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Samenva ing

Modelling and measurements for control
of magnetic instabilities in tokamak plasmas

De wereldwijde vraag naar energie stijgt door opkomende economieën en toe-
nemende industrialisatie. Een manier om aan deze vraag naar energie te vol-
doen is door gebruik te maken van het proces dat zich afspeelt in onze zon:
fusie van waterstof. Fusie kan de mensheid van een vrijwel onuitpu elijke hoe-
veelheid energie voorzien. Deze energie is leverbaar op elk moment van de dag
zonder uitstoot van koolstofdioxide of de productie van hoogradioactief afval.

Een nadeel is echter dat hoge temperaturen nodig zijn om het fusieproces te
starten. Bij deze hoge temperaturen verandert waterstof, dat op kamertempe-
ratuur een gas is, in een waterstofplasma. Zulke plasma’s zijn ook te vinden in
onze zon en in TL verlichting. Speciale meetopstellingen, zoals de tokamak re-
actor, zijn nodig om het waterstofplasma op te sluitenmet behulp vanmagneet-
velden. Echter, de hoge temperaturenmaken het waterstofplasma ook gevoelig
voor zelfs de kleinste veranderingen van dit magneetveld. Deze kleine veran-
deringen kunnenmagnetische verstoringen veroorzaken die het fusieproces, en
daarmee de energieopbrengst, negatief beïnvloeden.

In dit proefschrift worden modellen en metingen gebruikt om actief in te
grijpen op magnetische verstoringen. Hierbij ligt de nadruk op het onderzoe-
ken van regelmechanismes voor toekomstige tokamak reactoren. Met behulp
vanmodellenwordt in dit proefschrift getoond dat een bepaalde verstoring, het
magnetisch eiland, in de toekomstige tokamak ITER voldoende snel kan wor-
den gedetecteerd om regelmechanismes toe te kunnen passen. Daarnaast zijn
magnetische eilanden gemeten met een nieuwe meetmethode waarbij is aange-
toond dat deze meetmethode ook voor toekomstige tokamak reactoren bruik-
baar is. Als laatste is een detector ontwikkeld voor een andere magnetische
verstoring, de zaagtandinstabiliteit. Alle analyses in dit proefschrift dragen bij
aan het onder controle houden van magnetische verstoringen in toekomstige,
energieopwekkende tokamaks.
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Modelling and measurements for control
of magnetic instabilities in tokamak plasmas

The increasing global wealth results in an increasing demand for energy.
A possible way to meet this energy demand is by means of nuclear fusion of
hydrogen isotopes into helium. Nuclear fusion could provide a virtually un-
limited amount of energy on earth and this energy can be supplied on-demand
without carbon-dioxide emission and long-lived nuclear waste. Research of nu-
clear fusion aims at producing a sustainable power source on earth. The most
advanced fusion reactor concept is the tokamak, in which a plasma of ionized
hydrogen isotopes is confined by magnetic fields.

Typically, in tokamak plasmas various magnetic instabilities occur. These
magnetic instabilities negatively impact the efficiency of the fusion process and
should therefore be controlled. In this thesis, three control problems, related to
two magnetic instabilities in future fusion reactors, are addressed. Firstly, con-
trol of magnetic islands in the ITER tokamak is investigated throughmodelling.
Secondly, a combination of electron cyclotron emission (ECE) and electron cy-
clotron heating (ECH) for control of magnetic islands is assessed on the ASDEX
Upgrade tokamak. Finally, a detector for the sawtooth instability is presented.

Models for island growth and rotation in ITER are combined and show that
adequate suppression of themagnetic island cannot be guaranteed once it stops
rotating. Therefore, magnetic islands need to be suppressed before the island
comes to a standstill. Based on this criterion and use of 13.3 MW of ECH, the
requirements in terms of the maximum allowed latency between island seeding
and start of suppression are derived. The detection of magnetic islands is ana-
lyzed using amodel for ECEmeasurements from an ITERplasma that alsomod-
els noise. The simulated ECEmeasurements are processed by two detectors for
the island location. For both detectors, the characteristics of the synthetic ECE
measurement device and the detectors can be chosen such that the magnetic is-
lands are detected within the set requirements. Detection within one-tenth of
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themaximum allowed latency is possible for all seed islandwidths smaller than
9 cm.

