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Abstract

Magnetically confined fusion (MCF) plasmas are typically subject to several unstable
modes. The growth of one mode can limit the plasma energy confinement and might cause
a termination of the plasma. Externally applied resonant magnetic perturbations (RMPs)
are used to control and to mitigate some of the unstable modes. Examples are, mitigation
of edge localized modes and steering of neoclassical tearing mode position for stabilization
by electron cyclotron current drive. Consequently, use of RMPs are considered necessary
in planned future fusion machines. There are however negative consequences, the RMP
interaction with a tearing mode (TM) of the same resonance can cause deceleration of the
TM and possibly wall-locking. If a TM is non-rotating relative the machine-wall, it can
grow and degrade fusion plasma performance and lead to a plasma disruption. Thus, all
fusion confinement machines want to avoid wall-locked modes. Resonant magnetic fields
can also be present in the form of machine-error-fields, which can produce the same effects.
Clearly, it is of importance to understand the TM-RMP interaction.

Typically, the modes with long wavelength are described by magnetohydrodynamic
(MHD) theory. Considering the finite plasma resistivity, MHD predicts a mode that tears
and reconnects magnetic field lines, called a tearing mode (TM). TMs occur at surfaces
where the magnetic field lines close on themselves after a number of (m) toroidal and (n)
poloidal turns. These surfaces are resonant in the sense that magnetic field and helical
current perturbation has the same helicity, which minimize stabilizing effect of magnetic
field line bending.

In this thesis, the mechanisms of TM locking and unlocking due to external resonant
magnetic perturbations (RMPs) are experimentally studied. The studies are conducted in
two MCF machines of the type reversed-field pinch (RFP): EXTRAP T2R and Madison
Symmetric Torus (MST). The studied machines exhibit multiple rotating TMs under nor-
mal operation. In EXTRAP T2R TM locking and unlocking are studied by application of a
single harmonic RMP. Observations show that after the TM is locked, RMP amplitude has
to be reduced significantly in order to unlock the TM. In similar studies in MST unlocking
is not observed at all after turn-off of the RMP. Hence, in both machines, there is hysteresis
in the locking and subsequent unlocking of a tearing mode.

Results show qualitative agreement with a theoretical model of the TM evolution when
subjected to an RMP. It is shown that the RMP cause a reduction of TM and plasma rotation
at the resonant surface. The velocity reduction is opposed by a viscous torque from sur-
rounding plasma. After TM locking, relaxation of the whole plasma rotation is observed,
due to the transfer of velocity reduction via viscosity. This results in a reduced viscous re-
sorting torque, which explains the observed hysteresis. The hysteresis is further deepened
by the increase in amplitude of a locked mode.
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Sammanfattning

Magnetiskt inneslutna fusionsplasman (MCF) är vanligtvis mottagliga för flera insta-
bila moder. De med lång våglängd beskrivs av magnetohydrodynamisk (MHD) teori. Med
hänsyn till plasmats ändliga resistivitet, förutspår MHD en instabilitet som river upp och
återkopplar magnetiska fältlinjer, en så kallad ”tearing mod” (TM). Det nya tillståndet har
lägre magnetisk energi jämfört med tillståndet innan bildandet av ”tearing moden”, vilken
alltså minimerar den potentiella energin. Tearing moder uppkommer vid ytor där mag-
netiska fältlinjer sluter sig själva efter m toroidala och n poloidala varv. Dessa ytor är
resonanta i den meningen att magnetfältet och strömstörningen har samma helicitet, vilket
minimerar stabiliserande effekten från böjning av magnetiska fältlinjen.

En vägglåst TM, det vill säga som inte roterar relativt maskinväggen, kan växa i stor-
lek och därigenom försämra fusionsplasmainneslutningen. I slutändan kan en vägglåst TM
leda till ”plasmaavbrott”, vilket kan orsaka väggskador. Därför bör vägglåsta moder und-
vikas i fusionsmaskiner. I den här avhandlingen studeras mekanismerna för TM-låsning
och -upplåsning på grund av externa resonanta magnetiska störningar (RMP) genom ex-
periment. Studierna bedrivs i två MCF-maskiner av typen ”Reverserat-Fält Pinch” (RFP),
vid namn EXTRAP T2R och Madison Symmetric Torus (MST).

Externa resonanta magnetiska störtningar har flera positiva effekter för fusionsplas-
man. Exempelvis, begränsning av ”kant lokaliserade moder” (ELM) och styrning av
”neoklassiska tearing modens” (NTM) position för stabilisering med elektron-cyklotron
strömdrivning. Följaktligen anses användandet av RMP som nödvändigt i framtida fusions-
anläggningar. Det finns tyvärr risk för negativa konsekvenser, till exempel kan en RMP
leda till inbromsning av en TM och eventuellt vägglåsning. Det är därför viktigt att förstå
interaktionen mellan TM och RMP.

De studerade maskinerna uppvisar flera roterande TM under normal drift. TM-låsning
och -upplåsning har studerats i EXTRAP T2R genom att använda en RMP. Experimenten
visar att efter en TM har blivit vägglåst, så måste RMP amplituden minskas avsevärt för att
låsa upp den igen. Liknande experimentella studier har utförts i MST, men med en RMP
bestående av flera våglängder. Samtidig inbromsning av samtliga TM observerades. I de
fall TM blir vägglåsta, observeras ingen upplåsning efter RMP-avstängning. Följaktligen
karakteriseras låsning och efterföljande upplåsning av hysteresis, både i EXTRAP T2R
och i MST.

Resultaten visar kvalitativ överensstämmelse med en teoretisk modell, som beskriver
tearing modens tidsutveckling under inverkan av resonanta magnetiska störningar. Både
experiment och teori visar att en RMP orsakar en reduktion av TM-rotation och plasmats
rotation vid resonansytan. Ändringen av hastighet motverkas av ett vridmoment från om-
givande plasmat, som uppstår via dess viskositet. Men efter TM-låsning så relaxeras hela
plasmats rotation, på grund av att hastighetsminskningen sprids via viskositeten. Detta
resulterar i ett reducerat vridmoment från omgivande plasma, vilket förklarar den ob-
serverade hysteresen. Hysteresen fördjupas ytterligare av den ökade amplituden hos ett
en vägglåst tearing mod.
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Chapter 1

Introduction

Nuclear fusion is the energy source we cannot live without, providing energy for all we
hold for granted here on Earth, for example plants and animals. The origin of this fusion
energy is (of course) the Sun, where the fusion reactions take place inside its hot core. In
the fusion process nuclei are joined together (”fused”) creating a heavier nucleus. Since the
reacting nuclei are of equal charge, they must have high velocities (temperature) to over-
come the repulsive electrical force. When they are sufficiently close the attractive nuclear
force dominates over the electrical force and fusion can occur. At required temperatures
atoms are stripped of their electrons and enter a plasma state, a gas of unbound electrons
and nuclei.

The main chain of fusion reactions in the Sun starts with Hydrogen nuclei (protons
p) and ends with Helium (He4) [1]. Free kinetic energy is released and the amount is
determined by the mass deficit of reactants and end products, in accordance with Einstein’s
famous formula E = mc2 [2]. In the Sun, released energy is mainly in the form of gamma
ray photons, which interact with nuclei inside the Sun and leave the outer surface about
10 million years (!) after the actual fusion reaction [3]. A very small fraction of these
photons arrive at our Earth after about 500 seconds. The energy dependence on speed of
light squared, c2 ≈ 9×1016 m2/s2, means that the energy density is enormous compared to
other energy sources, such as oil, coal, wind etcetera. This is unfortunately most obvious
in the devastating effects of nuclear weapons.

Nuclear power is already used for electricity production in fission power plants using
mainly neutron induced splitting of uranium isotopes. Researchers are currently underway
to develop fusion power plants, which would have several benefits over the fission plants.
For example, there is no risk of uncontrolled chain reactions with subsequent core melt-
down, as in Harrisburg (1976), Chernobyl (1986) and Fukushima (2011). This safety-
advantage also explains why controlled fusion is not a reality yet after 60 years [4] of
research; it is difficult to achieve the right conditions on Earth, as will be described later
on.

Fusion of hydrogen atoms is obviously carbon-dioxide (CO2) free and thus of inter-
est for future energy production. Emissions produced by humans have led to a significant
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4 CHAPTER 1. INTRODUCTION

increase of the CO2 content in the atmosphere correlated with a global temperature in-
crease of Earth’s surface. Collected data from measurements [5] estimate that the Earth
surface temperature is increasing with a rate of 0.15–0.2 oC per decade since 1970. Global
temperature increase, in the order of a few degrees Celsius, can lead to potentially devastat-
ing catastrophes, such as increased water levels from the melting ice, increase of desserts
and more extreme weather. One can easily imagine that such events would lead to great
problems for the inhabitants of Earth. Since we do not want to reduce our high energy
consumption living-standard, adding fusion energy in our energy-mix may be literally life-
saving. Here follows some of the criteria required by future fusion reactors.

