sawtooth amplitude control or neoclassical tearing mode suppression
[52]. The stabilisation is achieved by shaping the current density profile
inside the resonant surface or by depositing power and current inside the
formed magnetic islands. In stellarators ECCD is used to compensate the
intrinsic bootstrap current or to study the influence of shear on confinement
and stability [53]. An overview of ECCD experiments conducted in several
machine is reported in [48], while an introduction to the main findings of
ECCD experiments at W7-X is presented in the next chapter, along with
the description of the main properties of W7-X.

1.5. Wendelstein 7-X
Wendelstein 7-X (W7-X) is presently the most advanced stellarator and
started operation in 2015, with the aim to demonstrate that stellarators
offer an attractive configuration for fusion reactors [54]. W7-X is a five-
period stellarator whose magnetic field coil system is composed of 50 super-
conductive non-planar coils and 20 superconductive planar coils [55, 56]. In
addition 10 normal-conducting control coils are installed inside the plasma
vacuum vessel to control the divertor strikeline position. Finally, 5 normal-
conducting coils, named trim coils, are installed outside the cryostat vessel
in order to correct magnetic field errors [57]. The coil system has been opti-
mised in order to provide good confinement for fast particles, good magne-
tohydrodynamic stability, reduced neoclassical transport, small bootstrap
current and suppressed Shafranov shift [58, 59, 60, 61, 62, 63]. Plasma heat-
ing is provided by ECRH (up to 7.5MW of heating power) and NBI (up
to 2.7MW for up to 10 s). ICRH is foreseen to be installed in the future.
The ECRH system [64, 65] is composed of 10 gyrotrons at 140GHz able to
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Figure 1.11.: Representation of W7-X. It is possible to notice the 20 supercon-
ducting planar coils (orange) and the 50 non-planar coils (silver) ( c⃝ IPP).

operate in O-mode and X-mode at the second harmonic (for B = 2.5T) or
third harmonic (for B ∼ 1.7T). Injection occurs in the proximity of the
bean-shaped plane (figure 1.2) where the magnetic field gradient is stronger
and therefore the beam absorption is well localised. The typical plasma
parameters achieved during the first experimental phases are reported in
table 1.1.

W7-X is a low shear stellarator relying on the island divertor concept
[66, 54, 67]. The majority of the operational magnetic configurations have
been designed to avoid rational values in the rotational transform profile.
Rational values are instead reached at the plasma edge, where large mag-
netic islands are formed and intersect the divertor. The intersection pro-
duces a scrape-off layer, that represents the boundary between the confine-
ment region and the target elements, where the power flowing out from the
confinement region is deposited. For this reason the control of the edge
rotational transform is crucial for safe operations since a misalignment of
the strikelines on the divertor plates can seriously damage components that
have not been designed to sustain strong heatfluxes. For this purpose, the
main concern is represented by the evolution of the toroidal current, such
as the bootstrap current. The current does not develop suddenly, but ac-
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cording to
Itor(t) = Itor(t→ ∞)(1− e−t/τ ) (1.35)

where τ = L/R and L and R are the plasma inductance and resistance,
respectively. For W7-X, τ ∼ 10− 30 s. As the toroidal current evolves, the
rotational transform at the edge changes (equation 1.2) in time [68]. To pro-
vide additional protection, the so-called scraper elements were introduced
[69]. They are positioned in front of divertor and are designed to receive the
heat-loads in case of large strikeline misalignment. Alternatively, the shift
of the strikelines can be compensated by the use of external control coils,
which changes the rotational transform at the edge or by driving a non-
inductive current, such as ECCD [53]. For this scope ECCD has already
been used successfully in two different ways. The first one relies on driving
current with a reverse sign of the bootstrap current, in order to achieve
Itor ∼ 0. The second one relies on a fast ramp-up of the toroidal current, in
which ECCD is used to accelerate the development of the toroidal current to
the value of stationary bootstrap current. As the bootstrap current builds
up the ECCD is ramped down. This way, the necessity for constantly driv-
ing a current is avoided. In such a way the exposure of fragile components
to strong heat-flux can be significantly reduced and controlled.

However, temperature crashes, similar to sawtooth crashes, have been
observed during ECCD experiments at W7-X [55, 70]. Figure 1.12 shows
the central Te in experiments with co-ECCD (blue) and counter-ECCD (red)
during the first operation phase, where fast Te can easily be distinguished
in both cases. This phenomenon was unexpected at W7-X and this thesis
aims to provide a first study and characterisation of this phenomenon.

Tor. Magnetic field (axis) B = 2.52T
Major radius R0 = 5.5m
Minor radius a = 0.5m
Electron Temperature (axis) Te = 5keV
Ion Temperature (axis) Ti = 1keV
Line int. density < ne >= 2− 5 · 1019 m−3

Table 1.1.: Typical parameters for W7-X experiments during the first oper-
ational phases
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Figure 1.12.: Temperature crashes detected during the first experimental cam-
paign of W7-X. The timetraces show the central Te measured by the electron
cyclotron emission during co-ECCD (blue) and counter-ECCD (red) experiments.

1.6. Aim of the thesis

In this work we started the characterisation and the study of the sawtooth
crashes at W7-X. The understanding of the sawteeth at W7-X is therefore
crucial for future operations, in order to avoid plasma performance issues.
At the same time a study is necessary to investigate the possibility to control
the sawteeth crashes and use them for different purposes, such as impurity
control or improvement of the plasma fuelling.
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The work is organised as follows: the main diagnostic tools which were
used for this work are described in the second chapter. In the third chapter
we present current diffusion calculations, in order to show how the cur-
rent itself can locally change the rotational transform and we compare the
typical timescales for the stability onset with the calculation results. The
analysis of the sawtooth crashes is presented in the fourth chapter. Here
we start characterising long plasma discharges, in order to highlight the
main features of the sawtooth crashes at W7-X. In the fifth chapter we will
present some events which were observed at relatively high toroidal current.
During these events, a sudden raise of electron density was detected and
was in certain cases followed by a termination of the experiment. Finally,
in the sixth chapter, a summary is presented and conclusions and further
developments for the next experimental phase are discussed.
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Chapter 2.

Diagnostics and data analysis
tools

2.1. Plasma diagnostics

W7-X is equipped with several plasma diagnostics [71]. In this section,
a description of the main diagnostic tools used for the data analysis in
this thesis is presented (figure 2.1). A more detailed description regarding
plasma diagnostics in general can be found in [72], while reference papers
for every used diagnostic are provided in the corresponding sections.

2.1.1. Electron cyclotron emission

Electron cyclotron emission (ECE) measures the Te [73] profile along a 1-D
line of sight. Electrons rotate around magnetic field lines, with a cyclotron
frequency ωc = eB/(γm), where e is the charge of the electron, B is the
magnetic field, γ is the relativistic factor and m is the mass of the elec-
tron. For a basic explanation a toroidally symmetric arrangement may be
considered. In a 3D confinement device as it is a stellarator there may
be differences, e.g. in the triangular plane of W7-X the magnetic field is
nearly flat. In a axisymmetric configuration, the magnetic field scales as
B(r) ≈ B0/(R0 + r), where B0 is the magnetic field at the magnetic axis,
R0 is the major radius and r is the minor radius. Therefore, in case of an
inhomogeneous magnetic field, it is possible to relate a certain frequency
to a certain radial position. The spectrum of the radiation from gyrating
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Figure 2.1.: Positions of some of the main diagnostics used in this work. The
blue line represents the magnetic axis, the blue curves represent the flux sur-
faces in correspondence of the Electron Cyclotron Emission (line of sight in red),
Thomson scattering (line of sight in black) and the soft x-ray cameras (in purple).
The green points represent the Mirnov coils.

electrons is composed of a series of discrete harmonics:

ωl =
l ωce

1− β∥ cosθ
(2.1)

where β∥ = v∥/c and θ is the angle between the direction of the observation
and the magnetic field line. For the typical plasma parameters of W7-X,
the plasma is optically thick in the plasma core (for Te >> 200 eV) for the
second harmonic (l = 2), i.e. the optical thickness τl >> 1. This means the
plasma emits as a black body. Therefore, according to the Rayleight-Jeans
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Figure 2.2.: Representation of the ECE line-of-sight at W7-X.

approximation, the intensity I of the radiation emitted by electrons with
gyrating frequency ω0 is:

I(ω0) ≈
ω2
0Te

8πc2
(2.2)

The observed intensity is a function of Te, which is a local parameter of
the plasma at the resonant position and not a line integrated parameter.
The ECE radiometer at W7-X [74] is composed of 32 channels, each one
detecting a different frequency of the second harmonic of the X-mode. All
channels are absolutely calibrated with a sampling rate between 200 kHz
and 1MHz, which allows detecting fast changes of the temperature profiles.
The ECE channels are mapped to the effective radius reff =

√︁
⟨A⟩/π using

the following definition: channels detecting at the outboard region of the
plasma, namely the low field side (LFS), are labelled with negative radial

35



Chapter 2. Diagnostics and data analysis tools

−1.0 −0.5 0.0 0.5 1.0
r/a 

0

2

4

6
T e

[k
eV

]

LFS HFSHFS

(a) Te, rad profile (ECE)

0.0 0.2 0.4 0.6 0.8 1.0
r/a 

(b) Thomson Scattering
ECE HFS
ECE LFS

Figure 2.3.: Left: Typical Te profile, mapped to the radial position. Right:
ECE profiles (blue for HFS and green for LFS) against a Thomson scattering
profile (red).

position, while inboard (high field side, HFS) channels with a positive value.
The mapping is performed taking into account diamagnetic effects, the
Shafranov shift and the finite emission layer.

The Te spectrum is estimated with a Bayesian model [75]. In figure 2.3a
a typical Te profile is plotted, while in figure 2.3b ECE data are compared
to the Thomson scattering data. Both sides of the ECE profile agree with
the Thomson scattering profile, especially at lower temperatures. At higher
temperatures the HFS and LFS channels present some discrepancies which
are however within the errorbars. In [76], the contribution of the second
harmonic of the O-mode, coming from the plasma core, to the detected
signal was analysed. For the electron density values which were generally
detected in the experiments we analysed in this work (ne ∼ 2−4 ·1019 m−3)
the O-mode contribution influences mainly the LFS channels. This often
resulted in weakly asymmetric temperature profiles. The dominant uncer-
tainty of the measurement is given by calibration errors, which are plotted

36



2.1. Plasma diagnostics

in figure 2.3(a) along with the temperature profile itself. Calibration errors
are much higher than the noise contribution, which is relatively small (less
than 6% ). In this work we analysed the sawtooth crashes by using the
relative changes of Te (usually within 30 and 60%) and in such a way the
measurement was not affected by the calibration errors. A more detailed
explanation is provided in section 2.3.2. Additionally, information regard-
ing the nature of the precursor MHD activity can be assessed, as explained
in section 2.3.1.

2.1.2. Soft x-ray tomography system
The x-ray multicamera tomographic system (XMCTS) detects the soft x-
ray radiation in the range of 1 keV – 12 keV. The energy spectrum is com-
posed of continuum contribution and line radiation [77]. The first term
is given by free-free emission (bremsstrahlung) and free-bound emission
(recombination), while the line radiation is given by bound-bound emis-
sion, as a consequence of the de-excitation of atomic excited states. The
bremsstrahlung emission is line integrated and proportional to T

1/2
e n2

eZeff ,
therefore the interpretation of signal changes is more difficult than for the
ECE signal. However, it is often assumed that the position the dominant
contribution comes from is the tangential point between the line of sight
(LOS) and the flux surface and therefore it is possible to assign a radial po-
sition to each LOS. Additionally, soft x-rays also provide information about
the impurity transport and dynamics. The Soft x-ray tomography system
[78] is composed of an array of 20 pinhole cameras, each one with 18 lines
of sight and a sampling rate of 2MHz. The camera array is situated at the
so-called triangular plane, as depicted in figure 2.4. The ten upper cam-
eras and the ten lower cameras are symmetrically distributed around the
horizontal mid-plane of the plasma. The diagnostic allows to reconstruct
the 2-D emissivity plasma profile in the poloidal plane. The tomographic
inversion is obtained using the minimum Fisher regularised inversion, as
presented in [79].

The XMCTS was used as a complementary diagnostic to ECE for the
study of the crashes, although it was not always possible to detect the
weaker sawtooth crashes. Singular value decomposition (SVD, see appendix
A.1) was applied to the tomographic reconstruction to identify the dominant
poloidal number m of the crash precursors.
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Figure 2.4.: Overview of the x-ray camera line of sights.

2.1.3. Dispersion interferometer
The line integrated electron density is measured at W7-X by a single channel
dispersion interferometer [80]. Interferometry is based on the refraction of
an electromagnetic wave entering the plasma. Before entering the plasma,
a laser beam passes through a frequency doubling crystal, thus resulting in
a laser beam containing two "colours" ω and 2ω. If the plasma frequency ωp

is smaller than the frequency of the electromagnetic wave ω0, the refrective
index N of the plasma depends on the electron density:

N ≈ 1− 1

2

(︃
ω2
p

lω2

)︃
= 1− e2

2ϵ0meωl

ne (2.3)

where l = 1, 2 represents the harmonics. Due to different beam frequencies,
the two harmonics propagate with a different refractive index and infor-
mation regarding the electron density can be obtained by the phase delay
between the first and the second harmonic. The phase shift can be written
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as:

φp =
3e2λ

4πc20ϵ0me

∫︂
ne(l) dl (2.4)

from which the line integrated density can be obtained. The measurement
is not spatially resolved, but it is used to have a global overview on the ne

trend and detect fast changes, with a sample rate of 100 kHz.