At ASDEX Upgrade, ECE is measured via the line-of-sight of ECH, this is
known as inline ECE. The inline ECE set-up shows that a reactor-relevant im-
plementation of inline ECE is possible. Sixmoveablemeasurement channels are
available for measuring ECE in the line-of-sight of ECH. During ECH, spikes on
the inline ECE channels are visible, which correlate with edge localized modes
(ELMs). A correlation of inline ECE with magnetic measurements showed that
the island location can be determined. This is shown both for passive measure-
ments without simultaneous ECH and for measurements which include ECH
using the same line-of-sight. The determined time of crossing from the corre-
lated inline ECEmeasurements is in good agreement with other interpretations
of the island location available at ASDEX Upgrade. Due to the specific geom-
etry of the ASDEX Upgrade flux surfaces in relation with the ECH launcher
locations, the mode location could not be determined without launcher move-
ment.

A model-based, multichannel, real-time capable sawtooth crash detector is
developed. The sawtooth results in a quasi-periodic redistribution of energy in
the plasma core. This detector is applied to a dataset consisting of ECE mea-
surements from the ASDEX Upgrade tokamak. The detector is able to detect all
sawtooth crashes that are observed by a human observer. Additionally, two de-
tections are made that are classified as partial reconnections. The detector uses
several models each representing a different possibility for the mixing radius,
but the detected mixing radius corresponds with the observed mixing radius,
as determined from measurements, for only part of the sawtooth crashes in the
dataset.

The work presented in this thesis contributes to control of the magnetic in-
stabilities in future, energy-producing tokamaks.
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Chapter 1

Introduction

Energy production through nuclear fusion is a good candidate to meet future
energy demand in a sustainable way. However, the current nuclear fusion reac-
tors are prone to performance limitingmagnetic instabilities such as neoclassical
tearing modes and the sawtooth instability. These instabilities therefore need
to be controlled.

In this chapter, an introduction to nuclear fusion andmagnetic instabilities is
given. At the end of this chapter, the research objective and main contributions
of this thesis are presented.

1.1 Future energy from nuclear fusion
The world energy demand is expected to increase significantly in the coming
decades [International Energy Agency, 2015]. Energy demand in developing
countries is growing due to an increased energy consumption per capita, while
at the same time the world population is still increasing [International Energy
Agency, 2015]. The majority of energy is supplied by burning fossil fuels [Inter-
national Energy Agency, 2015]. However, there is an international consensus
that carbon dioxide emissions, associated with fossil fuels, enhance the green-
house effect [Intergovernmental Panel on Climate Change, 2014]. This, in turn,
increases themean earth temperature and negatively impacts the global climate
and earths ecosystems [Intergovernmental Panel onClimate Change, 2014]. The
need for a reduction in carbon dioxide emissions has driven nations worldwide
to commit to limiting fossil fuel usage [UNFCCC COP, 2015].

As the energy consumption is projected to increase, the reduction of fossil
fuel energy should be met with increasing an energy supply by other means.
Part of the energy demand can be covered by renewable energy sources, such
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as, wind, and solar energy [Herzog, 2001]. However, these sources are intermit-
tent. For stability of the energy supply, a continuously operating power plant
would be beneficial. To date, only nuclear fission plants produce energy con-
tinuously without release of carbon dioxide. However, nuclear waste with ra-
dioactive decay times on the order of thousands of years and safety of nuclear
reactors remain unsolved challenges which have made nuclear fission unpopu-
lar [European Nuclear Safety Regulators Group, 2015; Schneider, 2015].

Nuclear fusion is the reaction of light hydrogen nuclei into a larger helium
nucleus [McCracken, 2005]. The same process also occurs inside the sun [Bethe,
1939]. The nuclear fusion reaction could provide a steady supply of energy,
while producing no long-lived nuclear waste [McCracken, 2005]. At the high
temperatures, required for fusion, the electrons separate from the hydrogen nu-
clei. The resulting mixture of positive hydrogen nuclei and negative electrons
is known as a plasma and can be confined using external magnetic fields. Mag-
netic confinement of a fusion plasma is most prominent in fusion research and
is expected to be the most viable alternative for a fusion power plant [Braams,
2002].