First, the reaction between Deuterium (D) and Tritium (T) is the one with highest
probability. It is therefore the reaction perused for the first generation of fusion reactors.
The D-T fusion reaction produces a neutron and an alpha particle according to

D+T → 4He+n+17.6 MeV,

where 14.1 MeV of the kinetic energy is carried by the neutron (n) and 3.5 MeV by the
alpha particle (4He). The charged alpha particle can be sustained, for some time, by mag-
netic fields and heat the plasma in collisions with D or T ions. The neutron is unaffected
by magnetic fields and thus escapes the plasma. Its energy will heat the wall and water that
is circulating outside the wall. The heat is then transferred into electricity in the usual way
(steam-turbine-generator).

As already mentioned, to fuse two hydrogen atoms the Coulomb barrier must be over-
come, which requires a high relative velocity, i.e. high temperature plasma. For fusion
reactions, another important factor is that the atoms meet each other, which is more likely
in with a high particle density. However, even with a high kinetic energy and high density
the probability for a fusion reaction is relatively low, so the energy needs to be confined
for a long time. Thus to summarize, in a fusion reactor we need high temperature (T ), high
density (n) and a long energy confinement time (τE ). This is described by the triple product
(Lawson [6]) that has to fulfil

nT τe ≥ 3×1021 keVsm−3,

in a D-T fusion reactor. In the Sun the confinement is provided by gravity. On Earth we
have no such gravity source and there are mainly two other types of confinement schemes
that are pursued: magnetic confinement (MCF) and inertial confinement (ICF). In the latter
confinement is provided by an imploding mass, similar to a (very small) hydrogen bomb.
The implosion is induced by energy from laser beams, symmetrically distributed over the
fuel surface.

Since thesis work is performed within the realm of MCF, in a type of device called the
reversed-field pinch (RFP), the two following sections will be devoted to introducing MCF
and RFPs.

1.1 Magnetically confined fusion

In MCF the fact that the heated atoms have reached a plasma state is used in order to steer
the charged particles with magnetic fields, i.e. confining them by Lorentz force. Charged
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particles encircle magnetic field lines in helical paths, which mean their velocity has one
parallel and one perpendicular component. To overcome end-losses it was realized that
the field lines needs to close on themselves within the plasma container (called vacuum
vessel). The simplest geometry for this is a “doughnut” shape called a torus, which is
also the geometry of most present day MCF schemes. The two main schemes are pinch
machines and Stellarators.

In pinch machines (such as the tokamak and reversed-field pinch RFP) the confinement
is provided by driving a toroidal current inside the plasma, which creates a perpendicular
(poloidal) field that acts to compress the plasma (a pinch effect). The current is induced
by an external transformer. Because of the torus shape, the inside hole will have a higher
magnetic field than the outside, which causes the plasma to drift outwards. This drift can
be hindered by adding a vertical magnetic field or a perfectly conducting wall to provide a
restoring force. However, it can be shown that this configuration is highly unstable. To fix
this a toroidal magnetic field is added (by driving current in external coils) that can provide
stabilization.

The poloidal and toroidal magnetic fields are the two main knobs that are tuned in order
to get good equilibrium and stability properties. This can be done in a variety of ways
and it turns out that the plasma properties can vary to a great extent, which is shown in
configurations such as tokamaks and RFPs. The tokamak has the best stability properties
due to its high toroidal field (Btoroidal >> Bpoloidal), however for a reactor this requires
superconducting magnetic field coils. The RFP which has Btoroidal ≈ Bpoloidal is more
unstable, but can be operated with normal copper coils.

The main problems for the pinch devices, that researchers are trying to solve, are caused
by the pulsed operation, plasma instabilities and plasma wall-interaction.

In Stellarators on the other hand, the magnetic fields are produced by external coils in
order to confine the plasma and no inductive current is being driven. This turned out very
difficult due to magnetic field errors (ripples) caused by the finite number of coils, which
leads to poor confinement. Thus, the configuration requires high precision in coils align-
ment and Stellarators have not yet shown tokamak-similar confinement. (Imagine instead
in a tokamak, the magnetic pinch is quite symmetric due to the fact that is comes from a
current inside the plasma.) Recently, optimization problem for the coil positions in Stel-
larators have been performed by supercomputers and used for the newly built Wendelstein
7-X. If its performance can equal a similar sized tokamak, it might change the course for
future fusion devices.

1.2 Magnetohydrodynamical model

Magnetohydrodynamical (MHD) theory is often used to describe global behaviour in MCF
plasmas. In short, it is a marriage of fluid and Maxwell’s electromagnetic equations, in
which the plasma is described as a single conductive fluid. However due to its complexity,
there are several simplifications/scalings of the MHD theory, for example ideal-MHD that
assumes a perfectly conducting plasma.
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The MHD equations can be derived from kinetic theory (Maxwell-Vlasov equations)
by taking moments of the ion and electron distribution functions or derived from single par-
ticle guiding centre theory [7]. The resistive form of the MHD equations are summarized
below [7]:

mass:
dρ
dt

+ρ∇ ·v = 0 (1.1a)

momentum: ρ
dv
dt

= J×B−∇p (1.1b)

energy:
d
dt

(
p

ργ

)
= 0 (1.1c)

Ohm’s law: E+v×B = ηJ (1.1d)

Maxwell: ∇×E =−∂B
∂ t

(1.1e)

∇×B = µ0J (1.1f)
∇ ·B = 0 (1.1g)

Equation (1.1b) is the conservation of momentum, which is of great importance since
it describes the force balance of the plasma. Equation (1.1d) is the resistive Ohm’s Law.
Even though the resistivity term ηJ is small compared to the other terms, it is the only
dissipative process in Ohm’s law. Hence, it is responsible for the two main transport losses:
particle diffusion and magnetic field diffusion. Resistivity also allows for a larger number
of instabilities, of which one (”the tearing mode”) is the focus in present thesis.

However, quite often the ideal-MHD is sufficient to describe global stability in the
plasma. In ideal-MHD the resistivity is assumed to be zero (infinite conductivity); hence
the following relation is used for Ohm’s law:

E+v×B = 0 (1.2)

1.3 Reversed-Field Pinch and Tearing Modes

In an RFP, close to the plasma edge the toroidal magnetic field reverses its direction, hence
the name of the device. The location where the toroidal field changes sign is called the
reversal-surface. Typical magnetic field radial profiles are shown in figure 1.1. These
profiles result in a high magnetic shear (change in magnetic field pitch angle with minor
radius), which provides a stabilizing effect against MHD modes. In contrast, for a tokamak
the main stabilizing effect is due to field line-bending of the strong toroidal field.

The RFP is like a little sibling to the tokamak, but has some interesting aspects of its
own. Firstly, the lower toroidal field enables the use of copper coils instead of supercon-
ducting coils and it might be possible to heat the plasma with only ohmic heating, which
implies simpler and more economical construction for a reactor. Another advantage is a
higher ratio of plasma pressure to magnetic field pressure, which is usually quantified by
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Figure 1.1: Typical radial profiles of the RFP equilibrium magnetic field in the EXTRAP
T2R device (KTH, Stockholm). Bθ and Bϕ are the poloidal and toroidal components,
respectively.

the so called beta-parameter. The advantage of high beta is that, for equal magnetic field
strength, the device sustains a higher plasma pressure, i.e. higher temperature×density.
This is favorable for fusion reactions according to the Lawson criteria, equation 1. Since
the tokamak is the device with highest performance, the reader might have figured out that
the energy confinement time τE is, at present, significantly lower in the RFP. One reason
for this is the lower safety factor at the edge which leads to resistive MHD turbulence [7].
A second reason is the usually stochastic magnetic field in the core-region. Later on, two
different operation schemes has shown a significant increase in τE [8, 9]. They are how-
ever not part of the experimental work in the present thesis, which deals with standard
RFP-plasmas, as described later on. At first, an important instability called ”tearing mode”
(TM) will be described. They are present in several types of machines, for example RFPs
and tokamaks.

TMs are instabilities driven by the current gradient. The origin of the name ”tearing”
is that the instability tears and reconnects magnetic field lines, allowed by the finite plasma
resistivity. In the reconnection event a magnetic island is formed inside the plasma.