2.1.4. Thomson scattering
The Thomson scattering measures the electron temperature Te and the
electron density ne. It is based on the elastic scattering (ℏω ≪ mec

2) of
electromagnetic radiation by a free electron. One interpretation is that a
laser beam, which is injected into the plasma, accelerates the electrons,
which act as dipoles and radiate. Ions can be neglected due to their higher
inertia. The Te is calculated from the degree of Doppler broadening of the
scattered radiation. Additionally, the radiation intensity is proportional
to the electron density ne, thus providing a measurement of Te and ne

together. At W7-X [81, 82] three pulsed Nd:YAG lasers with a wavelength of
1064.14 nm are used. Each laser has a repetition rate of 10Hz and therefore
in standard operation the sampling frequency is up to 30Hz. Since the
temporal resolution is generally too low to study the dynamics of Te and ne

during the observed temperature crashes, the data have been used either
for magnetic equilibria reconstruction or as a crosscheck for the ECE data
(figure 2.3).

2.1.5. Extreme ultraviolet spectroscopy
Passive spectroscopy is used to measure the line radiation of impurities.
Impurities are either released due to plasma-wall interaction (Be, B, C, O,
Si,metals) or added on purpose (He, N, Ne, Ar) for diagnostic purposes.
For the typical W7-X plasma parameters, the strongest spectral lines of the
impurities like carbon, oxygen and nitrogen are in the range of the vacuum
ultraviolet/extreme ultraviolet wavelength range (1− 200 nm). The obser-
vation of the emission from different ionisation stages can provide informa-
tion regarding both the impurity concentration and transport properties.
At W7-X the High Efficiency Extreme Ultraviolet Overview Spectrometer
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(HEXOS) is employed. It is composed of four VUX/XUV overview spec-
trometers, detecting from 2.5 to 160 nm, with an acquisition rate of 1 kHz
[83]. In this work it was used to investigate the composition of the strong
impurity influx, detected after strong sawtooth crashes.

2.1.6. Mirnov coils
Mirnov coils are used to detect Ḃpol at the plasma edge. At W7-X [84]
several poloidal arrays are installed at different toroidal positions, for a total
of 125 Mirnov coils, with a sampling rate of 2MHz. This yields information
about the poloidal and toroidal mode numbers as well as the frequency,
with great resolution. The system is able to detect mode numbers up to
m ∼ 20, n ∼ 10. The array is located outside the plasma, therefore no
information about the radial structure or the localisation of the mode can
be inferred. The intensity of a magnetic perturbation decays as B ≈ r(m+1),
with m the poloidal mode number, making the amplitude of perturbations
localised in the centre smaller than the amplitude of perturbations near the
plasma edge.

The Mirnov coils were used to calculate the poloidal numbers of MHD
modes. Due to an acquisition system issue, a delay between the ECE and
Mirnov coil signal was found, as well as a delay between coils located at dif-
ferent toroidal position. For this reason, the toroidal mode number analysis
was not possible.

2.1.7. Continuous Rogowski coils
The net toroidal current Itor flowing in the plasma can be measured by
means of a continuous Rogowski coil, which consists of a coil that poloidally
encircles the plasma cross section. The toroidal current Itor produces a
magnetic flux, whose variation in time gives rise to an electromotive force
V :

V = Φ̇ = nAµ0İtor. (2.5)

where n represents the number of turns in the coil of area A and dot denotes
the time derivative. Finally, by integration of the signal, it is possible to
measure changes of the total toroidal current. At Wendelstein 7-X, the net
toroidal current is measured by a continuous Rogoswki coil, with a sampling
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rate of 50 kHz. The continuous Rogowski coil measures the net Itor flowing
in the plasma and does not allow to reconstruct the current density profile
j(r). However, it will be shown (section 4.4) that Itor correlates with the
size of a sawtooth crash and therefore it is used as a parameter to investigate
the crash size.

2.1.8. Diamagnetic loops
The diamagnetic loops provide a measurement of the diamagnetic energy
(Wdia) stored in the plasma. The measurement is based on the detection of
toroidal flux changes, which are generated by currents flowing perpendicu-
larly to the magnetic field. As summarised in [85], the toroidal flux is given
by:

Φ =
µ2
0I

2
tor

8πB0

+
πµ0ι

R

∫︂ a

0

jtor(r)r
3 dr − µ0Wdia

3πRB0

. (2.6)

where Itor is the toroidal current measured by the Rogowski coils, B0 is the
axis magnetic field at the position in which the loops are located, ι is the
rotational transform, jtor(r) is the current density and a and R are respec-
tively the minor and major radii. For W7-X plasma parameters, the first
two terms in the RHS are negligible and therefore, Wdia = −3πRB0Φ/µ0.

A good agreement between the diamagnetic energy and the kinetic energy,
obtained by Thomson scattering data, was found in [85].

Being the Thomson scattering sample rate too low for resolving a saw-
tooth crash, Wdia was used to have a fast and reliable measurement of the
stored plasma energy.

2.2. TRAVIS-code
No direct measurement of the profile of the toroidal current is presently
possible at W7-X. Therefore the toroidal current has to be calculated ei-
ther using codes like NTSS (for the bootstrap current) [86] or by calculating
the power deposition and current drive efficiency with the TRAVIS-Code
[87]. TRAVIS is a ray-tracing code developed at IPP, which calculates the
ECRH beam propagation into the magnetised plasma and the power depo-
sition from the wave itself to the electrons. If the WKB approximation can
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be used (i.e. |∇k|/k2 << 1, where k is the wavenumber of the propagat-
ing wave) the ray-trajectory can be described using the "cold" dispersion
relation (section 1.4.1). This assumption is not valid in the proximity of
the cyclotron resonance due to relativistic thermal effects, where a fully
relativistic treatment is necessary. Generally, a Maxwellian distribution
function is assumed for electrons and the power transfer from the electro-
magnetic wave to the plasma is calculated under the assumption that the
interaction remains linear. A proper treatment regarding TRAVIS can be
found in [87] and in the references therein. Here we just present the main
concept regarding the calculation of the power deposition and current drive.
The beam is divided into different rays and the power absorption along the
ray path can be expressed as:

dPabs

ds = P0αωe
−τω (2.7)

where P0 is the power of each ray, αω is the cyclotron absorption coefficient
and τω the optical thickness.

The current drive flowing through an area δA between two neighbouring
flux surfaces ψ and ψ + δψ can be defined as:

δItor =

∫︂
δA

(︃
j∥
B

)︃
B · dS =

< j∥B >

< B2 >
δΨtor (2.8)

where Ψtor is the toroidal magnetic flux and ⟨...⟩ indicates a flux surface
averaged quantity. Ray-tracing codes calculate the current drive efficiency,
defined as η = j∥/Pabs. The current generated on the arc-length for a given
ray is:

dItor
ds

= (< B > V ′)−1η
dPabs

ds
(2.9)

and finally the elementary toroidal current for the given ray is given as:

δItor
δΨtor

= V ′|δV
′

δs
|−1dItor

ds
(2.10)

The total current is then obtained by the summation of all ray contributions
and integration of equation 2.10. Alternatively, the term < j∥ > can be
obtained by equations 2.8 and 2.10. Figure 2.5 shows a 2-D poloidal cut,
where a beam (grey) enters the plasma and propagates until the resonance
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Figure 2.5.: Ray propagation and absorption calculated by the ray-tracing code
TRAVIS. The injected beam is depicted in grey and the region where absorption
takes place in red. The coloured lines indicate the magnetic field strength, whose
values are reported on the right side of the picture. The purple curve represents
the cold resonance magnetic field (B = 2.5T).

condition is met. Due to partially oblique injection (not visible from the 2-
D cut) the position where the power absorption (red) occurs at a magnetic
field slightly lower than B = 2.5T, represented by the purple curve.

2.3. MHD activity analysis tools

2.3.1. Instability characterisation with ECE
Temperature oscillations are related to deformations of the flux surfaces
[88]. In case of sinusoidal crash precursors, it was possible to discriminate
between even or odd poloidal numbers m. If the oscillations between the
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inboard and outboard region of the plasma are in phase, the instability has
an even poloidal number, otherwise the poloidal number is odd.

Additionally, if a magnetic island, with no strong heating into it, is
present and the mode rotates, the ECE channels will detect a constant tem-
perature as long as it is measuring inside the island and the unperturbed
Te when measuring close to the X-point. The measured signal will show a
Te oscillation due to the transits of the X- and O-points. Additionally, the
perturbations are out of phase at the two sides of the island [16].

The opposite oscillation phase of the neighbouring channels can also be
seen in the change of sign of the displacement function ξ(r) = (Te(t) −
⟨Te⟩)/∇⟨Te⟩, where Te(t) − ⟨Te⟩ represents the temperature perturbation
and ⟨Te⟩ the unperturbed temperature profile [88]. ξ represents in fact
the displacement of the flux surfaces from the equilibrium. If a magnetic
island opens up, it pushes the inner flux surfaces inwards and the outer flux
surfaces outwards and therefore ξ has different signs on the two island sides
(figure 1.5).

The temperature profiles were smoothed and the signal of every chan-
nel rescaled to the smoothed value. In this way it was possible to analyse
also the channels with a wrong calibration. The oscillations were anal-
ysed by means of Welch’s method, based on the Fast Fourier Transform.
A reference channel was chosen and the dominant values of the power
spectrum Pxx(f) extracted for every channel. The cross power spectral
density (Pxy(f)) was calculated between the reference signal and the sig-
nal of each ECE channel and the phase φ between them is represented by
φ = arctan(ℑ(Pxy)/ℜ(Pxy)).

2.3.2. Crash detection

In a typical ECCD experiment, hundreds of sawtooth crashes can be present
and therefore an automatised algorithm, which detects the crashes and cal-
culates the main crash parameters (described below) was developed. At first
a ridge detection algorithm has been applied to ECE data to automatically
detect fast changes of the electron temperature Te. The algorithm is based
on continuous wavelet transform (CWT) Wf(a, t) [89], which corresponds
to the convolution of the signal f(t) and a waveform ψ(t), called mother
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Figure 2.6.: Top: ECE central channel. The presence of temperature is visible.
Bottom: wavelet transform of the ECE signal. Every peak represents a crash.
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Figure 2.7.: Right: relative temperature change (percentage) during a sawtooth
crash. The pre-crash profile is obtained by the average of the data in blue in the
left plot, while the post-crash profile by averaging the red data. The grey area
represents the uncertainty of the relative temperature change, while the dashed
vertical lines indicate the position of the inversion radii.

wavelet, using different scales a and positions τ . It can be written as:

Wf(a, t) =
1√
a

∫︂ ∞

−∞
f(t)ψ∗

(︃
t− τ

a

)︃
dt (2.11)
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Chapter 2. Diagnostics and data analysis tools

where ∗ indicates the complex conjugate of the wavelet function. A good
choice for a ridge detection algorithm is based on the first derivative of
a Gaussian 1, which provides precise localization, reliable edge detection
and it is well suited for noise filtering. This approach is equivalent to the
Gaussian filtering generally used in a Canny edge detector algorithm [90].
The wavelet transform coefficients are represented by peaks in correspon-
dence of fast and sharp discontinuities of the signal, whose time position
can easily be detected (figure 2.6). It should be noted that, according to
the chosen scale, the peak maxima can shift. Therefore, an interval around
the peak maxima, of 300µs, is defined, in which the temporal coordinate of
the signal maximum and minimum is found. These two values are related
to the temperature before and after the crash. For each ECE channel, the
pre- and post- crash Te is calculated. The left plot in figure 2.7 shows the
temporal intervals over which the Te is averaged. The blue region extends
from tcrash − 1500µs to tcrash − 500µs. The red region from tcrash + 30µs
to tcrash + 230µs, where tcrash is the time corresponding to the maximum
of the wavelet transform (figure 2.6, bottom plot). Using the Te profiles
before and after the crash, we calculate the relative temperature change,
defined as ∆Te = (T after

e − T before
e )/T before

e (figure 2.7, plot on the right).
Data are interpolated with a spline of 100 points. The ∆Tmax

e is defined
as the strongest temperature change, while the position of the two rinv is
calculated as the position where ∆Te = 0. If more solutions are found, the
points closer to the ∆Tmax

e are taken. The biggest source of uncertainty
comes from the ECE mapping. Asymmetries in the Te profiles (due to
a possible ECRH beam shine-trough, O-mode contribution, suprathermal
electron emission or partially wrong mapping from channel frequency to ra-
dius) were detected during experiments and affected mainly the LFS. This
asymmetry has a direct impact also on the determination of the inversion
radii, which are not always symmetric. The HFS is generally less affected
by beam shine-through or O-mode contribution and therefore is generally
taken as a reference.

The error of the relative temperature change is calculated from the stan-
dard deviation of Te before and after the crash. The uncertainty of rinv is
calculated as σr ≈ σ∆Te/m, where σ∆Te and m are the ∆Te uncertainty and
the derivative of the spline at rinv, respectively. The uncertainty regarding

1ψ
(︁
t−τ
a

)︁
= −

(︁
t−τ
a

)︁
e−

1
2 (

t−τ
a )2
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2.3. MHD activity analysis tools

the time detection is neglected. In fact, the error in the time domain is re-
lated to the width of the peaks of the wavelet transform, which is negligible
with respect to the distance between two crashes as it can be seen in figure
2.6.

The algorithm developed for this work proved to be well suited for the de-
tection of sawteeth with weak precursors. However for experiments charac-
terised by a strong precursor activity, it was not able to distinguish between
the precursors and the crashes.
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Chapter 3.

1-D current diffusion model 1
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Figure 3.1.: Rotational transform profiles for two different magnetic configura-
tions.