The requirements for a nuclear fusion reaction to provide enough energy
to sustain itself have first been formulated by Lawson [Lawson, 1957]. A self-
sustaining fusion reaction, also known as ignition, requires sufficiently high
temperature T , density n, and a low loss of energy. The loss of energy is ex-
pressed in the energy confinement time τE , which should be large to indicate a
low loss of energy. The combination of temperature, density, and energy con-
finement time should fulfill [Wesson, 2004]

nTτE ≥ 5 · 1021 keV/m3/s (1.1)

to reach ignition. The reactor-type that has come closest to ignition is the toka-
mak [Braams, 2002].

1.2 Tokamak
A tokamak is a reactor-type consisting of a toroidal (donut-shaped) vacuum
chamber [Wesson, 2004]. A schematic of a tokamak is shown in figure 1.1. In
the vacuum chamber, a plasma is confined using amagnetic fieldBT in toroidal
direction (blue arrow), which is created by external coils. Additionally, external
transformer coils induce a electric current Ip in the plasma in toroidal direction.
The plasma current Ip and additional external coils together provide a second
magnetic field Bp in the poloidal direction (green arrows).

The coordinate system in a tokamak can be defined by amajor radial coordi-
nateR, a toroidal angle ϕ, and a distance Z above the midplane of the tokamak,
which together form a righthanded system. Due to the toroidal symmetry of the
tokamak, a fusion plasma can be described using a single poloidal cross section,
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Figure 1.1. Schematic overview of a tokamak, showing the toroidal BT ,
poloidal Bp, and resulting helical magnetic fields. The magnetic fields
are created by external coils and the plasma electric current Ip. Courtesy
of EUROFusion (h ps://www.euro-fusion.org/).

which is independent of ϕ. Additionally, a point in the poloidal cross section
can be described using the major radius of the plasma center R0 along with the
distance to the plasma center r, which is the minor radius, and a poloidal angle
θ. Both coordinate systems are depicted in figure 1.2.

The toroidal and poloidal magnetic field components in the tokamak form
helical magnetic field lines that span toroidal surfaces in the fusion plasma,
known as flux surfaces. On these surfaces magnetic flux and pressure p are con-
stant. The flux surfaces are labelled by a flux coordinate ρ that is equal to 0 in the
plasma center and equal to 1 at the edge of the plasma. A schematic figure of the
flux surfaces of a tokamak is shown in figure 1.3. The plasma particles follow
the helical magnetic field lines and, consequently, particle and energy transport
on the flux surfaces is high, while perpendicular transport is orders of magni-
tude lower [Wesson, 2004]. As a result, temperature T is constant on the flux
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r

R0

R

Z

θ 

φ

Figure 1.2. Schematic drawing of a poloidal cross section of the tokamak,
in the coordinates of a point (dark grey dot) are described using two co-
ordinate systems. The rotational axis of the tokamak is shown on the left
with a grey dashed line and the toroidal angle ϕ is indicated. A point
(dark grey dot) in the poloidal cross section can be indicated by the ma-
jor radial coordinate R and the vertical coordinate Z. Alternatively, the
same point could be described relative to the plasma center, indicated by
the major plasma radius R0. The point specified by R and Z could then
be indicated by the minor radius r and the poloidal angle θ.

surfaces. Additionally, flux surface averages of the particle and current density
can be used for a given flux coordinate ρ. Typical profiles as a function of the
flux coordinate ρ are shown in figure 1.3. The entire state of a fusion plasma
can therefore be described by the temperature profile T (ρ), the (flux surface
averaged) density profile n(ρ), and the (flux surface averaged) current density
profile j(ρ). Another, profile that characterizes the tokamak equilibrium is the
safety factor q. The safety factor describes the twist of the magnetic field lines.
A typical safety factor profile q(ρ) is given in figure 1.3.

There are and have been many tokamaks in operation, but all have been
used for scientific research into the nature of fusion plasmas [Braams, 2002].
The largest tokamak to date is the Joint European Torus (JET) in Oxfordshire,
United Kingdom [EUROFusion, 2016]. Experimental work and measurements
presented in this thesis are obtained from the ASDEXUpgrade tokamak located
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Figure 1.3. Schematic drawing of a poloidal cross section of the tokamak
(left). The rotational axis of the tokamak is shown on the left with a grey
dashed line. Six flux surfaces are indicated and for one flux surface (light
grey) the flux coordinate ρ is shown. Typical profiles for temperature
T (ρ), current density j(ρ), density n(ρ), and safety factor q(ρ) are shown
on the right, for a plasmawith high energy and particle confinement. The
values for which the safety factor is equal to 1, 3/2, and 2 are indicated in
light grey.

inGarching-bei-München, Germany [Max-Planck-Institut für Plasmaphysik, 2016].
A new tokamak, named ITER, is under construction in St. Paul-lez-Durance,
France [ITER Organisation, 2016]. The goal of the ITER tokamak is to demon-
strate that the plasma in ITER can produce ten times more fusion power than
what is used as external heating power.