Tearing modes appear at surfaces where the magnetic field has same helicity as the
mode. Here, the mode wave vector k is perpendicular to the equilibrium magnetic field B,
which means that the stabilizing effect of field line bending is minimized. The locations of
the resonant surfaces are found by solving

k ·B = 0. (1.3)

First, assume that the torus can be approximated by a cylinder with hight 2πR0, where
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R0 is the torus major radius. Cylindrical polar coordinates (r,θ ,z) are adopted, where
z is related to toroidal angle by ϕ = z/R0. Furthermore, m and n are the poloidal and
toroidal mode number respectively. The distance in poloidal and toroidal direction are
Lθ = 2πr and Lϕ = 2πR. Hence, the corresponding mode wavelengths are λθ = 2πr/m
and λϕ = 2πR/n. The equilibrium magnetic field is assumed to only have a poloidal and
toroidal component. In equation 1.3 the above assumptions result in

m
r

Bθ +
n
R

Bϕ = 0

⇔ q(r)≡ r
R

Bϕ

Bθ
=−m

n
, (1.4)

where q(r) is called the safety factor. Thus, resonant modes can occur where q(r) is equal
to a rational number.

At the resonant surfaces ideal magnetohydrodynamics (ideal-MHD) does not work and
the resistivity (resistive-MHD) has to be considered in a surrounding layer. Several meth-
ods exist for TM stability analysis, for example by Newcomb [10] and by Furth, Killeen
and Rosenbluth [11]. The stability is actually described by the magnetic field outside the
resistive-layer and ideal-MHD can be used. Criteria for tearing stability is ∆′ < 0 and vice
versa ∆′ > 0 for instability [11], where the tearing stability index ∆′ is a measure of the
jump in spatial derivative of the flux at the resonant surface.

Tearing modes can have both negative and positive effect for fusion plasmas. On the
negative side, in RFPs there are typically several TM islands that overlap, which leads
to a stochastic magnetic field and increased transport [12]. In addition, TMs can also
lead to locally increased plasma-wall interaction and disruptions, following a process of
mode growth and subsequent locking relative the vacuum vessel. Here follows some of the
positive effects.

In standard operation the RFP exhibits several tearing modes (TMs) resonant inside the
plasma. This state is called multiple helicity (MH). There is an ongoing dynamo process
in which the central TMs slowly increase their amplitude, followed by a fast relaxation in
which the central modes exchange energy with the outer TMs. The slow phase is char-
acterized by resistive diffusion and causes a decrease of toroidal field. While, in the fast
relaxation phase the toroidal field is restored. The process is typically characterized by
mode interaction between m = 1 TMs resonant in the core-region and m = 0 TMs reso-
nant at the reversal-surface. Due to this behavior TMs, in RFPs, are sometimes referred
to as dynamo modes and are responsible for sustaining the toroidal field throughout the
discharge. Finally, if one island grows sufficiently, it can dominate the magnetic topology
inside the plasma, as observed in the quasi-single helicity QSH-regime [9]. Increased con-
finement is observed and numerical calculation indicates this is connected with closed flux
surfaces [13].

Except TMs the RFP also house other modes, of which the (non-resonant) resistive
wall mode (RWM) is the most unstable. However, experiments show that RWMs can
be suppressed by magnetic coils outside a resistive shell, operating in a feedback system
[14–16]. Thanks to this advance, the RWM is no longer limiting the attainable discharge
duration in present RFP experiments, such as EXTRAP T2R (Stockholm, Sweden) and
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RFX-mod (Padua, Italy). Later on, the feedback systems have been used to perturb the
plasma in order to study other aspects of the TMs and RFP physics, as further described in
the following section.

1.4 Resonant Magnetic Perturbation Effect on Tearing Mode
Dynamics

Due to the different instabilities arising in the plasma, different control-techniques are re-
quired to sustain a plasma discharge. Several of these techniques use resonant magnetic
perturbations (RMPs), which are applied by external coils, usually, in a feedback con-
trol system. For example, RMPs are used to steer the TM island O-point in position for
stabilization by electron cyclotron current drive [17] and for mitigation of edge-localized
modes [18].

Limited number of RMP-coils can lead to a perturbation field consisting of both reso-
nant and non-resonant modes. The non-RMP leads to a global torque on the plasma, called
neoclassical toroidal viscosity torque (NTV-torque). This work is focused on the TM’s
interaction with the RMP and the non-RMP will not be further discussed.

Let us first assume that the tearing modes (TMs) rotate fast relative the machine-wall,
which is the case in many tokamaks and RFPs. Coils that induce the resonant magnetic
perturbations are typically placed outside the machine-wall to protect them from damage.
The wall hinders penetration of any fast rotating fields, by induced eddy (image) currents.
This means that the phase of the RMP has to be slowly rotating or static relative to the
TM phase; the experiments in this thesis only use static phase for the RMP. The change
in relative phase difference of the RMP and the TM island (∆αm,n(t)) is then defined by
the tearing mode rotation. The RMP-field interaction with the plasma causes an induced
current (j̃ind) at the corresponding resonant surface, which acts to shield the plasma from
the RMP-field. The induced current interacts with the tearing mode (bmode) at the same
resonant surface in the two following ways:

(i) The Lorentz force (j̃ind ×bmode) results in an electromagnetic (EM) torque that acts to
change the velocity of the TM. The EM torque, TEM , is proportional to the amplitude
of the induced current, the TM amplitude and sine of the relative phase difference, i.e.
TEM ∝ |j̃ind||bmode|sin(∆αm,n(t)); furthermore the induced current is proportional to
the RMP amplitude |bRMP|

(ii) The cos(∆αm,n(t)) component of the RMP-TM interaction modulates the amplitude
of the TM, which is described by the modified Rutherford equation [19]. The modu-
lation is proportional to the RMP amplitude, the TM amplitude and cos∆(αm,n(t)).

At first, the TM is rotating fast relative to the RMP. This causes oscillation in TM am-
plitude and velocity. Theory predicts that the RMP on average reduce both the amplitude
and velocity of a rotating TM [20, 21]. Furthermore, if the RMP amplitude is above a
threshold the TM locks relative to the RMP phase. In the case of a static RMP the TM
becomes wall-locked. Wall-locking causes the TM amplitude to increase above its initial
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amplitude and finally saturate. Experimentally, the TM velocity reduction and subsequent
wall-locking has been observed in EXTRAP T2R [22, 23] and in tokamaks [24, 25]. The
increase in TM amplitude after wall-locking is observed [Paper I], while the reduction in
TM amplitude (TM stabilization) of a rotating mode is not yet clearly observed (to the
authors knowledge).

To understand the TM dynamics, both the EM torque and the viscous (restoring) torque
from the surrounding plasma must be considered. It is often assumed that the TM and
plasma co-rotate at the resonant surface, which is called the no-slip condition [20]. The
change in TM rotation caused by the EM torque will change the local plasma rotation in
the same way. The plasma at the resonant surface is connected to the bulk plasma through
the viscosity. Consequently, a differential rotation between plasma at the resonant surface
and the bulk plasma, results in a viscous torque that acts to restore the rotation.

The RMP-TM interaction is further described in the modelling (section 3).



Chapter 2

Experiment Description

Experiments presented in this thesis are performed in the two RFPs: EXTRAP T2R and
Madison Symmetric Torus (MST). For both machines, the TM dynamics in the presence of
resonant magnetic perturbations was investigated. The studied plasmas exhibit several ro-
tating tearing modes resonant inside the plasma, i.e. the so called multiple helicity regime.
The core TMs have a significantly faster toroidal velocity than poloidal and from here
on only the toroidal component will be considered. The inner most TM typically rotates
fastest and the TM velocity falls off for larger minor radii [23, 26][Paper II].

The main difference of the performed experiments is that in EXTRAP T2R the applied
RMP spectrum is single harmonic, i.e. a specific (m = 1,n) is applied, whereas in MST
the applied spectrum is poloidal m = 1 and a broad toroidal n spectrum. Below follows a
more detailed description of the two experiments.

2.1 EXTRAP T2R device

EXTRAP T2R [27] is located at KTH (Royal Institute of Technology) Stockholm, Sweden.
It has a major radius R0 = 1.24 m and a minor radius a = 0.18 m. Hence, the aspect ratio
is large (R0/a ≈ 6.8) and the torus can be well approximated by a cylinder. The first wall
is made of stainless steel and outside is a (double-layer) resistive copper shell.

An important role of the shell is to reduce the growth rate of unstable modes, through
induced eddy currents. As an example, the shell diffusion time is longer than the current
rise time, which helps to avoid wall-locking of TMs during the start-up phase. In general,
the shell has a stabilizing effect on a TM if its rotation frequency is much higher than
the inverse shell diffusion time [20], which is satisfied (at most times) in EXTRAP T2R
where typical rotation frequencies of the central TMs are f n,m ≈ 200− 600× 103 s-1 and
the inverse shell diffusion time is 1/τw ≈ 0.1×103 s-1. In addition, the shell also permits
control of the wall-locked resistive-wall modes by an external feedback system [14, 28].