Magnetic confinement at W7-X is generated by the external coils. Most
configurations are designed in such a way the rotational transform ι does
not cross any low order rational values in the confinement region. However,
low order rational values are crossed at the edge, e.g. ι = 4/5, 5/5, 6/5,
etc., where an island chain opens up and intersects the divertor plates. An

1Part of this chapter was published in [70]
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Chapter 3. 1-D current diffusion model

example of typical ι profiles is depicted in figure 3.1. However, if a net
toroidal current is present, ι can be written as a combination of two terms
[4]:

ι = ιcf + ιcurr (3.1)

where ιcf is the rotational transform created by the external magnetic coils
and ιcurr is the contribution to the rotational transform given by net toroidal
currents. ι(r)curr is proportional to I(r)/r2, with I(r) the toroidal current
enclosed in the plasma volume of radius r. The 1/r2 dependence, together
with W7-X being a low shear stellarator, makes the rotational transform
very sensitive to local changes of toroidal current, such as the bootstrap
current or ECCD. In particular, the ECCD profile is generally well localised
and can strongly modify the rotational transform.

The ECRH system at W7-X is very flexible and allows for a wide range
of power deposition positions. In figure 3.2 we show an example of the
propagation and the absorption of two different ECRH beams for the so-
called on-axis (left column) and off-axis (right column) depositions. Qual-
itatively, the ECCD is driven within reff/a < 0.2 in the first case and
between 0.2 < reff/a < 0.5 in the second case. Additionally, the current
is in co-direction if the rotational transform is increased and in counter-
direction if it is decreased. In order to estimate how a net toroidal current
can modify the rotational transform, we develop a 1-D cylindrical model
and solved a current diffusion equation, using realistic plasma parameters.
The procedure is described as follows:

• The plasma parameters used in the following calculations are based
on the typical ECCD experiments (chapter 4) at W7-X, which are
characterised by Te(r = 0) ≈ 5 keV, low electron density (ne ≈ 2 ·
1019 m−3) and low ion temperature Ti = 1keV. The parallel Spitzer
resistivity is calculated as ηsp = 1.03 · 10−4Zeff log Λ/(1.96T

3/2
e ) ≈

2.5Z 10−9Ωm, where Z is the atomic number [91]. These experiments
were conducted in a helium plasma. The ratio of kinetic pressure p =
neTe+niTi and magnetic pressure is defined as β = p/(B2/2µ0). The
typical experiments have a volume averaged plasma beta of < β >≈
0.2% Therefore, contribution of the pressure to the plasma equilibrium
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Figure 3.2.: Ray-tracing calculations performed with TRAVIS. In the left col-
umn the propagation of two beams for the on-axis heating scheme is shown. In
the right column, the propagation of the same beams with an off-axis heating
scheme is depicted. The purple curved lines indicate B = 2.5T.

can be neglected and a low bootstrap current, which depends on the
pressure gradient, is expected.

• The current density jtot(r, t) is composed of three terms: jBS(r),
jECCD(r), and jind(r, t): jBS(r) is the bootstrap current (calculated
by the NTSS code [86]), jECCD(r) is the ECCD, calculated by the
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Chapter 3. 1-D current diffusion model

ray-tracing code TRAVIS 2.2 and jind(r, t) is the shielding current.
The plasma, due to Lenz’s law, generates the latter to oppose mag-
netic flux changes. Two characteristic times can be distinguished: the
L/R time (τ = L/R) and the resistive time. The first describes the
timescale for the current to develop (equation (1.35)). The latter is
the characteristic time for the resistive diffusion τη = µ0l

2/η0, where
η is the plasma resistivity and l a characteristic length. The macro-
scopic resistive time of the system can be estimated by setting l = a,
where a is the plasma minor radius. Using the aforementioned plasma
parameters, τR ≈ 125Z−1 s.

• The rotational transform is divided into two terms ι = ιcf + ιcurr. ιcf
is calculated by the code VMEC 2, using the aforementioned plasma
parameters and without a net toroidal current, i.e. Itor = 0. The
toroidal current contribution to the rotational transform is calculated
by solving a diffusion equation. Additional recalculations of the mag-
netic equilibrium due to toroidal current changes have not been per-
formed, neglecting the feedback of the current evolution on the equi-
libria. We emphasize that we use this model to estimate the time for
ι to cross a low order rational value. As we will show, this occurs in
about 100ms. From an experimental point of view, the net toroidal
current is small, due the presence of shielding current (Itor ∼ 0 kA,
see equation 1.35,the experimental data in figure 4.1). In fact, addi-
tional VMEC equilibrium calculations would not significantly change
the magnetic flux surface topology, due to the low β and the current
densities well localised close to the axis.

• Finally, the calculations are performed using a 1-D cylindrical geome-
try. A 1-D cylindrical model is insufficient to describe the complexity
of the stellarator geometry but can be used to provide a first quan-
titative guess of the current drive effects on the rotational transform
profile. This approach is justified by the fact that, for the vast major-
ity of the experiments, ECCD is driven in the proximity of the axis,
inside reff/a < 0.25. This fact, along with being W7-X a large aspect

2The VMEC code is used to solve the magnetohydrodynamic force balance j×B = ∇p
in a 3-D geometry. More information can be found in [92].
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stellarator (R/a ≈ 10) allows for using a 1-D cylindrical approxima-
tion as a first step to evaluate the current profile evolution.

We will now present the toroidal current density evolution for an on-axis
ECCD deposition, using the experiment that will be presented in figure
4.1 as a reference, in order to estimate the typical time scale for ι to cross
low order rational values. The ECCD profile is artificially shifted away
from the position r = 0, in order to avoid computational issues and an
overestimation of the modified rotational transform. The peak is around
r ≈ 0.1 a and the current profile is located within r/a < 0.25. jBS(r, t) has
a very broad profile. These two components are plotted in figure 3.3 (a)
(dashed lines). If jECCD(r),jBS(r) are constant in time, jind(r, t) evolves as:

µ0
∂jind(r, t)

∂t
=

1

r

∂

∂r

(︃
r
∂

∂r
(ηsp(r)jind(r, t))

)︃
(3.2)

with µ0 being the vacuum permeability, ηsp(r) the Spitzer plasma resis-
tivity and jind(r, 0) = −(jECCD(r) + jBS(r)). In figure 3.3 the numerical
solution of equation 3.2 is plotted for three different timesteps (solid lines).
The shielding current diffuses mainly towards the centre, allowing for a
strong and localised current density increase. In the right plot of figure 3.3
the sum of currents is displayed for different timesteps. In 1-D cylindrical
geometry, the rotational transform produced by the toroidal current can be
written as:

ιcurr(r) =
µ0R0Itor(r)

2πBtorr2
. (3.3)

Therefore, because the toroidal current and the rotational transform are
connected, it is possible to express equation 3.2 as:

∂ιind
∂t

=
1

µ0r

∂

∂r

[︃
ηsp
r

∂

∂r

(︁
r2ιind

)︁]︃
. (3.4)

Equation 3.4 describes the resistive evolution of the rotational transform.
Renormalising equation 3.2 with respect to the resistive time of the system
τη = µ0a

2/η0, where η0 is the Spitzer resistivity in the core and a is the
minor plasma radius:

∂ιind
∂τ

=
1

r̂

∂

∂r̂

[︃
η̂

r̂

∂

∂r̂

(︁
r̂2ιind

)︁]︃
(3.5)
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Figure 3.3.: Modelled current density profiles for different timesteps. On the
left image, jECCD(r), jBS(r) (dotted lines) and jind(r, t) are plotted. jind(r, t)
represents the numerical solution of equation 3.2, without taking into account
any current redistribution after a crash. The shielding current jind(r, t) diffuses
towards the centre and a net current is created. On the right image the sum of
the two components is displayed. The dashed vertical line represents the position
of rinv at the beginning of the experiment.

with τ = t/τη, r̂ = r/l and η̂ = ηsp/η0. The rotational transform of the
system is finally given by equation 3.1, with ιcurr(r, t) = ιind(r)+ ιECCD(r)+
ιBS(r), the latters being respectively the rotational transform modifications
due to stationary ECCD and stationary bootstrap current, i.e. the mod-
ifications of ι after several L/R times. At t = 0, the initial condition
is ιind(r, t = 0) = −(ιECCD(r) + ιBS(r)). The ECCD modifies the rota-
tional transform and a low order rational value is reached on the order of
0.0012τη ≈ 74ms, which is consistent with the measured time for the first
sawtooth to appear. The red curve represents the case when almost the
whole shielding current is dissipated. A double crossing of ι = 1 is possi-
ble, although the values close to the magnetic axis (r = 0) should carefully
be interpreted, due to the 1/r2 dependence. The dominant contribution is
given by ECCD, which is deposited close to the axis with a strongly peaked
profile. For the calculated current profiles, the contribution of the boot-
strap current inside rinv i.e. for r/a < 0.4 is less than 10%, which indicates
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Figure 3.4.: Modelled rotational transform profile modified by ECCD for dif-
ferent times. Plotted curves represent the solution of 3.4.

that the dominant contribution to the rotational transform is given by the
ECCD.

Since the sawtooth crash can introduce significant changes on the current
profile, we presently use this model to estimate the ι profile at the beginning
of the experiment until the first sawtooth crash appears. It is interesting
to notice that the induced current diffuses toward the plasma centre, thus
creating a region in which a current of the opposite sign is present. This
is visible also in figure 3.4, where in the proximity of the centre, the ι is
decreased,the rational values of ι = 1/2 or ι = 5/6 are crossed. Let us
consider two different cases, one with a more off-axis ECCD and one with
on-axis counter-ECCD. We will neglect the bootstrap current contribution,
since it does not significantly contribute as it was previously shown.

For the off-axis co-ECCD case (see figure 3.5), no qualitative differences
are found with respect to the case analysed in figure 3.3. ι = 1 is reached five
times slower than in the on-ECCD case (figure 3.4). This is a consequence
of I(r)/r2 in equation (3.3) and means that at equal plasma current, the
rotational transform changes are stronger for smaller r. Additionally, it is
found that the accumulation of shielding current in the centre is weaker.

The counter-ECCD case (figure 3.6) has a current profile similar to the
one analysed in figure 3.3, but with the current in the opposite direction.
The diffusion of the shielding current towards the centre leads to the crossing
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Figure 3.5.: j(r) and ι profiles for different timestep for off-axis current drive.
The current drive is deposited in the region 0.2 < reff/a < 0.5.

.

of ι = 1. Most importantly, it has to be noted that counter-ECCD leads to
a strong decrease of ι and several resonances (dashed lines in figure 3.6b,
ι = 1/2, 2/3, 3/4 ...) are crossed.

As it will be show in the next chapter, this simple 1-D model is able to

56



0.00 0.25 0.50 0.75 1.00
r/a

−800

−600

−400

−200

0

200

400

600

800
j to

r[
kA

m
−2
] 

jind, 0.0005τη

jind, 0.005τη

jind, 0.03τη

jECCD
jBS

0.00 0.25 0.50 0.75 1.00
r/a

jind+ jECCD+ jBS, 0.0005τη

jind+ jECCD+ jBS, 0.005τη

jind+ jECCD+ jBS, 0.03τη

(a)

0.0 0.2 0.4 0.6 0.8 1.0
reff/a

0.2
0.4
0.6
0.8
1.0
1.2
1.4

ι/2
π

ι/2π = 3/4
ι/2π = 2/3

ι/2π = 1/2

0.0005τη

0.0006τη

0.03τη

(b)

Figure 3.6.: j(r) and ι profiles for different timestep for counter-current drive.
.

estimate the times for the instability to be detected. More accurate models,
in which the post-crash current redistribution is taken into account are
under development and will provide more insights regarding the modified
rotational transform, but are beyond the scope of this thesis.
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Chapter 4.

Sawtooth crashes at W7-X 1

Sawtooth crashes are periodic relaxations of the central electron temper-
ature and density. Ideal-MHD calculations, performed before the start of
W7-X operations, suggested W7-X to be stable to the (m,n) = (1, 1) inter-
nal kink instability [93], generally related to the sawtooth crashes. However,
these instabilities were detected in most of the experiments with ECCD [70].
As shown in chapter 3, localised ECCD can drastically change the rotational
transform profile,low order resonant surfaces can be crossed, thus making
the plasma susceptible to instabilities.

In this chapter the main features of the sawtooth crashes will be analysed.
We begin the analysis with long experiments (> 10 s) where central heating
and current drive was provided. It will be shown that in this case the crashes
are stronger and therefore it is easier to identify and analyse them. It is
found that the slow development of Itor plays a crucial role in making the
sawtooth crashes bigger and stronger in time by shifting the position were
ι = 1 is reached. Additionally, up to two types of sawteeth, characterised
by a different amplitude, were detected. For the stronger events, a mode
consistent with (m,n) = (1, 1) is found, while for the second type of crash
the mode analysis was not conclusive.

The high flexibility of W7-X allowed for studying the sawtooth crashes
with different heating schemes and magnetic configuration. In section 4.5,
the main results from the on-axis co-ECCD (rotational transform is in-
creased) experiments are compared with off-axis heating and counter-ECCD
(rotational transform is decreased). In 4.6, we briefly show that for differ-
ent magnetic configurations, no relevant differences are found. Examples of
current deposition profiles for the experiments we mention in this chapter

1Part of this chapter was published in [70]
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Chapter 4. Sawtooth crashes at W7-X

are reported in the appendix.