1.3 Magnetic instabilities in tokamaks

The description of the flux surfaces and profiles, given in the previous section,
assumes that the plasma current is only driven in the toroidal direction. How-
ever, slight perturbations of the plasma current result in reconnection of flux
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surfaces that were located at different flux coordinates ρ. Both neoclassical tear-
ing modes (NTMs) (see subsection 1.3.1) and the sawtooth instability (see sub-
section 1.3.2) are a result of reconnection of flux surfaces. Both instabilities are
described by magnetohydrodynamic theory and are, in this thesis, referred to
as magnetic instabilities.

Electron cyclotron resonance heating (ECRH) and electron cyclotron current
drive (ECCD) are used to control NTMs and magnetic instabilities. In parallel,
the electron cyclotron emission (ECE) is used for local temperature measure-
ments. Both techniques rely on the electron cyclotron resonance in the plasma
and are introduced in subsection 1.3.3.

1.3.1 Neoclassical tearing modes

The neoclassical tearingmode (NTM) is an instability that arises as a result of re-
connecting flux surfaces at a rational flux surface forwhich q = m

n , withm and n
the poloidal and toroidal mode numbers, respectively [Haye, 2006a]. The NTM
results in the formation of amagnetic island, which is depicted in figure 1.4. The
magnetic island is located at ρmn = ρ

(
q = m

n

)
and has an extent given by the is-

land width w. In general, the magnetic island moves together with the rotating
bulk plasma. This results in a perceived rotation in poloidal or toroidal direc-
tion. The helical angle ξ is related to the angles ϕ and θ bymξ = mθ + nϕ+ ωt.
Interaction of the rotating magnetic island with the wall and plasma impacts
the poloidal rotation frequency ω of the island.

Due to the reconnection of the flux surfaces, transport inside the magnetic
island is increased and leads to a fla ening of the temperature in the island
[Fi patrick, 1995]. Additionally, the island perturbs the other flux surfaces, re-
sulting also in temperature fluctuations outside, but near the island [Fi patrick,
1995]. Therefore, a magnetic island could be detected by measuring either in-
side or outside the island. Two locations are indicated by a red and blue cross in
figure 1.4. If the local temperaturewould bemeasured at these points, a fluctua-
tion would be visible due to the rotating island. This fluctuation is visible at the
right of figure 1.4. There is a phase shift of 180◦ between the fluctuations at the
two locations. This phase shift is observed between measurements on opposite
sides of ρNTM and is a feature that is commonly used for the detection of NTMs
from temperature measurements [Berrino, 2005; Hennen, 2010; Reich, 2012a].

The growth rate dw
dt of an NTM is described by the generalized Rutherford

equation (GRE) [Haye, 2006a]. TheNTM ismarginally stable and requires exter-
nal magnetic instabilities to provide a seed island wseed from which the mode
grows. Magnetic islands are known to be seeded by the sawtooth instability
(see subsection 1.3.2) and numerous other instabilities (e.g. fishbones, ELMs)
[Haye, 2006a]. Once seeded, the NTM grows due to a self-enforced lack of local
bootstrap current. The bootstrap current results from density and temperature
gradients, but due to the increased transport insidemagnetic islands the density
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Figure 1.4. A poloidal cross section with a magnetic island is shown on
the left. The island width w, island position ρNTM , and island rotation
frequency ω are shown. Additionally, two locations are indicated by a
red and a blue cross. The right figures show the temperature measured
at the red and blue cross (top figure) and the island phasemξ as a function
of time (bo om figure).