RFP equilibria are usually described with the reversal parameter (F) and the pinch pa-
rameter (Θ). The reversal parameter is defined as F= Bϕ (a)/ < Bϕ >, where Bϕ (a) is the
toroidal magnetic field at the plasma edge and < Bϕ > is the poloidal-cross-section aver-

11
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age. The pinch parameter is defined as Θ = Bθ (a)/ < Bϕ >, where Bθ (a) is the poloidal
magnetic field at the edge.

Typical plasma parameters in the EXTRAP T2R study, just before the application of
the RMP, are presented in Table 2.1.

Table 2.1: Typical plasma parameters in the EXTRAP T2R device for this study.

Plasma current, Ip 70-85 kA
Pinch parameter, Θ 1.6

Reversal parameter, F -0.2
Electron temperature, Te 200-400 eV

Electron density, ne ≈ 1×1019 m−3

Equilibrium profiles are reconstructed with the α −Θ0 model [29], using reversal pa-
rameter F =−0.2 and pinch parameter Θ= 1.6. Corresponding safety factor radial profile,
q(r), is shown in figure 2.1. Locations of resonant modes are calculated according to equa-
tion 1.4. At the reversal surface, where q(r) = 0, are the m = 0 modes. Inside the reversal
surface are modes with rational numbers −m/n = q(r)> 0, of which those with m = 1 are
most unstable. Outside reversal surface are modes that fulfill −m/n = q(r) < 0. In figure
2.1, the positions of m = 1 TMs are indicated by black dots and (m = 1,n = −12) is the
most central.
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Figure 2.1: Typical safety factor profile in EXTRAP T2R (F = −0.2 and Θ = 1.6) and
resonant TMs positions indicated by black dots. Corresponding magnetic fields are plotted
in figure 1.1.
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The feedback system and RMP application

One of EXTRAP T2Rs main characteristics is the feedback system for controlling the
radial magnetic field at the edge, br(a). It does the job of suppressing the resistive-wall
modes in the absence of a perfectly conducting shell. The system is comprised of 128
sensor-coils, 128 actuator-coils and a controller. Both the sensor- and actuator-coils are
located at M = 4 poloidal and N = 32 toroidal positions covering the whole shell-surface,
as depicted in figure 2.2. The sensor-array is positioned inside the shell and the actuator-
array on outside of the shell. The coils at a toroidal position are pair-connected (up/down
and inboard/outboard), to measure the unstable m = 1 modes. The toroidal mode number
resolution is −16 ≤ n ≤ 15.

Figure 2.2: EXTRAP T2R saddle coil arrays consisting of 128 actuator-coils (red) and
128 sensor-coils (blue), located at 4 poloidal and 32 toroidal positions covering the whole
shell-surface. 1

Several types of feedback controllers have been developed, such as the intelligent shell
(IS) [14], revised intelligent shell (RIS) [30, 31] and recently Model-Predictive Control
(MPC) [32].

In this work, the RIS has been used to apply a resonant magnetic perturbation (RMP)
with a single harmonic (m = 1,n =−15) and suppress all other modes, as shown in figure
2.3. The n = −15 RMP amplitude is bm=1,n=−15

r ≈ 0.8 mT and, in comparison, the other
harmonics are negligible. Hence, the RMP interaction with the plasma is localized to the
resonant (m = 1,−15) TM.

The tearing mode measurements

The tearing modes (TMs) are measured with an array of poloidal magnetic pick-up coils
located in-between the vacuum vessel and shell at minor radius r = 0.191 m. The array
is comprised of 4 poloidal × 32toroidal positions. Like the radial sensor coils, the pick-
up coils are pair-connected to measure the m=1 component. Each coil measures the time

1Figure is taken from [33]
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Figure 2.3: Mode spectrum in EXTRAP T2R when perturbation with harmonics (m =
1,n =−15) is applied. All other modes are suppressed by the feedback system.

derivative in the poloidal magnetic field, ḃθ , and the signals are time integrated and Fourier
decomposed to obtain the poloidal field helical phase angle αm,n and amplitude |bm,n

θ | of
each harmonics (m = 1, −16 ≤ n ≤ 15).

To measure the rotating TMs the static field is removed by high-pass filtering [Paper
I]. The helical angular velocity of the (m,n) TM is obtained from the derivative of the
phase αm,n. Figure 2.4 shows angular velocity of each TM during the current flat-top and
with full feedback suppression (no RMP). This unperturbed velocity is called the natural
velocity. The centre has the highest rotation, dαm,n/dt ≈ 500 krads-1, and the rotation falls
off to zero at minor radius r/a ≈ 0.6.
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Figure 2.4: Helical rotation frequency of the TMs plotted at corresponding resonant radius.
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The perturbed magnetic field of a single (m,n) mode can be expressed as b(r, t) =
bm,n(r, t)exp[i(mθ +nϕ +αm,n(t))], where αm,n(t) =

∫ t
0 ωm,n(t)dt describes the time vari-

ation of the phase. The angular phase velocity can be divided into the poloidal and the
toroidal component: ωm,n(t) = mωm,n

θ (t)−nωm,n
ϕ (t). In the EXTRAP T2R core, the main

part of rotation is in toroidal direction [26]. By neglecting the poloidal rotation, TM angu-
lar velocity is approximately ωm,n(t)≡ dαm,n/dt ≈−nωm,n

ϕ =−nvm,n
ϕ /R, where vm,n

ϕ is the
toroidal phase velocity of the (m,n) TM and R is the major radius. It is assumed that the
TMs are co-rotating with the plasma flow at each resonant surface, which previously has
been shown reasonable as a first order approximation [26]. Therefore, the plasma flow ra-
dial profile can be estimated by the measured TM velocities (see Paper I for a more detailed
discussion).

2.2 MST device

MST [34] is located in University of Wisconsin, Madison, USA. It has a major radius
R0 = 1.5 m and a minor radius a = 0.51 m. Hence, the aspect ratio is (R0/a ≈ 3), which is
less than half the one of EXTRAP T2R. In standard discharges the poloidal beta is about
βθ ≈ 7 % [35]. Considering the fairly high aspect ratio and the low beta, the system can
be well approximated by a periodic cylinder [35, 36]. Typical equilibrium parameters for
the MST study are presented in Table 2.2

Table 2.2: MST typical plasma parameters for this study. < ne > is the central line-
averaged electron density.

Plasma current, Ip 300 kA
Pinch parameter, Θ 1.8

Reversal parameter, F -0.3
Electron temperature, Te 300-400 eV
Electron density, < ne > 0.3−1.3×1019 m−3

where the plasma current, Ip, is about three times the one in EXTRAP T2R. The plas-
mas had relatively high field reversal (F =−0.3), which seemed to lead to higher rotation
of the central TMs than shallow reversal. The electron density < ne > is the central line
averaged density measured with a far-infrared interferometer [37]. In total, there are 11
lines of sight and they are used for reconstruction of the density profiles [38]. The density
was varied from shot-to-shot. This information is used to examine dependence on density
in the TM braking due to an RMP.

Typical safety factor (q) radial profile is shown in figure 2.5, calculated by the MST-
fit code [38] using experimental measurements as input. Historically, the toroidal mode
numbers n in MST are defined with the opposite sign to EXTRAP T2R, i.e. the resonant
condition is instead: q(r) = m/n. Thus, the modes inside the reversal surface have positive
n and the most central mode is harmonics (m = 1,n = 6). MST has a lower absolute value
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of the central mode number (|n| = 6) compared to EXTRAP T2R (|n| = 15), which is
mainly due to the different torus dimensions (aspect ratio Ra/a).
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Figure 2.5: Typical safety factor profile in MST, calculated before the application of the
RMP. The resonant TMs positions indicated.

A special feature of MST is the highly conducting aluminum shell, which also acts
as a vacuum vessel. With a shell time constant about 10 times longer than the discharge
duration, the shell can be considered thick and the mode amplitudes are zero at some
distance inside the shell [35]. However, to let the flux into the vessel the shell has a poloidal
and a toroidal gap (cut). These gaps are also a source of error fields and at the poloidal gap
the field is corrected by radial coils in a feedback system.

Feedback system and RMP application

The feedback system consists of 32 sensor coils, 38 actuator coils and a controller [39].
The coils are located at the poloidal gap at one toroidal location, see figure 2.6. The extent
of the gap is less than 0.5 degree in toroidal angle. Therefore, the n spectrum is broad and
uncontrollable. Vacuum measurements and calculations, considering the geometry, show
that the applied amplitude is similar for the n of interest [Paper II] [15, 40]. In poloidal
mode number 0 ≤ m ≤ 16 are controllable, thanks to the large number of coils in poloidal
direction.