4.1. Sawtooth crash overview for on-axis
experiments

We will start the analysis with the experiments 20171206.025 (figure 4.1).
This experiment allows for a characterisation of the main crash features
which are commonly observed in other ECCD experiments. The core elec-
tron temperature is about 5− 6 keV and the line integrated density < ne >
about 2−2.5·1019 m−3. At these Te and ne values, the coupling between ions
and electrons is weak, therefore the ion temperature Ti is about 1 keV. The
toroidal current Itor is given by the sum of several components, as explained
in the previous chapter, and develops on the timescale of τ = L/R ≈ 9 s.
The ECCD is generated by the oblique injection of two ECRH beams, de-
positing power around reff ≈ 0.15 a. The ECCD is not generated in the
centre, but slighty outside due to the Doppler shifted absorption. The sta-
tionary IECCD value is simulated by TRAVIS and is expected to be −14 kA
2. The stationary bootstrap current is calculated with NTSS and is about
−4 kA. The ECCD profile and its time evolution is displayed in chapter 3,
figure 3.3. In figure 4.1, the plasma parameters from different plasma di-
agnostics for the whole experiment are presented, while in figures 4.2a,4.2b
two selected zooms (from 3.4 s to 3.65 s and from 15.5 s to 15.75 s) are shown.
Central temperature crashes start to appear a hundred milliseconds after
the plasma start-up. Strong and repetitive temperature crashes are visi-
ble in the panel (b), where two ECE channels are plotted. The channel
in red shows the core Te, while the channel in blue measures Te at about
reff = 0.4 a, where a = 0.5 is the plasma minor radius. The core timetrace
shows the presence of two types of crashes, with different amplitude and
period. Both crash types are characterised by a drop of Te in the core. The
central Te drop is generally between 30 − 60% for the strongest crashes
and recovers in about 5 − 20ms. The strongest crashes are visible also in
the external timetrace (in blue). In figure 4.2a a temporary Te increase is

2The experiments in this section were conducted with a configuration in which the
magnetic has an opposite direction with respect to standard configuration. For this
reason, the co-current has a negative sign and the counter-current a positive sign.
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4.1. Sawtooth crash overview for on-axis experiments

0
1000
2000

[k
W
] PECRH 20171206.025 (a)

0
3
6

[k
eV

] Te, (ad, reff.0a

Te, (ad, reff.0.4a

(b)

0.0

0.1

[a
.u
.] ISX, reff.0a

ISX, reff.0. a
(c)

−2000
0

2000

[a
.u
.] ,B/,t (d)

0
150
300

[k
J]

Wdia
(e)

−13
−7
0

[k
A] Ito(

(f)

0 5 10 15 20 25 30
Time [s]

0
3
6

[1
01

9 m
−3
]

∫ne l (g)

Figure 4.1.: Overview of the experiments 20171206.025. In (a) the ECRH power
is plotted. In (b) the Te detected by a core ECE channel (red) and a mid-plasma
ECE channel (blue) is plotted. The temperature crashes can be seen. In (c) the
timetraces of a central (blue) and a mid-plasma (red) x-ray LOS are plotted. In
(d) the timetrace from a Mirnov coil are plotted. The data acquisition stopped
after 5 s. In (e), (f) and (g) the stored plasma energy Wdia, the toroidal current
Itor and the line integrated electron density

∫︁
nedl are plotted.

visible in correspondence with the central Te drop, thus indicating the hot
plasma core has been expelled and redistributed. On the other hand, the
blue timetrace in figure 4.2b shows a small temperature decrease for the
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Figure 4.2.: Selected time windows for experiment 20171206.025 (figure 4.1).
.

crash at 15.67 s, which means that the volume affected by the temperature
crash is bigger than the crash at about 3.45 s in figure 4.2a. The weaker
crashes that occur between two stronger crashes are hardly visible in the
external timetraces because of the narrower region they affect.

The soft x-rays intensity emission ISX, measured by a core and a mid-
plasma (reff ≈ 0.4 a) line of sight (LOS), is plotted in panel (c). The
interpretation of the crash dynamic is more difficult, since both timetraces
show an increase in the intensity emission. Moreover, smaller events are not
detected. There can be several explanations for the discrepancy between the
x-ray signals and Te measured by ECE. First of all, the x-ray measurement
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is a line-integrated measurement and therefore less effective in detecting
local changes. Moreover, ISX is proportional to

√
T en

2
eZeff . Therefore, the

stronger dependence on ne than Te can significantly influence the emitted
signal and does not allow to decouple the temperature dynamics from the
density dynamics.

In panel (d), the temporal variation of the magnetic field (in arbitrary
units) is plotted. Ḃ is directly related to the perturbations, to which the
plasma is subjected and that are created by the sawtooth crash.

The diamagnetic plasma energy is plotted in panel (e), where drops of the
stored plasma energy (about 10 kJ, corresponding to 5% of the whole energy
and consistent with the calculated drop in kinetic energy) are detected by
the diamagnetic loops. The time for the energy to recover is on the order
of 200ms, one order of magnitude slower than the central temperature
recovering time mentioned above. It should be noted that smaller events
have little to no effect on the stored energy. The toroidal current Itor is
visible in panel (f). Itor increases fast at the beginning of the experiment
and tends to converge to its stationary value at the end.

The main observations can be summarised as follows: 1) localised ECCD
is responsible for sawtooth-like crashes. 2) Up to two different crash types
with different amplitudes are observed for on-axis ECCD. 3) The crash
amplitude increases as a function of time. In the next chapter we provide
a possible explanation for the aforementioned phenomena.

4.2. Crash classification
The presence of different crash types is important and interesting for the
following reasons: it allows to validate numerical results and codes in com-
plicated geometries, can potentially be used to obtain informations about
how the rotational transform is modified and how the different instabilities
may be triggered.

Crashes are detected by applying to ECE data a ridge detection algo-
rithm, based on continuous wavelet transform (CWT) (see chapter 2.3).
We study the evolution of the three main parameters: the inversion radius,
the maximum amplitude during a crash and the crash period. An example
of how the first two of these parameters are defined can be seen in figure
4.3b. The inversion radius is calculated for both HFS and LFS of the plasma
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Figure 4.3.: (a): ECE temperature profiles during a temperature crash. I)
represents the Te profile before the crash, II) the core displacement, III) the
profile after the crash and IV) the profile during the re-heating phase. The
relative Te change between I) and III) is used to estimate the inversion profile,
which in plotted in (b). From the inversion profile ∆Te and rinv are calculated.

.

and it is defined as the radial position where the temperature remains con-
stant before and after the crash. The maximum amplitude, ∆Te, is defined
as the maximum relative change between the Te profile before and after
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the crash. The crash period represents the temporal interval between two
crashes of the same type and it will be introduced later on, after we will
have shown that the division into more crash types suits our dataset.

A division into groups can be achieved by setting a threshold for certain
crash parameters, such as rinv or ∆Te, so as to assign the crashes, whose
parameters are below or above the selected threshold, to one or to the
other group, respectively. However, for our dataset this approach was not
always possible, since the crash parameters evolve over time and, therefore,
a division based on a threshold parameter value might be misleading and
can assign a certain crash to a wrong group.

Instead, data are divided into clusters using the DBSCAN clustering
algorithm [94] and by taking into account rinv lfs, rinv hfs and ∆Te and Itor.
Itor is not a crash parameter but it is used as a proxy for the temporal
evolution, since it is expected to be a function of time and it influences the
other crash parameters. The DBSCAN algorithm divides data into clusters,
which are defined as regions of high point density separated by low point
density regions in the parameter space. More information regarding the
application to our dataset is discussed in the appendix A.2. In order to
improve the statistics, we analyse the crash data for six experiments with
comparable Te, ne, ECCD profiles and magnetic configurations.

Results are represented in figure 4.4, in which two clusters are shown.
Every cluster is characterised by a different colour: red for smaller crashes
and blue for the stronger crashes. The points which do not belong to any
of the found clusters are represented in black.

From now on we will introduce the following formalism: Type-A crashes
are the crashes belonging to the cluster with the higher ∆Te and Type-B
crashes those belonging to the cluster with lower ∆Te.

The division into different clusters allows to evidence even more the de-
pendence of bigger crashes on the toroidal current (fig 4.4b). The scatter
matrix of the crash and plasma parameters is depicted in figure 4.5. In
a scatter matrix the variables are plotted against each others, in order to
show the relation between them. The division into clusters is confirmed
by the good correlation (table 4.1a) between the current and the crash pa-
rameters of the type-A crashes. Correlations are weaker for type-B crash
parameters (table 4.1b), but this can partially be explained by considering
that these crash parameters are not only influenced by Itor but also by the
type-A crashes preceding them. No correlation is found between the crash
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Figure 4.4.: Clustering performed on the data from six different ECCD exper-
iments, with similar plasma parameters. Two different clusters are recognised.
.

parameters and the electron temperature Te and the electron density ne

rinv,hfs rinv,lfs ∆Te τcrash
Itor 0.88 −0.61 −0.78 0.73

(a)
rinv,hfs rinv,lfs ∆Te τcrash

Itor 0.39 −0.02 −0.13 0.02

(b)

Table 4.1.: Correlation (Pearson) between |Itor| and the crash parameters
of type-A crashes in (a) and for type-B crashes in (b). The sign
depends on how the parameter are defined. For instance ∆Te is
negative and therefore the correlation is negative.

The aforementioned analysis is based on the distribution of the crash
parameters in the parameter space. A crucial question to be answered is
whether the two crash types are also characterised by a different physical
process or whether they are triggered by the same phenomenon and occur-
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ring at a different region of the plasma. In the following subsections we
will describe the dynamics of the two processes and highlight similarities or
differences.
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4.2.1. Type-A crashes

The electron temperature profile, Te(r) is plotted in figure 4.3a for a typical
type-A crash at different timesteps. At I), in black, the Te at the equilibrium
before the crash is shown. A fast core displacement (II, in red) then occurs
within 100 − 200µs, preceding the temperature drop. The crash happens
in about 100µs, during which the Te profile within rinv (defined in figure
4.3b) drops and flattens and the core energy is redistributed outside the
inversion radius, causing a weak Te increase. The re-heating phase (time
step IV) depends on the amplitude of the crash and the involved region:
for the crashes in this experiments the typical time is about 5 − 20ms,
faster than the time interval between two events. Itor strongly influences
the crash parameters, as it is shown in figure 4.4b. ∆Te varies from about
30 − 35% to 60 − 65% for currents from 10 to 15 kA and rinv/a changes
from about 0.25 to 0.5. The same trend and the same values (with small
differences due to slightly different plasma parameters) is detected in other
experiments. In figure 4.6, τcrash and rinv of experiments 20171206.025,
20171206.028 and 20171207.008 are plotted against Itor. These exper-
iments were performed with the same magnetic field configuration (axis
magnetic field B0 = −2.52T) and similar heating schemes. The rinv of the
three experiments overlaps very well, especially at late times of the experi-
ments and indicates once again that the toroidal current plays a major role
in setting the crash size. The rinv discrepancies at the beginning of the ex-
periments can be explained by the fact that Itor represents the total toroidal
current and not the current within a volume of radius rinv and, therefore,
differences of the current profile can be present. τcrash values overlap at the
beginning of every experiment (low Itor values) and can show rather differ-
ent values at higher Itor. For instance, at the end of the experiment, the
average τcrash for 20171206.025 is 2− 3 times lower than in 20171206.028.

Several models [29, 30, 95] predict that the current redistributes as a
result of the crash and then develops until the plasma instability condition
is reached again. We are not interested in how the current is redistributed,
but in how fast it recovers for the next crash to be triggered. We are, in
other words, interested in estimating how much time it takes for the current
to make the plasma unstable again and if this is compatible with the crash
period τcrash. The resistive time τη describes the time scale for the current
to diffuse. It is defined as τη = µ0l

2/ηsp, where l is the typical scale of the
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Figure 4.6.: Type-A τcrash (top panel) and rinv/a (bottom panel) as a function
of Itor for three different experiments.

system and ηsp the Spitzer resistivity. It is reasonable to expect τcrash to
scale with τη, thus to be similar for experiments whose τη are comparable.
We do not directly estimate the relation between τcrash and τη. Instead, we
compare the ratios of τcrash of different experiments, i and j, with the ratios
of τη for the same experiments. The ratio can be written as follows:

τη i
τη j

=

(︃
µ0l

2

ηsp

)︃
i

(︃
ηsp
µ0l2

)︃
j

≈ Zeff j

Zeff i

(︃
Te i
Te j

)︃3/2

. (4.1)

Since generally rinv for different crashes agree very well, especially at higher
currents, it is reasonable to assume that l be the same for the three ex-
periments. For i = 20171206.025 and j =20171207.008, the ratio of the
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resistive times is τη i/τη j = 0.87± 0.22 and the ratio between the crash pe-
riods (for Itor < −8000 kA ) is τcrash i/τcrash j = 0.77 ± 0.26. The two ratios
are similar, thus indicating that the current evolution process and crash
trigger happen on the same timescales for both the experiments. How-
ever, if we consider i = 20171206.028 and j =20171207.008, we obtain
τR i/τR j = 1.03± 0.26 and τcrash i/τcrash j = 3.27± 2.28. The ratios strongly
differ, which means that in 20171206.028 the crash trigger timescale is
slower than the current diffusion.

An additional example is the last crash in this experiments, which oc-
curs after 4 s from the previous crash. A similar observation is found for
20171206.030. For the first 2 s, type-A crashes are detected. The type-A
crash activity is replaced by type-B crashes. After about 14 s, a type-A
crash is detected. The suppression of the type-A crashes is not understood
and might have different reasons for which we propose two hypotheses. Ei-
ther the presence of the type-B crashes influences the current evolution,
making it slower, or the crossing of ι = 1 (or other resonant values) is not
a sufficient condition for the crash to be triggered.