and temperature gradients are decreased. Local current drive at ρmn is used to
replenish the current deficit and thereby shrinks the NTM [Prater, 2004]. Fig-
ure 1.5 shows an example of the growth rate dw

dt as a function of the islandwidth
w for no current drive and current drive at twodifferent power levels, with solid,
dashed, and do ed lines, respectively. Without external current drive, there are
two equilibria (points for which dw

dt (w) = 0). For island widths smaller than the
first equilibrium w1, the mode diminishes and disappears, while for all island
width w > w1 the island grows to a saturated island width wsat,0 in absence
of current drive. By driving current, the saturated island width wsat can be de-
creased (shown by P = 4MW), while for sufficient current drive (shown by
P = 6MW) dw

dt < 0 for all island widths.
NTMs reconnect flux surfaces and thereby increase radial transport of parti-

cles and energy. This reduces the core temperature and thereby negatively im-
pacts the fusion power by decreasing both core temperature T and the energy
confinement time τE (see 1.1). Additionally, large NTMs can result in a sudden
loss of the plasma, an event known as a disruption [Haye, 2006a; Schuller, 1995].
NTMs for which q = 3

2 and q = 2
1 have been routinely observed and have the

largest impact on the plasma [Sauter, 2010]. In figure 1.3, the flux coordinate ρ
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Figure 1.5. Island growth rate dw
dt as a function of the island width w for

an NTM. The growth rate is indicated without current drive (black) and
with current drive at different chosen power levels (P = 4MWwith dark
grey dashed line and P = 6MW with dark grey do ed line). The equi-
libria of constant island width, in absence of current drive, are indicated
by black crosses. With low current drive, the equilibrium island widths
are indicated by squares.

for the q = 3
2 and q =

2
1 can be determined.

1.3.2 Sawtooth instability

The sawtooth instability is also associated with field line reconnection, which
occurs at q = 1

1 [Chapman, 2011; Goeler, 1974]. An internal kink mode at q = 1
is formed and grows until the magnetic field lines reconnect. This leads to an
expulsion of energetic particles out of the plasma core. This event is known
as the sawtooth crash. After the expulsion of particles and energy, the core
temperature and density slowly increase and allow for a new kink mode to de-
velop. The slow increase followed by a fast decrease of core temperature results
in a temperature signal as a function of time that resembles sawteeth, hence the
term sawtooth instability. This process repeats itself and the time between two
consecutive crashes is often referred to as the sawtooth period. The drop of
core temperature is associatedwith an increase of temperature further outward.
Temperature measurement in the plasma core and a location further outward
are both shown in figure 1.6, along with the time of sawtooth crashes.

For a sawtooth crash, a mixing radius ρmix can be identified up to which
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Figure 1.6. Core temperature (light grey) and mid-radius tempera-
ture (dark grey) shown as a function of time for ASDEX Upgrade dis-
charge 30543. The measurements show a gradual increase or decrease,
for the core andmid-radius measurements, respectively. The time points
of sawtooth crashes are indicated by dashed black vertical lines.

the energy is redistributed. Additionally, the inversion radius ρinv indicates
the location, with ρ < ρmix, where the temperature is unaffected by the energy
redistribution. During a full reconnection, energy is redistributed between ρ =
0 and ρmix. During a partial reconnection, the energy is redistributed between
ρpart > 0 and ρmix. Examples of a temperature profile T (ρ) before and after a
full or partial reconnection are shown in figure 1.7.

During a sawtooth crash, the reconnection of flux surfaces also results in a
perturbation of other flux surfaces, which could give rise to, e.g., NTMs. The
time in between two consecutive sawtooth crashes determines the likelihood
that NTMs are seeded [Chapman, 2010; Kim, 2014; Westerhof, 2002]. The saw-
tooth period can be both shortened and extended by local current drive near
ρ(q = 1) [Chapman, 2011]. Several controllers have been formulated for the
control of the time between consecutive sawtooth crashes (e.g. [Bolder, 2012;
Goodman, 2011; Lennholm, 2009]).

1.3.3 Electron cyclotron heating and emission

Features of NTMs and the sawtooth instability are obtained by measuring the
temperature andbothmagnetic instabilities can be altered by local current drive.
The electron cyclotron (EC) resonances in the plasma can be used for both heat-
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Figure 1.7. Temperature profiles T (ρ), showing a time point before a
sawtooth crash (black) and examples of sawtooth crash models for full
reconnection (dark grey) and partial reconnection (light grey). Detailed
information about the models is found in appendices F and G.

ing and measurement. The origin and location of the EC resonance is intro-
duced and the use of this resonance for heating and measurements is explained
in this subsection.