In this study, the feedback system is used to produce an m = 1 perturbation. The
contribution to each n is approximately 1/100 of the total applied m = 1 amplitude, i.e.
bm=1,n

r ≈ bm=1
r /100. The RMP has constant phase (αRMP = 0) and the maximum amplitude

is varied shot-to-shot.
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Figure 2.6: Lower part of MST toroidal shell, with error-field-correction coils (green) and
sensor coils (white) located around the poloidal gap.2

The tearing mode measurements

The core-resonant m = 1 tearing modes (TMs) are measured with a toroidal array of 32
(equally spaced) poloidal magnetic field pick-up coils located at the shell, r = 0.52 m. The
resolution in toroidal spectrum is 0 ≤ n ≤ 16. The measurement and analysis is essentially
the same as for EXTRAP T2R, see Paper II for more details.

Similar to EXTRAP T2R, the tearing modes in MST co-rotate with the plasma to a first
order approximation [35]. Therefore the no-slip condition is also assumed in the modelling
of MST.

2Courtesy of MST-group at University of Wisconsin, Madison, USA.





Chapter 3

Theoretical Model: Tearing Mode Time
Evolution

Tearing mode time evolution under the influence of an RMP has been theoretically de-
scribed by several works [20, 21, 41, 42]. Typically the TM-island evolution is described
through three coupled equations; (I) the plasma fluid equation of motion, (II) the no-slip
condition and (III) the Rutherford equation. Where (I) describes the fluid motion consid-
ering the EM-torque due to the RMP, which is acting locally at the resonant surface. It is
here assumed that the TM-island is entrained in the plasma and thus an EM-torque acting
on the island will also change the plasma flow accordingly. This is further assured by the
no-slip condition (II), which ensures the co-rotation of the plasma and TM at the reso-
nant surfaces. The co-rotation is a reasonable assumption for the investigated experimental
cases (see more detailed discussion Paper I). Rutherford equation (III) describes the TM
amplitude evolution considering the effect of the RMP.

Here follows a more detailed description of the model and the implementation for MST
(thick resistive shell). The current model includes the time evolution of multiple (m = 1)
TMs with toroidal harmonics n, which are affected by a multi-harmonic RMP. For EX-
TRAP T2R the model was implemented in accordance with Ref. [21]. In the text below,
it will be mentioned when EXTRAP T2R (thin resistive shell) differs from the presented
MST model.

3.1 Geometry and equilibrium

The model assumes a large aspect-ratio and zero pressure. These are good first order
approximations for EXTRAP T2R and for MST in standard discharges, as mentioned in
chapter 2. With these assumptions, the equilibrium is well approximated by a periodic
cylinder and cylindrical polar coordinates are adopted (r,θ ,z), where toroidal angle is de-
fined by ϕ = z/R0.

The force-balance for the equilibrium magnetic field B = [0,Bθ ,Bϕ ] is ∇×B = σ(r)B,
where σ(r) is the parallel current profile. For EXTRAP T2R the equilibrium profiles

19
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are calculated with the α −θ0-model [29] using experimental measurements. MST equi-
librium profiles are calculated by MST-fit (a non-linear, fixed boundary Grad-Safranov
solver) [38], using the experimental measurements as input.

3.2 Perturbations

For a single mode the perturbed magnetic field can be expressed as

b(r, t) = bm,n(r, t)exp[i(mθ −nϕ +αm,n(t))], (3.1)

where,

bm,n
r =

iψm,n

r
, (3.2)

bm,n
θ =− m

m2 +n2ε2
dψm,n

dr
+

nεσ
m2 +n2ε2 ψm,n, (3.3)

bm,n
ϕ =

nε
m2 +n2ε2

dψm,n

dr
+

mσ
m2 +n2ε2 ψm,n, (3.4)

and ε = r/R0. ψm,n is the linearized magnetic flux function and satisfies Newcomb’s
equation [10]

d
dr

[ f m,n dψm,n

dr
]−gm,nψm,n = 0, (3.5)

where

f m,n(r) =
r

m2 +n2ε2 , (3.6)

and

gm,n(r) =
1
r
+

r(nεBθ +mBϕ )

(m2 +n2ε2)(mBθ −nεBϕ )

dσ
dr

+ (3.7)

+
2mnεσ

(m2 +n2ε2)2 − rσ2

m2 +n2ε2 .

Equation (3.5) is singular at the TM resonant surface, r = rm,n
s , which satisfies

q(rm,n
s ) =

rnBϕ (r
m,n
s )

R0Bθ (r
m,n
s )

=
m
n
. (3.8)

where the safety factor radial profile, q(r), is calculated using experimental measure-
ments. As mentioned in chapter 2, the definition of the resonant condition is instead with
a minus sign for EXTRAP T2R, i.e. q(r) =−m/n.
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Since the resonant torque is considered to arise from the helical currents that flow inside
the tearing mode and its interaction with currents flowing in external RMP-coils and the
resistive shell. It is natural to divide the flux function into three corresponding parts [36]

ψm,n(r, t) = Ψm,n
s (t)ψm,n

s (r)+Ψm,n
b (t)ψm,n

b (r)+Ψm,n
c (t)ψm,n

c (r), (3.9)

where Ψm,n
s (t), Ψm,n

b (t) and Ψm,n
c (t) is the phase and amplitude of the perturbation

at the resonant radius r = rm,n
s , the shell r = rb and RMP-coils r = rc respectively. The

eigenfunctions ψm,n
s (r), ψm,n

b (r) and ψm,n
c (r) are solutions to equation (3.5).

There is a difference in flux function for EXTRAP T2R and MST, caused by the dif-
ferent shell diffusion time scales. Considering the EXTRAP T2R shell, it is reasonable to
assume that the field at the inner shell surface is approximately the field on the outer sur-
face and that the radial variation inside the shell is zero. This is described by the thin-shell
approximation [43], which leads to the following thin shell dispersion relation [36]

∆Ψm,n
b = inωm,n(t)τbΨm,n

b , (3.10)

where ωm,n(t) is the angular velocity of the TM, τb is the shell diffusion time. Contrary
to EXTRAP T2R, MST has a thick conductive shell that hinders the field penetration and
the thick-shell approximation is more reasonable. By assuming that the field outside the
shell is zero, the following dispersion relation is obtained for the shell [36]:

∆Ψm,n
b =

(
inωm,n(t)τb

rb

δb

)1/2

Ψm,n
b , (3.11)

where rb is the shell minor radius and δb is the thickness of the shell.
For MST, the radial profiles of the eigenfunctions are drawn in figure 3.1 and boundary

conditions are:

• ψm,n
s (0) = 0, ψm,n

s (rs) = 1 and ψm,n
s (rb) = 0

• ψm,n
b (rs) = 0 and ψm,n

b (rb) = 1

• ψm,n
c (rs) = 0, ψm,n

c (rc) = 1,

where it is assumed that the RMP coils are positioned at minor radius r = rc = 0.53 m,
which means 1 cm outside the inner shell surface r = rb. This assumption was made since
the perturbation enters through the poloidal gap.

In EXTRAP T2R, the function describing the interaction with the wall, ψm,n
b (r), is non-

zero outside the wall and instead zero at the coils, ψm,n
b (rc) = 0. Other boundary conditions

are the same as for MST, but geometrical dimensions are different as described in chapter
2.

The discontinuities in flux function can be represented by,

∆Ψm,n
i = r

dψm,n

dr

∣∣∣∣r+i
r−i

, (3.12)
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and

Em,n
i j = r

dψm,n
j

dr

∣∣∣∣r+i
r−i

, (3.13)

where i and j can assume: s (TM island), b (shell) or c (RMP-coils). For more details
see references [35, 36].

3.3 Electromagnetic torques

Here follows a brief derivation of the EM-torque terms for MST. Using equations 3.9 and
3.11-3.13 the toroidal component of the EM-torque acting on the TM is given by

T m,n
EM (t) =Cm,nIm{∆Ψm,n

s (Ψm,n
s )∗}= T m,n

wall(t)+T m,n
RMP(t), (3.14)

where

T m,n
wall(t) =−Cm,n 1√

2

√
Km,n(t)Em,n

bs Em,n
sb

Km,n(t)−
√

2Km,n(t)Em,n
bb +(Em,n

bb )2
|Ψm,n

s (t)|2, (3.15)

T m,n
RMP(t) =−Cm,nEm,n

sc |Ψm,n
c (t)||Ψm,n

s (t)|sin [∆αm,n(t)] , (3.16)

and

Km,n(t) = nωm,n(t)τbb/δb, (3.17)
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Cm,n =
2π2R0

µ0

n
m2 +(nrm,n

s /R0)2 . (3.18)

where αm,n(t) is the phase of the TM and ∆αm,n(t) its phase difference to the RMP. The
sine function in TRMP means that the RMP will accelerate or decelerate the TM depending
of the relative phase ∆αm,n(t). However, the average effect is a reduction of TM rotation.
The electromagnetic torque T m,n

EM depends on both the RMP and TM amplitude through
|Ψm,n

c | and |Ψm,n
s | respectively. The Em,n

i j constants are calculated according to Section
3.2. Except Em,n

bb , that is Em,n
bb = −Em,n

sb Em,n
bs /(Em,n

ss (rp)−Em,n
ss (rb)), where Em,n

ss (rb) and
Em,n

ss (rp) is the tearing stability index assuming a perfectly conducting shell at the wall
r = rb and at r = rp → ∞ respectively [36].