Theoretical works [96, 97, 93] regarding the W7-X plasma stability dur-
ing ECCD experiments have just started. A better comparison between
theoretical results and the experimental data requires measurements of the
rotational transform profile, which are currently not possible.

4.2.2. Type-B crashes
Type-B crashes have similar characteristics as type-A crashes, i.e. a fast
drop of the central Te is detected along with a small increase in the tem-
perature outside rinv. However, the plasma volume affected by the crash is
smaller than in a type-A crash. The crash time is of the same order of mag-
nitude of the type-A crash (about 100µs), but no precursors were detected.
Crash parameters are not only influenced by the toroidal current but also
by the presence of stronger crashes. It is possible to observe that ∆Te ,
rinv and τcrash are reduced immediately after a big crash. In the following
crashes, these three parameters increase again until values consistent with
the ones before the crash is reached. This can be seen as an indication
of a strong change and redistribution of the toroidal current following a
type-A crash. However, the overall trend seems to be influenced as well
by Itor, since the average ∆Te and rinv for higher current values are larger
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Figure 4.7.: Crash parameters of 20171206.030. The blue and red dots represent
the type-A and -B crashes, respectively. It is possible to see the absence of type-A
crashes from t = 2 s to t = 17.5 s.

than the average value at the beginning of the plasma discharge. The same
comparison between crash parameters belonging to different experiments
can be done for this type of crash as well, as plotted in figure 4.8. Also
for the type-B crashes the values of rinv overlap very well between different
experiments. In figure 4.9, it is possible to notice that in both cases τcrash is
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Figure 4.8.: Type-B τcrash (top panel) and rinv/a (bottom panel) as a function
of Itor for three different experiments.

non-monotonic, due to the influence of the type-A crash. However, the τcrash
in 20171206.028 (blue dots) shows a very fast recovery, followed by time
window in which τcrash is constant. The same is not visible in 20171207.008
(blue dots), where the reaching of a saturated value for τcrash is probably
interrupted by a type-A crash.

4.3. Mode Number estimation
The existence of crash precursors is extremely useful in studying and charac-
terising an instability. In this work two main types of precursor phenomena
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of Itor < −9 kA for two different experiments.

were encountered. Oscillating precursors, which can in principle be easily
studied by means of time-frequency analysis, and strong and fast displace-
ment of the plasma core. In our case, oscillating precursors have a short
lifetime and are generally not detected by the x-ray cameras and therefore
are mainly studied by ECE. Magnetic diagnostics, which have a greater
mode resolution, detect a strong oscillating signal after the crash. The sig-
nal is composed by several periodic oscillations, which are damped in about
100µs. Frequencies depend on several factors, such as plasma parameters,
but are one order of magnitude higher than postcursors that can be ob-
served in the ECE signal after the crash itself. The typical frequencies that
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Figure 4.10.: Precursor activity in 20171206.025. In a) short-lived precursors
and core displacement are observed before the crash. The crash is hardly detected
by the x-rays and a strong oscillations is detected by the Mirnov coils after the
crash. b) Crash without oscillating precursors. The core displacement is detected
as well (time step II). The crash is visible also in the x-rays.
.

compose the detected signal seem to be related to a post-crash Alfvénic
activity [84] and are detected only for the stronger crashes. It may be the
case that the smaller crashes are too weak or too close to the magnetic
axis for the perturbation they produce to be detected by the coils. During
experiments using the standard configuration and co-ECCD, the magnetic
coils did not detect any significant crash precursors and therefore they could
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not be used for mode analysis.

4.3.1. Oscillating precursors
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Figure 4.11.: FFT analysis for precursors at 1.992− 1.99254 s (20171206.025 )
(a) and 13.523−13.5245 s 20171206.028 (b). The smoothed pre-crash ⟨Te⟩ profile,
the power density of the dominant frequency, the radial displacement ξ and the
relative phase between the precursor oscillations are plotted, respectively.
.

Crashes are occasionally preceded by short-lived precursor oscillations
(2−6 kHz) and in most cases by a displacement of the plasma core. Precur-
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sors are not identified in x-ray data. The ECE timetraces of two HFS chan-
nels and two LFS channels are plotted in figure 4.10a. From t = 2.7785 s to
t = 2.7791 s, the two core channels show Te oscillations 180◦ out of phase,
consistent with an odd poloidal number.

Generally, the oscillating precursors for on-axis current drive are rela-
tively weak and the cycle is too short for being properly analysed by means
of a FFT. However, an example is provided in figure 4.11. Figure 4.11a
shows the precursor analysis for the time window t = 1.0615 − 1.0622 s
(20171206.025 ), in which the smoothed pre-crash Te profile (I), the power
spectral density of the main Fourier component (II), the radial displacement
ξ(r) (III) and the relative phase between channels (IV) are plotted. Due to
the small time windows and relatively weak oscillations, the phase relation
between the core channels is not easy to interpret. However, a phase of
π exists between the channels with the stronger oscillations, therefore the
precursors are related to a perturbation with odd poloidal number. The os-
cillations for |r/a| > 0.25 are too weak for assessing the phase relations with
respect to the core oscillations. Figure 4.11b shows a case (20171206.028,
t = 13.523 − 13.5245 s) in which the precursor activity was stronger and
detected by a wider number of ECE channels. Several LFS channels detect
oscillations with a phase of π with respect to the HFS, thus confirming the
mode has an odd poloidal number. An additional phase jump is present,
around r/a ≈ 0.45. A phase jump on the same side with respect to the
axis is an indication for a magnetic island, thus indicating the mode has
a non-ideal nature ( chapter 3 in [16]). This is also confirmed by the dis-
placement ξ, which changes sign in correspondence to the phase jump, thus
confirming the existence of a magnetic island before the crash.

4.3.2. Core Displacement
A fast displacement of the plasma core is often detected, regardless of the
presence of oscillating precursors (figure 4.10). The core displacement can
be identified in the timetraces as the spike that precedes the crash. The
Te profile during the displacement can be seen in figure 4.3a where it is
compared to the unperturbed Te.

The contour plot in figure 4.12a can be used to visualise the dynamics of
the core displacement. The two dotted lines represent the timewindow in
which the crash phase occurs. Before that, it is possible to see a movement
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a crash preceded by the core displacement. The ECE detects an outwards core
movement. The SVD-filtered x-ray tomography shows an inwards core movement
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.

from the centre to the LFS, which is caused by the core displacement. The
Te profile during the displacement is not poloidally symmetric and has the
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typical structure of an m = 1 mode. At the same time a region with flat Te
develops at the HFS, at r/a ≈ 0.4. The temperature flattening is generally a
good indication for the existence of a magnetic island. The island expands,
spanning from r/a ≈ 0.22 to r/a ≈ 0.45 before the crash.

The core displacement is relatively strong and the x-ray tomographic
reconstruction (4µs of temporal resolution) was possible. The tomograms
plotted in figure 4.12b are filtered by applying singular value decomposition
(SVD) [98] to remove the dominant component of the emissivity which, for
this case, consists of a constant value. The first tomogram represents the
SVD-filtered data before the core displacement happens, which starts to be
visible in the third tomograms and is completed in the fourth, showing a
typical m = 1 structure. The tomography is also able to reconstruct the
post-crash dynamics, showing a poloidal propagation of the expelled core
(from the fifth tomogram). The redistribution is not isotropic and occurs
in the direction of the electron diamagnetic drift. The ECE radiometer and
the x-ray camera array are placed almost 180◦ apart in toroidal direction
(figure 2.1). In figure 4.12, the ECE contour plot and the SVD-filtered
x-ray tomography are compared. We observe that a horizontal outwards
(inwards) movement in the ECE signal corresponds, in the x-ray tomog-
raphy, to an inwards (outwards) movement. Comparing the movement di-
rections of the x-ray signals with respect to ECE signals (figures 4.12a and
4.12b), we conclude that the toroidal mode number n has to be odd. The
analysis of different crashes shows that the core could be displaced in every
direction. ECE has only a 1-D horizontal line of sight and therefore only
horizontal movements of the core can be detected. The existence of vertical
displacements is confirmed by the soft x-ray tomography.

The existence of a preferred displacement position can be assessed by
comparing the displacement detection in a LFS and an HFS channel. If the
core displacements were purely horizontal or vertical, one would expect to
detect by means of ECE (25%) core displacements to the HFS, (25%) to the
LFS and to not detect any core movement in (50%) of the cases. Consider-
ing again the experiment 20171206.025, 62 type-A crashes are detected in
the time window between t = 3 s and t = 23 s. 18 core displacement (29%)
are detected by an HFS channel, 15 (24%) by a LFS channel and the re-
maining 29 (46%) do not show any core displacement before the crash. This
simplified analysis may suggest that the core displacement is isotropic, i.e.
it does not clearly occur in a preferred direction.
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4.4. Comparison with 1-D calculations
We have shown that the stronger crashes are characterised by mode num-
bers that do not contradict (m,n) = (1, 1). An instability with these mode
numbers will probably be destabilised in the proximity of the resonant sur-
face with the same helicity, i.e. with ι = 1. Here, we present an estimation
of rι=1 for type-A crashes based on two major observations. The first as-
sumption is that the driven toroidal current is mainly generated in the
proximity of the magnetic axis, therefore it is deposited inside the mea-
sured rinv. The second observation concerns the bootstrap current, which
has been calculated to be about 3 kA in the stationary phase, with a broad
profile. Combining these assumptions, we can assume the toroidal current
density to be mainly distributed inside rinv and therefore that the measured
toroidal current yields a good estimation of the toroidal current inside the
inversion radius, i.e., Itor(r = a) ≈ Itor(rι=1), where:

Itor(rι=1) = 2π

∫︂ rι=1

0

jtor(r) r dr ≈ Itor (4.2)

with rι=1 being the radius where ι = 1 is crossed. The assumption that most
of the current is distributed close to the magnetic axis allows us to estimate
ι = 1 despite the lack of information about the real j(r) profile. As plotted
in figure 4.13a, the crossing position depends only on the integrated value
of j(r), which corresponds, under this assumption, to the experimentally
measured toroidal current. Since we do not have any information about
j(r), the easiest assumption is to assume j(r) = j0δ(r = 0), which indicates
that the whole current lies on the plasma axis. This is physically not correct,
but it has to be stressed that, as long as the toroidal current is within rinv,
any j(r) will yield the same result on the estimation of rι=1. Under this
assumption, equation 3.3 becomes:

ιcurr =
µ0R0

2π

Itor(r = a)

r2
(4.3)

We used equations (3.1) and (3.3) to estimate how the rotational trans-
form is modified by the toroidal current. For every detected crash, we
calculate rι=1, which is the radial position that solves equation (3.1) and
compare it to the inversion radius (rinv) of every crash as displayed in fig-
ure 4.13b. The temporal evolution of the calculated rι=1 position follows
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Figure 4.13.: a) sketch showing that different j(r) profiles yielding the same
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the trend of rinv increase. While at the beginning of the discharge the two
positions deviate approximately by 25%, the deviation reduces with time,
until the two datasets differ by less than 10%. This deviation indicates
that rinv and rι=1 might not coincide. The initial bigger difference can be
explained by the fact that, at the beginning of the plasma discharge, due
to the shielding current jind(r, t), the toroidal current inside the inversion
radius does not represent the whole toroidal current measured by the Ro-
gowski coils. Although rinv and rι = 1 do not coincide, it is interesting
to notice that they follow a similar trend (bottom plot of figure 4.13b) and
their difference becomes constant at the end of the discharge, thus providing
a reasonable explanation for the increase in rinv at higher currents.

4.5. Comparison with other heating schemes
In the previous sections we have mainly studied long experiments with
strong on-axis heating, whose sharp crashes are easily detected by differ-
ent diagnostics. In the following sections we will briefly show the main
features of different heating schemes and ECCD experiments conducted in
different magnetic configurations. The limited amount of comparable ex-
periments, the short duration and the malfunctioning of some core ECE
channels strongly hampered the amount of information, which could be ex-
tracted. Therefore, the main similarities or discrepancies with respect to
the long on-axis ECCD experiments are highlighted.

4.5.1. On- and off-axis comparison
In this section we compare two experiments, plotted in figure 4.14: one
with on-axis current (in black) and one with off-axis (in red) current drive.
The experiments were conducted in standard configuration, with an axis
magnetic field of B0 = 2.52.

The regions where the power (and the current drive) is deposited can be
seen in figure 3.2. The heating power and the current drive are deposited
within reff/a < 0.2 for the on-axis deposition and between 0.2 < reff/a < 0.5
for the off-axis deposition. The plasma energy in the two experiments is
comparable as well as the density. A big difference is represented by the
central Te, which is lower in the off-axis experiment due to the off-axis
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Figure 4.14.: Comparison between 20180918.022 (black, on-axis
ECCD),20180918.027 (red, off-axis ECCD). The Te timetraces from a
core ECE channel, the stored plasma energy and the toroidal current are
plotted, respectively. The blue line indicates the moment in which no more net
ECCD is driven.

heating itself. At the beginning of each experiment, the ERCH beams were
obliquely injected, in order to the generate ECCD. At t = 5 s, the gyrotrons
providing the current drive were turned off. The plasma heating was then
taken over by a couple of ERCH beams which reciprocally compensated the
generated ECCD and therefore no net current was driven. It is important
to note that, as soon as no net current is generated by the ECRH itself,
no more crashes are detected. This is an additional confirmation that a
localised current is necessary as crash trigger.