The electrons in the plasma gyrate around the magnetic field lines. The gy-
ration frequency of a single electron is given by

fEC =
e∥B∥
2πme

(1.2)

where e is the elementary charge, ∥B∥ is the magnetic field amplitude, andme

is the electron mass. The EC resonance frequency therefore only depends on
the magnetic field amplitude. The magnetic field in a tokamak is determined
mostly by the toroidal magnetic fieldBT , as it is a factor ten larger thanBp. This
field is strongest near the rotational axis of the tokamak and can be approxi-
mated by BT (R) = B0R0

R , with B0 the magnetic field strength at the plasma
core. Therefore, a frequency fEC(R) can be related to a position R. The reso-
nance is broadened due to Doppler and relativistic effects due to the velocity
distribution of the electrons in the plasma [Bornatici, 1983].

Microwave radiation at power levels of several hundred kilowa s and fre-
quencies νefEC , where νe is a harmonic number, can be generated using a gy-
rotron [Thumm, 2003]. The radiation can be directed at the plasma using a
launcher and the power level can be varied. The radiation is absorbed by the
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plasma near the resonance fEC(R). The launcher angle is varied such that the
vertical location of absorption is varied. This way the absorption location can
be positioned at different flux coordinates ρ. The energy from the microwave
radiation is transferred to the electrons. A current is driven if the microwave
radiation is injected at a non-zero toroidal angle, leading to electron cyclotron
current drive (ECCD), while for zero toroidal angle the plasma is only heated,
electron cyclotron resonance heating (ECRH) [Prater, 2004]. Even in case of
ECRH a current is driven. This current is caused by the local increase of the
electron temperature which reduces the electrical resistivity. In the remainder
of this thesis, the terms ECCD and ECRH are used, as well as the term electron
cyclotron heating (ECH) which is used to indicate both ECCD and ECRH. The
positioning of ECH using a launcher is shown in figure 1.8.

The gyrating electrons also emit radiation at frequencies νefEC , which re-
sults in intensities in the micro- or nanowa range. The intensity of the emi ed
radiation is a linear function of the temperature T at the locationwhere the radi-
ation originates from. By positioning an antenna viewing the plasma, electron
cyclotron emission (ECE) can be collected. Bymeasuring the radiation intensity
of a frequency range, an average of the electron temperature is measured for
a range of locations. Therefore, by using multiple frequency bands a spatially
resolved temperature measurement is possible. Figure 1.8 shows themost com-
mon sight line used for ECE measurements. Typically, a radiometer is used to
measure the radiation intensities [Hartfuss, 1997]. The line-of-sight of an ECE
diagnostic is typically fixed and in the tokamak midplane. Alternatively, the
ECH transmission line could be employed for ECE measurements [Westerhof,
2004]. In this thesis, this technique is referred to as inline ECE.

A few additional conditions apply for successful use of ECH and ECE. First
of all, the density and temperature should be such that all radiation is absorbed
near the resonance [Bornatici, 1983]. This ensures that both ECH is locally and
fully absorbed and that ECE corresponds to a local temperature measurement
that is not polluted by the same frequencies of radiation, generated at other loca-
tions, or radiation that reflects of thewall. Secondly, the radiation should be able
to propagate in the plasma. The plasma is known to have several resonances
and cut-offs that depend on plasma conditions and on the relative orientation
of the polarization of the radiation and the magnetic field direction [Appleton,
1932; Hutchinson, 2002].

1.4 Feedback control for magnetic instabilities

In the previous section, two magnetic instabilities, NTMs and the sawtooth in-
stability, are introduced alongwith ameans to influence (ECH) anddetect (ECE)
these modes. In this section, a short introduction to feedback control is given
with examples of magnetic instability control.
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Figure 1.8. Poloidal cross section of a tokamak plasma. The EC resonance
is indicated for three different frequencies (blue, green, and red vertical
lines). An ECE detector with antenna is shown which detects radiation
along the light grey do ed line. By filtering radiation of a specific fre-
quency, the temperature at the blue, red, or green cross can be measured.
The ECH source produces radiation at a fixed frequency that is absorbed
at the EC resonance for this frequency. The ECH launcher can be moved
such that the ECHpath can be changed from the solid red lines to, e.g., the
red dashed ECH paths. Therefore, variation of the ECH launcher allows
ECH at different flux surfaces.