In the model of MST T m,n
EM is given by equation 3.14. While, the form of T m,n

EM is
different in EXTRAP T2R due to the thin shell, see derivation in Ref. [41].

3.4 Fluid Equation of Motion including EM-torque source term

Theoretically, the modification of the fluid velocity due to an RMP is determined by two
competing torques; the viscous torque (Tvisc) that acts to oppose changes in the plasma
rotation and the EM-torque (TEM) produced by the interaction of the RMP and a TM island
resonant at minor radius rm,n

s [20, 21, 41]. The equation of fluid motion can be expressed
as [19, 21, 41]:

ρ(r)
∂∆Ω

∂ t
=

1
r

∂
∂ r

(
rµ⊥(r)

∂∆Ω
∂ r

)
+∑

n

T m,n
EM (t)

4π2rR3
0

δ (r− rm,n
s ), (3.19)

where the first term on the right hand side is the viscous torque density, ρ(r) is the
plasma mass density and ∆Ω(r, t) the plasma angular velocity reduction profile. The per-
pendicular dynamic viscosity µ⊥(r) is related to the kinematic viscosity νkin(r) through
µ⊥(r) = ρ(r)νkin(r). In the second term, the delta function implies that the EM torque acts
only at the resonant radius.

3.5 Tearing mode island angular evolution

The fluid and TM angular velocities are related via the no-slip condition [19] that ensures
the co-rotation between the TM island and the plasma flow at the resonance,

dαm,n(t)
dt

≡ ωm,n(t) = nΩ0(rm,n
s , t)+n∆Ω(rm,n

s , t) (3.20)

where Ω0 is the unperturbed toroidal angular velocity profile and rm,n
s the resonant radius.
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3.6 Tearing mode amplitude evolution

The TM amplitude evolution is modelled by the Rutherford equation [44, 45]. A brief
derivation of Rutherford equation for EXTRAP T2R thin-shell regime is presented in
Ref. [22]. A similar derivation, following the logic in Ref. [45] and using the thick-shell
approximation, results in the Rutherford equation used for MST

dΨm,n
s (t)
dt

=
Gm,n

Λτm,n
r

([
Em,n

ss +Dm,n(t)
]√

|Ψm,n
s | +

|Ψm,n
c |√

|Ψm,n
s |

Em,n
sc cos [∆αm,n(t)]

− Λ
Gm,n (λ

m,n
0 )2 ln

[
Gm,n√
|Ψm,n

s |

])
, (3.21)

where
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sb Em,n
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√
Km,n

2
−Em,n

bb
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bb )2
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Gm,n =

(
Bθ R0

n

[
rσ(m2 +n2ε2)−2mnε

])(1/2)

r=rm,n
s

, (3.23)

λ m,n
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r2σ ′

rσ −2mnε/(m2 +n2ε2)
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r=rm,n

s

, (3.24)

τm,n
r =

µ0r2

η

∣∣∣∣
r=rm,n

s

, (3.25)

Λ ≈ 1.6 and η is the parallel resistivity. The time scale is in the order of the resistive
time scale τr. In equation 3.21, the first term is the linear instability drive (or stability if
Em,n

ss < 0). The second term is due to the TM interaction with the shell. The third term
is the interaction with the RMP, which produce oscillations in the amplitude according to
cos[∆αm,n(t)]. The last term is the non-linear saturation.

3.7 Example: Modelled plasma velocity evolution under influence of
RMP

The model equations are implemented in MATLAB1code. The fluid equation of motion
(3.19) is discretized in space using Method-of-Lines (MOL), which allows solving the
full system as a set of coupled ordinary differential equations (ODEs). Initial condition
is ∆vϕ (r,0) = 0 and boundary conditions are ∆vϕ (a, t) = d∆vϕ (0, t)/dt = 0, where r =
a = 0.51 m is the plasma minor radius in MST and ∆vϕ = ∆ΩR is the toroidal velocity
reduction profile of the plasma.

1MATLAB Release R2012b, The MathWorks, Inc., Natick, Massachusetts, United States
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Throughout this thesis, a constant viscosity is assumed in the whole plasma, µ⊥(r) =
ρ(0)νkin(0), and νkin is changed to obtain a fit with the experimental TM braking. Other
input-parameters are read from measured MST equilibrium signals. Here follows an ex-
ample of the evolution of plasma velocity reduction, ∆vϕ (r, t), under impact of an RMP.

The used RMP input-signal is from experimental data (same as shown later in chapter 4
figure 4.4). For clarity, only a single harmonics (m = 1,n = 6) is considered in the model.
The RMP is applied in the time interval t ≈ 0.5− 6.5 ms. Within this time, the RMP
amplitude is increased from bm=1,n=6

r ≈ 0 mT to maximum b1,6
r ≈ 0.13 mT. After 6.5ms,

the RMP is turned off and the amplitude reduces to b1,6
r ≈ 0 mT.

The modelled ∆vϕ (r, t) is shown in figure 3.2. It is clear that the RMP acts at the TM
resonant radius, rs ≈ 0.15 m. Initially phases of acceleration and deceleration are produced,
due to the EM torque acting on the TM island. However, the average effect is braking of
the plasma flow. After TM locking, the plasma velocity reduction is spread due to viscosity
and the profile relaxes, which results in a lower viscous restoring torque. Therefore, when
the RMP is turned off, the mode remains locked (t ≥ 6.5 ms).

Figure 3.3 shows a top view of ∆vϕ (r, t), in a time interval of the braking and subse-
quent locking. The first interaction is clearly at the resonant radius and the velocity reduc-
tion is spread radially via viscosity. Because the initial velocity is highest in the centre, the
velocity reduction is naturally higher in the centre relative to the edge. Furthermore, since
the velocity is highest in the centre, at r = 0, relaxation of ∆vϕ (r, t) does not mean that
vϕ (0, t) is zero. Thus, there is still a remaining viscous torque, though not large enough to
produce unlocking of the TM and plasma, in present case.

Figure 3.2: Modelled velocity reduction profile ∆vϕ (r, t) under the influence of an RMP
ramp.
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Figure 3.3: Modelled velocity reduction profile ∆vϕ (r, t); top-view at the time around lock-
ing in figure 3.2.



Chapter 4

Results: Measured Tearing Mode
Dynamics and Comparison with Model

This chapter presents experimental measurements of TM dynamics under the influence of
external RMPs. Experiments are performed in two RFPs, EXTRAP T2R and MST, as
described in chapter 2. The measured results are compared with a model, as described in
the previous chapter. At last, experimental observations in EXTRAP T2R are compared
with those in MST.

4.1 EXTRAP T2R results

In the experiments, an RMP with harmonics (m = 1,n = −15) was applied during the
plasma current flat-top.

The RMP amplitude required to lock a (m = 1,n =−15) TM in EXTRAP T2R, i.e. the
locking-threshold, is approximately bRMP

r ≈ 0.6 mT. After locking the RMP amplitude has
to be significantly reduced, to bRMP

r ≈ 0.05 mT, in order to release the TM. Hence, there is
hysteresis in the locking/unlocking process. The mechanism behind observed hysteresis is
experimentally studied in EXTRAP T2R and compared with theory.

Theoretically, the much lower unlocking-threshold is due to, mainly, two different
mechanisms. The first is the relaxation of the plasma velocity in the core that occurs after
TM locking. The relaxation is caused by the viscous transfer of the velocity reduction from
the resonant surface. The reduced plasma flow naturally leads to a lower viscous restoring
torque, as described by the model in chapter 3. Secondly, there is a deepening of the hys-
teresis, caused by the increase in TM amplitude after TM locking. Both mechanisms are
experimentally observed in EXTRAP T2R, in qualitative agreement with theory.