The effects of the different heating schemes are visible, even if a proper
study of the crash pattern evolution was not possible. The on-axis ECCD
experiment has a crash pattern, which is very similar to the one analysed
at the beginning of the chapter. In fact, type-A crashes and type-B crashes
were detected. The crash pattern is more complicated in the off-axis ECCD
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Figure 4.15.: Comparison of different ECE channels for a type-A crash (black
timetraces, 20180918.022 ) and a crash with strong oscillations (red timetraces,
20180918.027 ). In the latter, the O-point and the X-point of a hot magnetic
island can be recognised. Top plots refer to LFS channels, while the bottom
refers to a core-HFS channel.

experiment. Since no on-axis heating is present, the Te profile is different
and broader than in the on-axis experiment. A less peaked Te profile results
in turn in a weaker ∆Te. For the first three seconds, the crashes appear
relatively different with respect to those analysed before. An example is
shown in figure 4.15b, where the time traces of one HFS channel (ch 14)
and other LFS channels are plotted. The crash itself is composed of strong
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Te oscillations (from t = 2.204 s to t = 2.208 s). The oscillations have the
same amplitude of the crash itself, that can be seen at about t = 2.209 s.
The shape of the oscillations have the typical features of a hot magnetic
island in which Te within the island is not flat, but presents a maximum
due to the localised heating within the island itself. Let us consider channel
8 and 14 of the ECE (figure 4.15b). The two temperature peaks are usually
associated with the X-point of the magnetic island, while the hump in
between describes a region of the island close to the O-point where the
ECRH depositon occurs. The comparison with the HFS channel 14 shows
that the X-point detected in one channel corresponds to the O-point in
other channel, thus indicating the island has odd poloidal number. No x-
ray tomography reconstruction was available. In figure 4.16 several types
of Te oscillations are visible. The crashes at about t = 3.17 s and t = 3.22 s
are similar to the one presented in 4.15b, where oscillations of the order of
magnitude of the crash are observed. The oscillations at t = 3.27 s are not
followed by a temperature drop. These oscillations were observed in other
devices [99, 100] and are known as midcursors or compound crashes. Finally,
at t = 3.2 s the Te drop becomes sharper and more similar to the one plotted
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in figure 4.15a. However, it is preceded by long lasting precursors and
postcursors are often observed, which are related to incomplete magnetic
reconnection. The presence of mid- and post-cursors suggests a ι = 1 flux
surface remains after the temperature crash. A possible explanation for
the different pattern of the mode activity preceding the crashes in figure
4.15b could be caused by the position of the ECRH absorption. As we
have shown, the position of the resonance shifts outwards as Itor develops.
Therefore, the shift of the resonance position with respect to the deposition
position could be responsible for the different crash and precursor patterns.

4.5.2. Counter-ECCD
Experiment 20171206.036 was conducted with the same ECCD profile and
magnetic configuration as 20171206.025, but with counter-current, i.e. the
current was driven in such a way that the rotational transform is decreased.
As a result, τcrash becomes very large and only two crashes in a 25 s long
experiment are detected. However, strong Te oscillations are present for the
whole plasma discharge (black time traces in figure 4.17a). The dominant
harmonic component has a frequency of 5.8 kHz and the central HFS chan-
nels show a strong activity of several harmonics. In figure 4.17b the two
dominants Fourier components and the relative phases are plotted respec-
tively in the second and in the fourth panel. The red points indicate the
dominant harmonic data (5.8 kHz), while the black points are related to the
second harmonic. The reference channel is channel 8 (in blue) at the LFS.
The HFS channels with the strongest first harmonic δTe component are in
phase with respect to the reference channel and therefore the perturbation
seems to be dominated by an even poloidal number. Two phase jumps, along
with strong changes of ξ (third panel) can be seen at about r/a ≈ ±0.35,
indicating the non-ideal nature of this mode. Regarding the second har-
monic (red) up to three local maxima are identified in proximity of the
centre and the phase relation is not clear, since most of the external chan-
nels have a negligible component. The rotational transform profile during
a counter-ECCD experiment crosses several low rationals (1/2, 2/3, 3/4, ...)
(see figure 3.6) in a narrow region and the interaction between them might
explain the presence of different modes in the proximity of the axis.

An interesting observation is that oscillations in Mirnov coils (blue time-
trace in 4.17a) are found to have the dominant frequency (5.8 kHz) as those
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.

found in the ECE data. The poloidal mode analysis is performed using the
Stochastic System Identification (SSI) algorithm [101, 84] and the results
are plotted in figure 4.18. A dominant |m| = 2 component is found and
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it consistent with the crossing of a ι = n/m = 1/2 rational surface. No
toroidal mode number analysis was possible.

20171206.036, HM11, 0.42-0.52s, 5.8kHz
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Figure 4.18.: Poloidal mode number analysis of the MHD activity detected in
20171206.036 by means of the Mirnov coils. A dominant |m| = 2 poloidal mode
number is found.

The absence of periodic crashes can be used to estimate whether the crash
activity hampers the development of Itor. We compared three experiments
with the same heating power: 20171206.017 (no ECCD), 20171206.028
(co-ECCD) and 20171206.0236 (counter-ECCD). The current deposition
profile of the last two mentioned experiments is the same, the only excep-
tion being the sign of the current. Experiment 20171206.028 terminated
prematurely (see chapter 5) and therefore we can only compare the current
developed within the first 12 s. A graphical comparison is provided in figure
4.19. Remembering that Itor = IECCD+IBS and assuming IBS be the same in
the three experiments, we can estimate the ECCD contribution. The sub-
traction yields Ico−ECCD ≈ −10 kA and Icounter−ECCD ≈ +9kA. Therefore,
the comparison of this experiments does not show a decrease in Itor for the
co-ECCD case, in which strong temperature crash are observed. A better
comparison should be performed using experiments in which the current
has reached a stationary value.
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Figure 4.19.: Comparison between the toroidal current development with co-
ECCD (black), counter-ECCD (red) and without ECCD (blue). The plasma
parameters (first and second panels) are comparable, therefore the blue plot
yields a good estimation of the bootstrap current.

4.6. High-iota magnetic configuration

ECCD experiments in the so-called high-iota configuration were performed.
The rotational transform at the magnetic axis is about ι0 ≈ 1.04, there-
fore counter-ECCD was used to cross ι = 1. Experiments confirmed that
sawtooth-like crashes are observed in such high-iota plasmas. Examples of
time traces during on-axis ECCD are plotted in figure 4.20a. The crashes
have the same characteristics of a type-A crash. In fact, precursor oscilla-
tions with an odd poloidal number are often observed, as well as fast core
displacements. The analysis of the relative phase between precursors is
plotted in 4.20b. Several channels on both sides are removed due to a mal-
functioning. Due to the low number of channels showing precursors, it is not
possible to assess the presence of magnetic islands and therefore the nature
of the instability. The magnetic shear is considered an important element in
the stability analysis [30]. Approaching a resonance from above means the
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Figure 4.20.: a) in black: different ECE timetraces for 20180912.011. b) The
smoothed Te profile at the equilibrium (t = 0.525 s) (I), the dominant Fourier
components (II), the displacement ξ and the precursor phases. Several channels
were excluded from the Fourier analysis.
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shear has a sign opposite to the sign which is assumed when approaching
it from below. Although the main features of type-A crashes are present,
the high-iota experiments were generally too short to study the evolution
of the crash parameters as a function of the toroidal current. Additionally,
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the influence of the magnetic shear on the stability of the sawtooth crashes
would require a measurement of the rotational transform during the ECCD
experiments. Such a measurement is currently not available at W7-X.

4.7. Conclusion
In this chapter we presented the analysis and the characterisation of saw-
tooth crashes with different magnetic configurations and heating schemes
which were observed during ECCD experiments at the W7-X stellarator.
The strongest focus is on experiments with on-axis co-ECCD and the stan-
dard configuration. Several experiments are characterised by a large dura-
tion of the plasma discharge (up to 25 s), which allowed us to study the saw-
tooth crashes at different values of Itor. The experiments are characterised
by two different crash types. The crashes can be classified by means of a
clusterisation algorithm, such as DBSCAN and which was able to recognise
two crash clusters. Type-A crashes are characterised by a large amplitude
(up to 60 − 65%). Short-lived sinusoidal ( f ∼ 2 − 6 kHz) precursors are
often observed. Even more important is the presence of a strong core dis-
placement which precedes the crash itself. During this process, the plasma
core is displaced in about 100 − 200µs and the core expulsion occurs in
20 − 100µs. The core displacement shows a typical n = 1 structure. The
relative direction of the core displacement in the ECE and XMCTS planes
does not contradict a m = 1 structure.

The nature of the mode was investigated by studying the ξ(r) profile and
the relative phase φ between signals. In most cases, the precursor oscilla-
tions were too weak to show the presence of magnetic islands. However,
such an analysis was possible in cases of relatively strong precursors, where
the change of sign of ξ(r) was accompanied by a phase jump of 180◦, thus
indicating the presence of a magnetic island.

The crash position and amplitude strongly depends on the toroidal cur-
rent enclosed in the volume of radius rinv. The toroidal current develops
on the timescale of the L/R time, which is on the order of tens of seconds
at W7-X. As the current within rinv develops, the rι=1 shifts outwards, the
affected volume becomes larger and the crash stronger. The estimated rι=1

and the measured rinv do not exactly match. However, they both evolve as
a function of rinv with a similar trend.
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Type-B crashes were more difficult to analyse. The smaller amplitude and
the narrower region of the plasma they affect made them hardly detectable
by the x-ray cameras and a proper tomographic inversion was not possible.
No precursors were detected by the ECE. Therefore it is not possible to
assess any information about their mode number. A possible explanation
for the existence of two types of crashes consists in assuming the rotational
transform crosses unity twice. Another possibility is that the type-B crashes
are triggered by a perturbation with different mode numbers.

A comparison between on-axis and off-axis heating was possible for se-
lected experiments. The main properties of the crashes, such as the crash
time and the mode numbers, are consistent with on-axis-induced crashes.
A big difference consists in the presence of large precursors and the lack of
smaller crashes, such as type-B crashes. The presence of mid-cursors and
post-cursors was detected. They are related to the presence of an ι = 1
surface existing between and after the crashes and the latter are also an
indication for incomplete magnetic reconnection.

The island dynamics seems to be strongly influenced by the heating
schemes. Hot island signatures are in fact identified during off-axis ECCD
experiments, in which long oscillations (> 1ms) are detected before the Te
crash. The precursor pattern changes during the plasma discharge as it
was shown in figure 4.16. The reason is not completely clear and would
also require experiments to be conducted at higher densities, in order to
have clearer x-ray signals, which could be crucial in better identifying these
modes.

No qualitative differences were found between on-axis co-ECCD experi-
ments in standard configuration and counter-ECCD in high-iota configura-
tion. In both cases an odd poloidal number was found, consistent with the
ι = 1 crossing.

Temperature crashes, although rare, were found in counter-ECCD exper-
iments in the standard configuration. The mode seems to be dominated by
a perturbation with an even poloidal number, consistent with a crossing of
ι = 1/2 or 3/4. This hypothesis is supported by poloidal mode number
analysis by means of a poloidal Mirnov coil array. A dominant |m| = 2
mode number was detected.

A comprehensive theory of sawtooth crashes for W7-X is not completed
and several works have recently been published. One work was conducted
by using the linear resistive code CASTOR3D [96]. The main findings of

91



Chapter 4. Sawtooth crashes at W7-X

this work show that, if ι = 1 is crossed twice (m,n) = (4, 4) double tearing
modes (DTM) are formed coupling to (m,n) = (1, 1) non-ideal kink. An-
other work studied non-linearly the problem in a 1-D cylindrical geometry
[97]. An important result is that, if the two ι = 1 are well separated, the
(m,n) = (4, 4), DTM couples with a (m,n) = (1, 1) resistive internal kink
mode, which becomes dominant in the non-linear phase. The phenomenon
obtained in this simulation describes very well the main experimental find-
ings of the type-A crash. However, no experimental indications for DTMs
are present. A second crash type was found for a small ι = 1 surface sep-
aration, which, however, does not reproduce the main features of a type-B
crash we described in this work.

An additional work ([93]) suggests that the ECCD, by changing the ro-
tational transform profile, moves W7-X closer to the ideal marginal stabil-
ity,therefore becomes susceptible to non-ideal instabilities. In particular,
for kinetic effects the instability threshold can be below the ideal one.
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Chapter 5.

Effects on plasma performances 1

In chapter 4 we discussed and presented the main results about ECCD-
induced temperature crashes. In this chapter we focus and expand the
analysis of experiments in which plasma performance is affected by the
temperature crashes. It is empirically observed that large crashes at rela-
tively high Itor can trigger an ne increase, which in most cases leads to the
abrupt deterioration of the plasma stored energy and even to the premature
end of the experiment.

A similar event chain was detected in all the experiments, in which a fast
and premature termination of the plasma discharge has occurred (presented
in section 5.1). A remarkable experiment in which the stored energy did
not deteriorate but increased after a series of crashes is presented in section
5.2. We discuss the role of the toroidal current on the density increase in
section 5.3. Finally we discuss the main differences with respect to tokamak
disruptions in the concluding section (5.4).