In any control application, a system S should show a desired behavior. For
a tokamak plasma, apart from controlling the shape of the flux surfaces, the de-
sired behavior could be reaching zero islandwidth or achieving a fixed time be-
tween consecutive sawtooth crashes. If feedback is used, a measurement signal
y(t) is comparedwith a reference signal r(t) and a controller C aims tominimize
the error signal e(t) = r(t)−y(t). The system S can be further decomposed into
an actuatorA that accepts the control input u(t), produced by controller C. The
actuator influences the plasmaP and the response of the plasma ismeasured by
the output system D = (Di,De) that is a combination of one or multiple diag-
nostics Di and detectors De (introduced below). The output system D provides
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the output signal y(t) that is compared to the reference signal r(t). Typically,
disturbances d(t) act on the plasma and the measurements with the diagnos-
tics Di are affected by noise v(t). All these components together represent the
control loop, that is shown in figure 1.9. For reason of simplicity, feedforward
control and advanced techniques, e.g. iterative learning control, are not consid-
ered [Bristow, 2006; Skogestad, 2005].

- C A P

d(t)

Di

v(t)

De

output system D

system S

u(t)r(t) e(t) y(t)

Figure 1.9. Block diagram of a system S feedback controlled by controller
C. The system S consists of the actuator A, the plasma P , diagnostics Di
and detectors De.

Design of a (feedback) controller starts by defining the control goal. For the
sawtooth instability, the control goal G could be to control the time in between two
consecutive sawtooth crashes, despite disturbances and measurement noise and this is
done by varying ECH power near ρ(q = 1). If a control goal G is more specific,
the design of a suitable controller is easier, as it should work in a smaller part
of the operational space. After successful implementation of a controller C for
a specific control goal G, a very good starting point is achieved for a broader
control goal G.

The control goal needs to be accompanied with requirementsR and bound-
ary conditions BC. A typical requirement R for sawtooth control could be that
a reference time between sawtooth crashes should be obtained within 10 con-
secutive crashes. Typical boundary conditions BC are that ECE measurements
need to be used and that ECH power is limited.

For most control goals G, the measurements done by diagnostics Di do not
directly provide the variable of interest for control. Therefore, detectors De are
used to process the diagnostic output and derive a signal that can be used by the
controller C. The diagnostics Di and detectors De should also fulfill the bound-
ary conditions BC and should allow the control loop to satisfy the overall re-
quirements R. For instance, the accuracy of a measurement y(t) immediately
limits the accuracy of the error signal e(t) and, thereby, the control input u(t).
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Additionally, the diagnosticsDi and detectorsDe should provide an output y(t)
in a timely manner, such that the entire control loop can respond within the re-
quirementsR.

With the control goal G, requirements R, and boundary conditions BC de-
fined, it should be clear with what level of detail the system S should be known.
A system model Sm is determined which should accurately portray how the
output y(t) depends on the control input u(t) and take into account the charac-
teristics of the disturbance d(t) acting on the system S, but should do so with a
model Sm with low computational complexity. This is in contrast to the models
used most often in physics, which strive to include all known effects. Even for
such models, there is a benefit in deriving a simpler model from the complete
model. A typical simplemodel Sm allowsmultiple simulations in a short period
of time and for several classes of systemmodels standard controller design tech-
niques are available [Franklin, 2014; Khalil, 2001; Skogestad, 2005]. For linear
time-invariant systems, the input-output relation between u(t) and y(t) is often
described using transfer functions (in the Laplace domain), for which controller
design has been extensively studied [Franklin, 2014; Skogestad, 2005]. The sys-
tem model Sm can be composed from models Sm = (Am,Pm,Dm) for each of
the components S = (A,P,D). Models could be obtained by first-principle
modelling or by system identification based on measurements [Franklin, 2014;
Ljung, 1999; Pintelon, 2012]. For the example of sawtooth period control, a com-
bined model (Am,Pm) for the actuator A and the plasma P could be given by
a function τST = τST (P, t) that provides a time between consecutive sawtooth
crashes at time t for a given input power P . The diagnostics Di and detector
De can be modelled as a perfect detector that returns τST or the model could
also impose noise on the modelled value. It is important to realize that both the
diagnosticsDi and detectorDe influence the relation between y(t) and u(t) and
thereby limit the capabilities of the system S.