Figure 4.1 shows TM evolution in a shot where the (m = 1,n =−15) RMP amplitude
is first ramped up and then ramped down. Braking of the n = −15 TM starts at ≈15.2
ms (bRMP

r ≈ 0.4 mT) and the locking occurs at ≈16.0 ms (bRMP
r ≈ 0.6 mT). During the

RMP ramp-down, the TM remains locked until the RMP has been reduced significantly.
Unlocking occurs at ≈18ms, when bRMP

r ≈ 0.05 mT. The reason for this behavior is ex-
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amined by the TM radial velocity reduction profile (∆vϕ ) during braking and after locking.
Blue dots in figure 4.1(d) shows velocity reduction during braking, at time t = 15.8 ms,
compared to an initial velocity (i.e. before the RMP application). While, red diamonds
shows the velocity reduction after locking, at time t = 17.0 ms. It is clear that the velocity
reduction during braking is peaked at the resonant radius, which indicates where the RMP
is acting. After locking, the velocity reduction spreads via plasma viscosity. The core TM
is still rotating after locking, which might be due to that the RMP is ramped down before
full relaxation is reached. In other discharges a fully relaxed ∆vϕ profile is observed (see
an example in Paper I).

Figure 4.1: Experimental (m = 1,n = −15) perturbation amplitude (a) and (m = 1,n =
−15) tearing mode time evolution (b-c). Data are time-averaged in a 0.5 ms time window.
The blue and red vertical lines in frames (a-c) indicate times of the velocity reduction
profiles in frame (d).

The model (chapter 3) is adapted to typical EXTRAP T2R experimental parameters.
Kinematic viscosity, νkin, is used as a free parameter in order obtain a quantitative agree-
ment with experimental TM braking. The value required by the model is, in this case,
of the order νkin ≈ 1 m2/s. However, the model is quite sensitive to changes in viscosity.
For example, the kinematic viscosity in EXTRAP T2R core-region has previously been
estimated to be in the range νkin ≈ 4−40 m2/s [23].
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Figure 4.2(b-c) shows the modelled TM behavior under the influence of an RMP (figure
4.2(a)). The model reproduces, qualitatively, the same behavior of TM braking, locking
and unlocking. The threshold amplitudes for locking and unlocking is slightly different
compared with experiment, which might be due to uncertainties in model-input, for exam-
ple plasma viscosity and density profiles. The modelled velocity reduction profiles, figure
4.2(d), shows the relaxation after TM locking, similar to the experiment. Whereas, the
increased width of the locked TM-island figure (4.2(c)) qualitatively agrees with the ex-
perimentally observed increase in TM amplitude. Thus, both mechanisms that cause the
hysteresis are in reasonable agreement with experiment.

Figure 4.2: Modelled (m = 1,n = −15) perturbation amplitude (a) and (m = 1,n = −15)
tearing mode time evolution (b-c) (data are not time-averaged). The blue and red vertical
lines indicate times of the velocity reduction profiles plotted in frame (d).

Several shots, similar to the one in figure 4.1, were performed in EXTRAP T2R. First,
the maximum amplitude of the ramp was varied from shot-to-shot to find the locking
threshold. In succeeding shots, the maximum amplitude was kept at the measured locking-
threshold and the minimum amplitude, after ramp-down, was varied (shot-to-shot) to find
the unlocking-threshold. The resulting ”hysteresis-curve” is shown in figure 4.3, where
the TM velocity is plotted during RMP ramp-up (white circles) and during/after RMP
ramp-down (black circles). There is an obvious hysteresis, where the locking-threshold is
br ≈ 0.6 mT and the unlocking-threshold br ≈ 0.05 mT.

The model (chapter 3) was used to simulate TM locking and unlocking to an RMP. To
investigate the locking threshold, the simulation was repeated several times applying an
RMP square-waveform, each time using different amplitude. TM unlocking was explored
by introduction of a second step, in which the RMP amplitude is stepped down after the
TM locking. This amplitude varied in each simulation to find a theoretical estimate of the
unlocking threshold.
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Figure 4.3: Velocity of the (1,-15) TM with increasing RMP amplitude (unfilled circles)
and decreasing RMP amplitude (black filled circles) for a series of shots. The shaded area
around bRMP

r ≈ 0.6 mT indicates the locking threshold and shaded area around bRMP
r ≈ 0.05

mT indicates the unlocking threshold. The blue line is the simulated TM velocity with
increasing RMP amplitude and the error bars indicate the maximum and minimum of the
velocity oscillations. The red line is the simulated TM velocity with decreasing RMP
amplitude.

The blue continuous line in figure 4.3 shows the modelled velocity reduction up to the
TM locking (when RMP is increased, during the first step) and the red continuous line
shows the TM unlocking (when RMP is decreased, during the second step). The model
shows a good qualitative agreement with experiment. Concerning the absolute value of
the locking threshold, agreement is obtained by scanning the free parameter: kinematic
viscosity νkin. The unlocking threshold amplitude estimated by the model is br ≈ 0.01 mT,
which is lower than the experimental estimation br ≈ 0.05−0.1 mT. In some of the exper-
imental shots the velocity reduction profile is not fully relaxed, as shown in figure 4.1(d).
In this case, the viscous torque would be higher and consequently the unlocking-threshold
would increase. This might be an explanation for the difference compared with the model.
However, some experimental parameters are not measured and consequently there are un-
certainties in model-input parameters, which complicate a quantitative comparison. For
example, the viscosity and density profiles are not well known in EXTRAP T2R.

4.2 MST results

Tearing mode dynamics was experimentally studied in MST under the influence of an RMP
applied through a poloidal gap, as described in chapter 2. The RMP was applied during
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the plasma current flat top phase and its harmonics is poloidal m = 1 and several toroidal
n. As a consequence, simultaneous braking of the TMs was observed in the experimental
measurements. This is also predicted by the model in chapter 3 considering the multiple
harmonics RMP spectrum, which produces an EM braking torque on all TMs.

Either the Rutherford equation or experimental TM amplitudes can be used as model-
input. In the following case the experimental TM amplitude was used (see Paper II for
Rutherford-case). The eight inner TMs were included in the modelling, i.e. the EM torques
acting on the (m = 1) tearing modes with toroidal mode numbers n = 6 – 13.

Figure 4.4: Time evolution of (a) experimental perturbation amplitude (also used as model
input) and (b) TM velocity of modes n=6 (blue), n=7 (green) and n=8(red). Data are time-
averaged in a 0.5 ms time window. The gray areas indicates three time intervals (from left
to right: t1, t2 and t3) that are used for calculating the velocity reduction profiles in figure
4.5.

Figure 4.4 shows experimental and modelled n = 6 – 8 TM velocities (vT M
ϕ ) under the

influence of an RMP (|bm=1
r |). The RMP (figure 4.4 (a)) is ramped up from zero to about
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130 G. When the amplitude reaches |bm=1
r | ≈ 100 G the rotation of the tearing modes start

to reduce significantly until they are arrested (figure 4.4 (b)). When the RMP is turned
off, the TMs remain locked, which is explained theoretically by the reduced rotation of the
surrounding plasma and thus reduced viscous (restoring) torque (as shown in chap. 3/fig.
3.2–3.3). More specifically, the viscous torque is proportional to the second derivative of
the plasma velocity reduction profile, which is expressed as ∆vϕ (t,r) = vϕ (0,r)− vϕ (t,r)
where vϕ (0,r) is the natural (unperturbed) velocity. Thus, to examine the reduction of
viscous torque after TM locking, the experimental velocity reduction of the tearing modes
are compared with the modelled plasma velocity reduction radial-profiles. The no-slip
condition [20] is assumed to be valid, which means that the TMs and plasma co-rotates at
each resonant surface (see Paper II for discussion).

Figure 4.4 contains three time intervals (gray shaded areas) which were used for calcu-
lating the velocity reduction profiles. In the first interval ((t1)) is the initial velocity vϕ (t1),
which is subtracted from the time-averaged velocities at (t2) and (t3) respectively. Result-
ing velocity reduction profiles are shown in figure 4.5. The agreement with the model is
within the error-bars (1σ ) both during the braking phase (t2) and the locked phase (t3).
However, during the braking phase the n = 6 TM velocity braking is overestimated, while
it is underestimated for n = 7–9. The reason for this is not obvious, but some suggestions
are presented in Paper II. It seems that the reduction of plasma flow in the vicinity of the
TMs can provide an explanation of the observed hysteresis in figure 4.4.

To conclude, the model including several modes can qualitatively explain the experi-
mental behavior and quantitative agreement is obtained by assuming a kinematic viscosity
of νkin ≈ 20 m2/s, which is in the same order of magnitude as experimentally estimated in
MST [46].

In figure 4.4 data are time-averaged in a 0.5 ms time window, to highlight the long
(millisecond) time-scale behavior. The short time-scale behavior is shown in figure 4.6,
where the authentic (non-smoothed) n = 6 TM signals are plotted in time interval around
braking/locking (for the same shot as figure 4.4). Qualitatively, the model is able to explain
the short time scale behavior. Quantitatively, the TM locking at t ≈ 24 ms is well described,
while the amplitude of the TM velocity oscillations is overestimated in the earlier braking
phase (t ≈ 23.0−23.4 ms).