5.1. Chain of events
The number of experiments, in which a strong degradation or even a pre-
mature plasma termination is observed is very limited, therefore we lack
of a proper statistics. However, these experiments are characterised by a
similar event chain and a remarkable example (experiment 20171206.028 )
is displayed in figure 5.1. We can divide the plasma termination event
into five phases. The first phase is represented by a strong crash, with an
inversion radius rinv ≈ 0.5 a at t = 13.525 s. This crash has the typical

1Part of this chapter was published in M. Zanini et al 2021, Nuclear Fusion, 60 116053
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Figure 5.1.: Plasma parameters for 20171206.028, between t = 13.52 s and
t = 13.57 s. A strong temperature crash is detected at t ≈ 13.525 s (panel (c))
and is followed by an increase in ne (panel (g)).

features of a type-A crash, such as fast displacement of the plasma core and
crash time of about 50µs. A strong temperature increase, caused by the
expulsion of the hot core, is detected by ECE HFS channels in the instants
after the crash (see also the Te profile in red in figure 5.2b). The second
phase is characterised by an increase in the electron density, as shown in
figure 5.1 (g). An additional indirect measurement of the density increase
is given by the x-ray cameras. In figure 5.1 (panel (d)) the timetraces of a
core (r ≈ 0a) and a mid-plasma (r ≈ 0.4a) x-ray line of sights (LOS) are
plotted for the whole process and a zoom is depicted in figure 5.2a (b). The
x-ray camera detects an increase in signal for both LOS and a strong peak
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Figure 5.2.: Top plot a): Timetraces of two core ECE channels. The Te crash
happens at t = 13.5252 s. The decay at t = 13.526 s might be artefact. Bottom
plot b): Core (light purple) and mid-plasma (dark purple) x-ray diodes. (b): Te
profiles measured by ECE at different timesteps. In black before the crash, in
red right after the crash and in blue during the energy dissipation phase.

can be seen by the mid-plasma LOS at t = 13.526 s. The x-ray radiation
intensity ISX is proportional to T

1/2
e n2

eZeff and therefore the ISX increase
has to be caused by an increase in ne and/or Zeff . The additional drop in
ECE signals (figure 5.2a (a)) at t = 13.526 s does not seem to be a real
temperature drop; instead it seems to be caused by a temporary cut-off of
the X-2 emission detected by the ECE radiometer. The Te profiles detected
by the ECE for three selected instants are shown in figure 5.2b. The black
solid line represents the Te before the crash. The red dashed line depicts Te
after the crash, with a strong core temperature decrease (∆Te ≈ 65%). A
temporary Te increase can be seen at the plasma edge. The blue dotted line
represents Te after the density increase. The Te profile has peaked again,
however the temperature from the edge region to the mid-plasma region
(0.5 < |r/a| < 1) shows a strong decrease with respect to the other two
profiles and is generally below 1 keV, which suggests the plasma cooling
down starts from the edge.
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From the tomographic reconstruction of the soft x-ray emission, regions
of stronger signal increase in the poloidal plane of the viewing diagnostic
can be identified. Tomograms are plotted in figure 5.3a. The first tomogram
represents the emissivity ESX before the temperature crash, while the others
display ESX at different instants afterwards. Strong deviations from the
pre-crash emissivity ESX are visible, especially in (VI - IX) tomograms. In
these tomograms a signal as strong as the one of the core is detected in
the outboard side of the plasma. To highlight the interaction region, the
relative change of the emissivity was taken into account and plotted in figure
5.3b. From the emissivity ESX(t) of each point a reference distribution is
subtracted, representing the time averaged emissivity in a stationary phase
⟨ESX⟩ before the sawtooth crash. The relative emissivity ∆ESX is calculated
as:

∆ESX(t) =
ESX(t)− ⟨ESX⟩

⟨ESX⟩
. (5.1)

In this picture, the strong increase in signal, propagating from the edge, is
confirmed. The emissivity peak is initially located in the outboard portion
of the plasma and then spreads to the whole plasma edge and eventually
increases in the centre. The third phase is characterised by the plasma cool-
ing down. During this phase, the energy decays up to 10 times faster than
in a regular experiment termination. Both ECE and x-ray tomography con-
firm that during the plasma cooling down phase the plasma centre does not
move. The plasma cooling starts from the edge and moves towards the core,
as the plasma volume shrinks. The strong radiation is the main source of
the plasma energy loss, yielding an (almost) isotropic energy release. Ther-
mographic measurements of the divertor do not detect any additional local
heating, with the exception of a temperature spike corresponding to the
sawtooth crash (which is consistent with other experiments in which no en-
ergy degradation is detected) and no direct interaction between the plasma
core and the device itself is detected. The third phase is characterised by
the dissipation of Itor. The shrinking of the plasma volume and the tem-
perature drop cause an increase in the plasma resistance resistance R. The
τ = L/R term, which is present in equation (1.35) is strongly decreased,
thus accelerating the current Itor dissipation. A possible concern for the
device integrity is the threat that counter current induced in the plasma
facing components and the plasma vessel by the fast decay of Itor can gen-
erate strong electromagnetic forces and damage the components. However,
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no device damages was detected so far.
Finally, the last phase is characterised by an increase in the stray radia-

tion (figure 5.1), representing the unabsorbed ECR power, caused by a poor
coupling of the ECRH to the electrons. Triggered by the increase in stray
radiation, the interlock system stops the ECRH (t = 13.56 s). Another re-
markable experiment is 20171206.030, in which the same chain of events
is detected. Since the ECRH is not stopped by the interlock system, the
plasma is able to recover. In fact, is possible to notice that from t = 18 s, all
plasma parameters start to recover. The recovery is slower than a normal
plasma discharge start up (tens of milliseconds), however after about 2 s the
stored energy and Te display similar values to those before the crash.
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Figure 5.3.: (a): Time series of tomograms for 20171206.028, between t =
13.5248 s and t = 13.5258 s, showing a poloidal cross-section of the W7-X plasma.
The dashed line indicates the last close flux surface. (b): relative change of the
emissivity with respect to the first tomogram (equation 5.1). The core expulsion
happens in the second and third tomograms. The other tomograms show an
increase in x-ray emissivity.

.

The Te decay in 20171206.030 is slow enough (5− 10 times slower than
in figure 5.4) so that the dynamics of the impurity emission lines could
be studied by means of the High Efficiency XUV Overview Spectrometer
(HEXOS). Clear conclusions regarding the impurity dynamics and effects
are not possible since several parameters such as ne, Te, reff are changing at
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Figure 5.4.: Plasma parameters for 20171206.030, between t = 17 s and t = 19 s.
A strong temperature crash occurs at t ≈ 17.75 s, followed by an increase in
density (panel (g)) and a drop of the stored energy (panel (e)). The plasma
starts to slowly recover at t ≈ 18 s.

the same time. We therefore qualitatively compare the results with another
experiment (20171207.026 ), in which a sudden drop of temperature but no
density increase are detected. The temperature drop in 20171207.026 is
not related to ECCD experiments. The comparison can be seen in figure
5.5. The x-axis represents t− tref , where tref is a reference timestep shortly
before the Te decrease. The y-axis represents the signal renormalised to
their average value within the first 50ms. The direct comparison between
the signal increases for the two experiments shows that the H- and He-
like carbon emissions are similar in the two experiments. The other emis-
sion lines show differences, since the relative emission increase detected in
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Figure 5.5.: Impurity emission detected by HEXOS. 20171206.030 in red and
a reference experiment 20171207.026 in black. The x-axis represents the time
from which the temperature drop is detected (tref).

20171206.030 is orders of magnitude stronger than the emission increase in
20171207.026. Considering 20171206.030, a massive radiation increase is
detected at t− tref = 0.3 s. The increase is up to 30 times for selected, non
saturating oxygen lines (third column). A massive increase in nitrogen (70
times) and carbon (8 times for selected lines) is detected as well. Moreover,
chlorine and fluorine emission lines, which were not present before the crash,
are detected. Although it is not possible to reconstruct the dynamics of the
process, the following is suggested. First of all, the temperature decrease
alone, as detected in 20171207.026, cannot explain the 20171206.030 data.
The strong signal increase for the three elements is probably caused by an
influx of impurities. Moreover, comparing the inner lines (He- and H-like)
of carbon and oxygen and we can observe an increase of up to 2− 4 times
for the first element and 5− 15 times for the second. This is an additional
indication for a strong oxygen influx in the plasma.
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The presence of impurities following the crash is consistent with the x-ray
signal increase detected in 5.1 and explains the fast energy decay, which is
found to be 10 times faster than a regular experiment termination.

5.2. Sawtooth crash-induced fuelling
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Figure 5.6.: Overview of the main plasma parameters of 20180816.022. From
t ≈ 8 s a stepwise increase in density is detected.

.

The previous examples show that the plasma can be lost by a fast increase
in ne and/or impurities, following a sawtooth crash. However, in this section
we report on one case where the sawtooth activity induced a density increase
in the plasma, without leading to a premature termination of the experiment
(figure 5.6). The experiment is characterised, with respect to the other
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Figure 5.7.: a): Zoom of the main plasma parameters of 20180816.022 between
8 s and 12 s. Almost every sawtooth is associated with a density increase.

.

experiments presented before, by more heating power and a broader current
drive profile. At the beginning of the experiment strong differences with
respect to the experiments analysed in Chapter 4 are not observed. Both
type-A and B crashes are present and the crash sizes increase. In the second
part of the experiment, depicted in figures 5.6 and 5.7, stepwise density
increases can be seen with every sawtooth crash on the interferometer and
the x-ray camera. The crash parameters ( ∆Te ≈ 65% and rinv ≈ 0.5 a) are
comparable with those of the sawtooth crashes which are detected before a
fast terminating event.

We can only speculate about the factors which lead to the differences
between 20180816.022 and the experiments analysed at the beginning of
this chapter (20171206.028 and 20171206.030 ). The first difference is the
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higher heating power used in 20180816.022, which determines the maxi-
mum achievable density [102]. Boronisation can also affect the maximum
achievable density by reducing the plasma impurity content. This last as-
pect was investigated in more details. The first indication is given by the
Zeff trend. At about (from about t = 3 s) a strong increase in Zeff , caused
by a probe entering the plasma, is visible. The Zeff value remains constant
until about t = 8.8 s, when the density starts to increase. During this phase
of the experiments Zeff drops from about 2.5 to 1.6. This observation indi-
cates that the new particles, which are now fuelling the plasma, are mainly
hydrogen. If this were not the case, the Zeff decrease, along with a ne in-
crease, could not be explained. A more detailed analysis regarding impurity
line radiation was attempted with the HEXOS diagnostic. However, it was
not possible to disentangle the Te and ne contributions to the line emis-
sions, but, nevertheless, no strong increase in the impurity emission was
detected.

5.3. Role of Itor
It was empirically noticed that these few events with a plasma termination
occurred at relatively high toroidal current (> 10 kA). The increase in
radiation starting from the edge is a good indication for the interaction of
the expelled hot core and the neutrals or impurities located between the
very edge of the confinement region and the plasma facing components. It
is shown in chapter 4 that Itor can be directly related to the size of the
crashes. We consider four different experiments with comparable plasma
parameters and heating schemes and verify whether a significant increase
in density can be detected after the crashes. The results are displayed in
figure 5.8, where rinv, hfs of each crash is plotted against ∆Te. If no density
increase is detected, the points are shown in black and, in red, if a density
increase is detected. Only four crashes are related to a density increase.
One of them (∆Te ≈ −40%, rinv ≈ 0.15) is related to a crash detected
in 20171206.030 (t = 17.9 s) (figure 5.4) and occurred in a plasma which
has already shrunk due to the energy dissipation caused in turn by another
sawtooth crash, discussed in figures 5.4 and 5.5. The other three crashes
depicted in red are related to large ∆Te and especially to average rinv ≈ 0.5a.
This is a very large rinv, as it can be seen that the average inversion radius of
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Figure 5.8.: In black: crash parameters of crashes not related to a density
increase. In red: crash parameters of crashes were a density increase was detected
by the interferometer.

the other crashes is about rinvavg ≈ 0.38a. A large crash volume is not only
related to a large expelled energy but it also makes easier for the expelled
plasma to reach the edge.
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5.4. Conclusions
In this chapter we presented a series of experiments where strong density
increases were detected after the sawtooth crashes. In one case, after a large
sawtooth has taken place, a strong x-ray radiation is detected in the region
in which the hot core is expelled. It is assumed the signal be caused by the
ionisation of neutrals which, are present at the plasma edge. Analysis of
the impurity emission confirms a strong increase in the N and O emission
lines. The increased radiation losses cause a cooling down of the plasma
that starts from the edge and propagates towards the core as the plasma
volume shrinks. The total plasma current remains nearly constant until the
plasma temperature is well below 1 keV and is eventually dissipated on a
timescale some orders of magnitude faster than a normal experiment ending.
The plasma energy is lost mainly through radiation and the plasma core
maintains its position throughout the process. We also detected one case,
in which the ERCH heating is not turned off and the plasma recovers after
a few seconds. This event demonstrates the robustness of W7-X plasmas
against terminating events.

In one case it is found that the sawtooth crashes themselves were re-
sponsible for stepwise density increases. The process is similar to the case
in which the plasma loss occurs, but in this case no impurity increase is
detected.

The main difference between the experiments in which the plasma is lost
and the one in which the plasma is fuelled by sawteeth consists in a different
heating power and in the wall boronisation. The boronisation of the wall
reduces the concentration of impurities in the plasma and therefore reduces
radiation losses. An higher heating power allows to sustain a plasma at
higher densities, by keeping a positive balance between the energy trans-
ferred to the plasma and the energy losses.

In summary, we propose the following mechanism. Large crashes are
found to trigger a density increase. If the energy balance is negative, i.e.
the ECRH power is not sufficient to sustain the radiation losses, the cooling
down of the plasma, starting from the edge, occurs and the plasma shrinks.
This indicates that the plasma-wall interaction is strongly reduced and the
energy release is almost isotropic. Additionally, an higher heating power or
an adequate wall conditioning can contribute to avoid such events.
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Summary and conclusions

In this work we analysed and characterised the main features of the saw-
tooth crashes observed in W7-X plasmas, during ECCD experiments. The
main magnetic field configurations are designed to avoid low order ratio-
nal values of the rotational transform within the confinement region of the
plasma. Localised ECCD can strongly modify the rotational transform
producing such low order rationals, which can significantly alter the plasma
stability conditions.

In chapter 3 we calculated the ECCD profiles, for typical experiments, us-
ing the ray-tracing code TRAVIS and solved the current diffusion equation
in simplified geometry. We showed that the rotational transform can be
modified by ECCD on time scales which are consistent with the measured
times for the temperature crashes to occur.

In chapter 4 we presented the experimental data, focusing our analy-
sis on on-axis ECCD experiments (t > 10s, with a crash period of about
τcrash ≈ 50 − 200ms) and identified up to two types of crashes. The first
type (called type-A) is characterised by large temperature drop (∆Te be-
tween 30 an 60%) and large affected volumes, with an inversion radius of
rinv ≈ 0.3 a−0.5 a. This crashes are occasionally preceded by low frequency
precursors. More often, a core displacement is detected before the crash.
The displacement has a typical m = 1 structure and forms in about 100µs.
The joint analysis of electron cyclotron emission (ECE) and x-ray tomog-
raphy showed that the mode is consistent with an (m,n) = (1, 1) structure.

The second type of crashes (called type-B) are localised close to the mag-
netic axis, covering a smaller volume and have smaller amplitudes (∆Te
between 10,30%). The analysis of these crashes was performed only with
ECE, since their amplitude was generally too small for the soft x-ray diag-
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nostic to detect them. A mode analysis was not possible.
Since a measurement of the current profile was not available, it was not

possible to directly measure the positions where low order rationals are
crossed. However, since most of the toroidal current is driven within the
inversion radius rinv, an estimation of the resonance positions for the type-A
crashes was attempted by assuming that the whole plasma current is driven
at the magnetic axis. Since the current evolves over time, also the estimated
resonance position changes.

The time evolution from the model compares favourably with the mea-
sured rinv being almost linear in the final part of the experiment. This
indicates that the crash size is directly related to the position where the res-
onance is triggered, which moves outwards as the toroidal current evolves.

Temperature crashes are detected also for ECCD deposition positions
away from the magnetic axis, with two major differences with respect to
the (almost) on-axis case: strong precursor activities are detected before the
crashes and no type-B crashes were detected. Although it is not possible to
properly give an explanation for these differences, it can be speculated that
the absence of type-B crashes might be caused by the crossing of different
rational values in the proximity of the axis.

During counter-ECCD experiments, temperature crashes were rarely ob-
served. The MHD activity analysis suggests the mode is characterised by
an even poloidal number (m = 2) and therefore is consistent with a crossing
of ι = 1/2.

Finally, experiments with counter-ECCD in the so-called high iota mag-
netic configuration have been analysed. Temperature crashes were detected
as well even if the resonance crossing occurs from above and therefore with
a reversed shear with respect to the standard configuration case.

The temperature crashes we observed at W7-X seem to reproduce the
main features of the sawtooth crashes which are regularly observed in toka-
maks and this offers the possibility to use the extensive work which was
carried out in the past to improve the knowledge over the temperature
crashes at W7-X. However, differences exist. The main difference is rep-
resented by the toroidal current, which is necessary in tokamaks for the
plasma confinement. The toroidal current has a broad profile and sawteeth
are very common, although externally driven current can be generated to
modifiy the rotational transform too, so as to mitigate or suppress them.
With respect to this, the sawtooth control is crucial for large devices since
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the expelled energy and the coupling with other unstable modes can limit
the maximum achievable plasma parameters and can also damage the device
itself.

Regarding W7-X, the temperature crashes were only detected during
ECCD experiments. A conclusive theoretical work regarding the W7-X
plasma stability is not yet complete, although the studies performed so far
indicate that the strong modifications of the rotational transform caused
by a localised current can significantly change the stability condition of the
magnetic configuration. This shows that a low shear stellarator is very sen-
sitive to a toroidal current. A crucial question to be answered in the future
experiments is whether the bootstrap current in high β plasmas can con-
tribute to destabilise a sawtooth. The understanding of the temperature
crash physics would also offer the possibility to control them, such as to
remove high-Z impurities from the plasma core.

The effects the temperature crashes have on the removal of high-Z im-
purities from the plasma core were not yet assessed. This feature is widely
used to prevent an high concentration of impurities in tokamaks and could
be investigated in W7-X. For this reason, a deeper understanding of the
temperature crash physics is crucial in order to control them.

In chapter 5 the impact of strong temperature crashes on the plasma per-
formances was investigated. However, only few experiments were available.
The comparison of these experiments suggests that when a strong crash oc-
curs (rinv > 0.5/a), a strong density increase is detected in the plasma. In
most cases, this density increase came along with a strong impurity emis-
sion increase. Such an increase in the impurity content can be deleterious
for the plasma. In one experiment, which was conducted after wall boroni-
sation, a constant plasma fuelling was observed after every crash, without
any increase in impurity. This may suggest that, if a proper wall condition-
ing is conducted, the temperature crash can also have positive effects to
the plasma fuelling and terminating events can in principle be avoided by
carefully planning the experiments in such a way not to overcome a certain
Itor threshold, as Itor itself plays a fundamental role in the crash size.

A crucial question to be answered is whether these events can be related
to disruptions in tokamaks. The termination events presented in chapter 5
present some qualitative similarities with respect to tokamak disruptions,
i.e. a temperature quench and a current quench phases are detected before
the plasma loss. However, the situation for the two configurations is rather
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different. First of all, in stellarators the toroidal current is not necessary
for the plasma confinement. This makes the toroidal currents in tokamaks
orders of magnitude higher than the maximum achieved toroidal current at
W7-X. Therefore, the j×B forces, induced into a tokamak vessel due to a
fast current dissipation, can be orders of magnitude higher than in a stel-
larator. Additionally, the rotational transform in a stellarator is provided
by the external coils. The existence of the flux surfaces does not depend
on the toroidal current and we reported on a case in which the plasma
recovered after a loss of more than 90% of the stored energy.

The limited dataset does not allow to have a full comparison with toka-
mak disruptions. On the other hand, this is also a demonstration that these
events do not happen routinely, showing once again the robustness of W7-X
against plasma loss events.
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Appendix

A.1. Singular value decomposition
The singular value decomposition (SVD) [98] algorithm allows to decom-
pose the experimental signals into spatial and time elements. Data are
represented by an (n × m) matrix X (m ≤ n) and the matrix consists of
mij elements, with i, ..., n time points and j, ...,m spatial points. The SVD
algorithm decomposes the matrix X

X = UTSV, (A.1)

where U and V are respectively a (m ×m) and (n × n) unitary matrices
and S is a (m×n) diagonal matrix, whose eigenvalues si are called singular
values. They are sorted with decreasing relevance for the data, such that
s1 ≥ s2 ≥ ... ≥ sm ≥ 0. The singular values represent the magnitude of
each component, whose spatial and time components are represented by the
columns of the matrices U and V. The spatial structures of the dataset
is represented by the vectors uk (topos) and their corresponding temporal
evolution vk (chronos). The filtered signal can be reconstructed by properly
selecting the components, such that:

X̂ =

p∑︂
k=l

ukiskvkj (A.2)

where the indeces l,p refer to the first and the last element used in the
reconstruction. SVD has been successfully used in different fields. For this
work it has been used to extract the unperturbed and perturbed compo-
nents from the total signal. The first singular value is generally referred
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to the unperturbed component of the signal, while the others represents,
in descending order, the strongest perturbations. In this thesis, the SVD
analysis was applied to soft x-ray tomography data before the crashes in
order to verify whether a dominant component could be found.

A.2. Cluster algorithm
Cluster analysis consists in grouping a set of data with similar character-
istics. As a first approach, we analysed experiments with similar plasma
parameters (such as PECRH, Wdia, ne, Te, etc.) in order to automatise the
separation of type-A and -B crashes. The parameters used for the cluster
analysis are Itor, rinv, hfs, rinv, lfs,∆Te.

Data were pre-processed using the scikit-learn [103] build-in function
RobustScaler, which rescales the dataset by removing the median and by
scaling the data according to the chosen quantile range, which in the cases
here presented spans between the first and the third quantile.

Additionally, the principal component analysis (PCA) was performed on
the scaled data in order to reduce the dimensionality. Data in figures A.1
and A.2 represent the experimental data plotted in figure 4.4, processed us-
ing the PCA. PCA is an orthogonal linear transformation that decomposes
a multivariate dataset in a set of orthogonal components. The new compo-
nents are sorted by their variance. The first component is the component
with the highest variance, the second component has the second-highest
variance and so on. For the dataset here analysed the first and the second
components provide 99% of the variance of the data. This made possible to
carry out the cluster analysis using two dimensions instead of the original
four.

The internal validation of the algorithm was assessed using the Silhouette
score [104], which is based on two quantities: a and b. a measures the
intra-cluster distance, i.e. the average distance of a point with respect to
all the other points of the same cluster. b measures the distance between
one point of a cluster and all the other points in the clusters it is not
part of. Finally, the Silhouette score of each point i is defined as: s(i) =
(b(i) − a(i))/max{a(i), b(i)}). The best value is 1, representing that the
clusters are dense and well separated, while the worst value is −1, indicating
that different clusters do not differ from each others.
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Figure A.1.: k-Means clustering, for different k. The x- and the y-axes represent
the first and the second component found by means of the PCA, used to reduce
the dimensionality of the dataset.

We tested first the possibility of dividing the dataset into clusters by using
the k-Means algorithm, which splits the dataset into k different clusters,
each described by the mean µj ( known as centroid) of the samples in the
cluster. The algorithm starts with the creation of k centroids and iterates
the following two steps. The first step consists in assigning each point
to the closest centroid, while the second step consists in re-calculating new
centroids by taking the mean values of all the sample assigned to previously
existing centroids. The process is iterated until the position of the new
centroids does not significantly vary with respect to the position of the
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previous centroids.
We run the algorithm for different k values and compared the Silhouette

score (figure A.1). The number of clusters k that maximizes the average
Silhouette score is for k = 2.

Once we showed the dataset could be divided into clusters, we tested
another algorithm, DBSCAN [94]. DBSCAN clusters are defined as regions
of high point density separated by low point density regions. In such a
way, clusters can assume any shape, in contrast to k-Means which requires
the cluster have a convex shape. Additionally, DBSCAN is well suited for
handling possible outliers (noise).

Each cluster is composed of core samples and non-core samples. A point is
a core sample if it is located within a distance (eps) from at least a certain
amount of point (min samples). Non-core samples are points which are
within a distance eps from a number of points lower than (min samples).
If a points is neither a core sample or a non-core samples it is classified as
noise. The cluster number is a free parameter and the main parameters
to be chosen are the distance eps and the minimum amount of points a
cluster can be composed of. For the clustering of our dataset we chose min
samples = 10 and selected the distance eps that maximises the Silhouette
score.

An example is depicted in figure A.2, where the algorithm is applied to
the data using different eps values. Every different cluster is plotted with
different colours, while outliers are plotted in black. For a small distance
(eps = 0.27), the algorithm recognises 4 clusters and several points located
in between are classified as outliers. The number of clusters decreases as eps
increases, as well as the number of outliers. Finally, in the bottom right plot,
we displayed the results corresponding to the maximum Silhouette (0.729),
which corresponds to (eps = 0.66). Also for DBSCAN, the Silhouette is
maximised if the dataset is divided into two clusters. These two clusters
are shown in the original parameter space in figure 4.4.

The clustered data presented in chapter 4 corresponds to bottom right
plot of A.2, since DBSCAN revealed to be as effective as k-Means and
has the intrinsic advantages of not requiring a predetermined number of
clusters, not requiring a convex shape and being capable of removing the
outliers.
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A.2. Cluster algorithm
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Figure A.2.: DBSCAN clustering, for different eps. The bottom left plot refers
to the eps value that maximise the average Silhouette score. The x- and the
y-axes represent the first and the second component found by means of the PCA,
used to reduce the dimensionality of the dataset.
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The publication provides a first study of the sawtooth crashes de-
tected at the W7-X stellarator, during electron cyclotron current drive
(ECCD) experiments. The sawtooth crashes are characterised by
a fast drop of the core electron temperature. The joint analysis of
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crashes are often preceded by a fast displacement of the plasma core,
consistent with a (m,n) = (1, 1) structure, but sometimes weak pre-
cursors can also be observed. The crash evolution is unchanged during
the discharge, but the amplitude and the time interval between two
events is found to be not constant in time. Comparing the amplitude
and the location of the crashes, we identified two types of crashes:
one affecting the central part of the plasma and another, stronger,
extending the crashed volume to about 50% of the effective radius.
No direct measurements of the toroidal current profile are available at
W7-X. It is speculated that localised ECCD can significantly change
the rotational transform, thus altering the plasma stability conditions.
We developed a 1-D cylindrical code to estimate the time scales for
rotational transform to cross low order rational values, which is found
to be consistent with the experimental data.
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This work describes the effects that strong temperature crashes, de-
tected during electron cyclotron current drive experiments, can have
on the performance of W7-X plasmas. The work describes remarkable
experiments in which temperature crashes lead to a strong degrada-
tion of the stored plasma energy and eventually to the premature ter-
mination of the experiment. It is speculated that the energy released
during strong temperature crashes can ionise the neutrals/impurities
at the plasma edge and this hypothesis is not contraddicted by the
strong increase in signal, detected by the dispersion interferometer,
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increase in x-ray emissivity is initially found at the plasma edge. The
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