Both in experiment and model, the peaks of the oscillations are narrower than the
valleys, which is most apparent just before locking. In fact that the TM tends to spend
longer time out-of-phase (|∆αm,n| ≥ π) than in-phase (|∆αm,n| ≤ π) with the RMP, as
shown in figure 4.6. Theoretically, this is explained by that the sign of the EM torque
is proportional to minus sine of the phase difference between the TM and RMP, i.e T ∝
−sin(∆αm,n). Thus, the TM is decelerated in the phase interval (0 < ∆αm,n < π) and
accelerated in the interval(−π < ∆αm,n < 0), which means that the minimum TM velocity
should be reached at ∆αm,n = π and the maximum at ∆αm,n = 0. Theoretical behavior is
in agreement with experimental measured phase. Furthermore, the experimental locking
occurs in phase with the RMP, as predicted by the model.

A set of plasma discharges where performed under similar equilibrium conditions
(plasma current Ip, pinch-parameter Θ and reversal-parameter F) and similar initial TM
velocities. The central line-averaged electron density, just before the RMP application,
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Figure 4.5: Experimental and modelled velocity reduction at time intervals t2 and t3 com-
pared to the initial velocity (t1). The time intervals are indicated in figure 4.4. The radial
locations are given by the resonant condition (3.8), where n = 6 is the most central and
n = 15 is furthest out.

varied between < ne >= 0.35−1.25×1019 m−3. In each shot, during the plasma current
flat-top phase, the RMP amplitude was stepped-up to a constant amplitude, which value
varied from shot-to-shot.

In the following analysis, shots are divided into three electron density groups; low
density < ne >= 0.35−0.5×1019 m−3 (red circles), middle density < ne >= 0.5−0.8×
1019m−3 (blue squares) and high density < ne >= 0.8−1.25×1019 m−3(green diamonds).
The experimental data in figure 4.7 indicates that the locking threshold increase with in-
creasing electron density.

The model was run for three different plasma densities, corresponding to typical exper-
imental densities. The RMP was stepped up to a constant amplitude, which value varied
from simulation-to-simulation to find the locking threshold. Comparing with experimental
data in figure 4.7, the model can produce a similar increase in TM locking-threshold with
increasing density. Hence, the main difference observed in locking-threshold for different
measured < ne > can be related to inertia.

The kinematic viscosity was kept constant in the three cases, which might indicate
that it is not dependent on plasma density. Thus, it is in disagreement with Braginskii
[47] classical kinematic viscosity, which is about two orders of magnitude lower than the
present estimation. This conclusion is in-line with the one in Ref. [46], where it was found
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Figure 4.6: Time evolution, during the braking phase, of the inner mode’s (n = 6): (a)
velocity and (b) phase difference to the RMP phase. Same data as figure 4.4, but non-
smoothed and the modelled n = 6 velocity is in magenta color for easier comparison with
experimental signal.

that the transport in MST core-region was consistent with magnetically driven transport.

4.3 Comparison of EXTRAP T2R and MST results

In MST the contribution to each toroidal harmonic n is estimated to be 1/100 [Paper II].
Then, at the time of locking, the RMP amplitude of each n is |bm=1,n

r | ≈ 1.3 G = 0.13 mT.
In EXTRAP T2R the locking threshold was estimated to |bm=1,n

r | ≈ 0.6 mT for a single
harmonics RMP. Thus, the locking amplitude thresholds in MST and EXTRAP T2R are of
the same order of magnitude. However, a one-one comparison is not possible, considering
for example the differences in machine dimensions, plasma equilibria, RMP spectra and
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Figure 4.7: The model compared with experimental data for the n = 6 TM velocity versus
applied perturbation field (as percentage of the poloidal equilibrium field at the edge). The
electron density is divided into three intervals. The velocities are time averaged in the
interval 2.0-2.25 ms into the perturbation phase. The poloidal equilibrium field at the edge
is similar for all shots, Bθ (a)≈ 0.13 T.

RMP coil arrays. In the future, it might be possible to do such a comparison by performing
EXTRAP T2R experiments applying a ”MST-similar” multi-harmonic n-spectrum or with
a reduced set of coils (e.g. at only one toroidal position as in MST). Anyway, it would be
of interest to perform multi-harmonics RMP experiments at EXTRAP T2R to put existing
models under test.

In addition, information on the radial profile of νkin might be achievable in EXTRAP
T2R, by application of single harmonics RMP, with changing n, each acting on a cor-
responding TM. Kinematic viscosity at each resonant radius can then be estimated from
the slowing down time (or spin-up after RMP) of the TM and from modelling of the TM
braking.





Chapter 5

Contributions

This section summaries my contribution to the included papers.

Paper I: Hysteresis in the tearing mode locking/unlocking due to resonant magnetic
perturbations in EXTRAP T2R
I planned and performed the experiments, analyzed the experimental data, developed a
code to model the TM time evolution in EXTRAP T2R and wrote the paper. In all steps
with the guidance of my supervisors, who are also co-authors, Per Brunsell and Lorenzo
Frassinetti. In addition, technician Håkan Ferm was of great importance running EXTRAP
T2R.

Paper II: Tearing mode dynamics and locking in the presence of external magnetic
perturbations
I planned and performed the experiments in MST and analyzed the experimental data.
Developed a code modelling the TM time evolution, including the EM torque acting on
several TMs due to the interaction with RMPs and the wall. In the end, I wrote the pa-
per. In the whole process I had help from my co-authors; Stefano Munaretto, Lorenzo
Frassinetti, Brett Chapman, Per Brunsell and John Sarff. In addition, the MST-team was
of great importance in running the machine.

Paper III: The tearing mode locking–unlocking mechanism to an external resonant
field in EXTRAP T2R
My main contribution was in implementation of TM evolution model and I also performed
simulations.

Paper IV: A method for the estimate of the wall diffusion for non-axisymmetric fields
using rotating external fields
I contributed by performing the experiments, applying external rotating fields through the
feedback control system at EXTRAP T2R.
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Chapter 6

Conclusion

The resonant magnetic perturbation (RMP) effect on tearing mode (TM) dynamics has
been investigated in the two RFPs: EXTRAP T2R and MST. It is found that the tearing
mode velocity is reduced due to the RMP. Locking of the TM relative to the static RMP
phase is observed if the perturbation amplitude is above a threshold. In MST, it was found
that the locking-threshold increase with increasing plasma density. This is an effect of the
increased plasma inertia, which means a higher external EM torque is required to lock the
TM and plasma flow. Agreement with the model, when changing only the plasma density,
indicates that perpendicular kinematic viscosity might be independent of density.

In both experiments there is hysteresis in the locking and unlocking process. In EX-
TRAP T2R, after locking, the TMs restart rotation only if the RMP amplitude is signif-
icantly reduced. While in MST, the TMs remain locked even when the RMP is turned
off. The multi-harmonic RMP spectra in MST cause locking of all TMs, which indicates
that restoring viscous torque is lower than in EXTRAP T2R. In addition, there might be
small residual error-fields remaining that are over the unlocking threshold in MST. Mea-
surements [35] show that the plasma flow in MST’s core is about vϕ ≈ 5 km/s, which
indicates some viscous restoring force. In some discharges, it is observed that TMs can
spin-up again in connection to a dynamo event, in which the TM amplitude is significantly
reduced.

Fitzpartick’s model of TM interaction with an external RMP shows a qualitative agree-
ment with experimental measurements. In EXTRAP T2R, the observed hysteresis can be
explained by the relaxation of the velocity reduction profile and increase of TM amplitude
that occurs after locking. In MST, a qualitative agreement was obtained considering the in-
teraction of a multi harmonics RMP with each corresponding TM. For both machines, the
quantitative agreement is obtained by changing the kinematic viscosity νkin. The model-
required νkin for EXTRAP T2R and MST are of similar order of magnitude to earlier
estimations (see Paper I and II respectively for a more detailed discussion).

The residual plasma flow after TM locking might imply that the no-slip condition is
violated after TM locking. However it is uncertain, since flow measurement is not local
at the resonant surface. Before TM locking, both in EXTRAP T2R and MST, plasma
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flow reduction similar to TM velocity reduction is observed and the no-slip condition is
assumed valid as a first order approximation. The qualitative agreement with the model
also supports this view.

In Paper IV, EXTRAP T2R resistive-wall diffusion time, τm,n
w , was estimated using

external rotating magnetic fields. The rotating fields are able to ”sense” asymmetries in
the shell and therefore produce a 3D-mapping of τm,n

w . Far away from gaps in the shell,
the results show agreement with a cylindrical model. The method was also tested using a
”tokamak-like” subset of coils. In this case, results shows reasonable agreement if poloidal
and toroidal sidebands are considered.
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