The model Sm of system S is used to design a controller C. The controller
C should make sure that the control loop as a whole fulfills the control goal G,
while satisfying the requirements R and boundary conditions BC. Typically, a
simulation of the system model Sm together with the controller C is performed
to assess to what extent the requirements R and boundary conditions BC are
met. The simple model Sm allows multiple simulations in a short period of
time and thereby enabling controller designwithout the need for a large number
of experiments. As an intermediate step between simulations with the model
Sm and the implementation, the controller C could also be tested with a more
complete model. When the controller C, the diagnostics Di, and detectors De
are defined and implemented, the entire control loop can be tested against the
posed requirementsR.

The steps for controller design are summarized in the following list:

1. Specification of the control goal G
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2. Specification of the requirementsR and boundary conditions BC

3. Design of actuators A, diagnostics Di, and detectors De, if these are not
yet specified

4. Definition of a model Sm for the system S, including characteristics of the
disturbances d(t)

5. Design of the controller C using model Sm to satisfy requirements R and
boundary conditions BC

6. Implementation of the controller C, actuators A, diagnostics Di, and de-
tectors De

7. Test if the system S with controller C satisfies requirementsR and bound-
ary conditions BC

Similar design steps are also found in control literature (e.g. [Franklin, 2014;
Skogestad, 2005]). The design process is often iterative. For instance, if a con-
troller C cannot be found, one could choose to reformulate requirementsR and
boundary conditions BC or use a different diagnosticDi or detectorDe. In prac-
tical implementations, the design process might differ from the steps above and
the control goal G, requirements R, and boundary conditions BC might not be
explicitly defined. Even in such cases, the choices in the system S, systemmodel
Sm, and the controller C often reflect the underlying assumptions about the re-
quirementsR and boundary conditions BC.

1.5 Research objective and contributions

Magnetic instabilities need to be controlled in future fusion reactors, such as
ITER. This requires the design of controllers C, diagnosticsDi, and detectorsDe
such that the requirements R and boundary conditions BC are met. Therefore,
the research objective that served as a guideline for this work is

systematic design and testing of controllers C, diagnostics Di, and detectors De for
control of magnetic instabilities in future fusion reactors.

This goal requires that not only the controllers C, diagnostics Di, and detectors
De are defined, but also that proper requirements R, boundary conditions BC,
and models Sm are used. Furthermore, scalability of current control solutions
to future fusion reactors needs to be evaluated. The specific contributions pre-
sented in this thesis, which address the control problems NTM control for ITER,
NTM control with inline ECE on ASDEXUpgrade, and Sawtooth period control, are:
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1. Formulation of NTM control requirements R and boundary conditions BC for
ITER: The goal G for NTM control is formulated as suppression of NTMs
before the NTM rotation stops. Based on this goal G and existing models,
simulations are conducted of simultaneous island growth and rotation.
By explicitly specifying the boundary conditions BC, requirements R for
the maximum allowed latency, between island seeding and the start of
ECH, and for the maximum allowed deviation of the deposition position
of ECH are defined.

2. Definition of a model Sm for detection of NTMs using ECE on ITER: ECE is
simulated using the non-thermal ECE code (NOTEC, [Sillen, 1987]) which
has been extended to include a realistic model of an asymmetric magnetic
island with prescribed width and helical angle. The results of NOTEC are
processed by amodel of a radiometerDi,m, which includes thermal noise.
The results of the radiometer model Di,m can be processed by a detector
De.

3. Comparison of requirementsRwith response of detectorsDe applied to the model
Sm for NTM detection on ITER: The model Sm for detection of NTMs on
ITER provides radiometer output that is processed by two detectors De
for the NTM location known from literature [Berrino, 2005; Reich, 2012a].
The radiometer and the detectors can be chosen such that the requirements
R for NTM control are satisfied by the plasma model Pm and the output
system model Dm.

4. Measurements with a set-up S of ECE detected in the ECH transmission line
at ASDEX Upgrade, known as inline ECE, and identification of measurement
characteristics that could be used in a detector De for the NTM location: A ra-
diometer is connected via the FADIS set-up [Kasparek, 2011] to the same
transmission line as an ECH source. This allows inline ECE measure-
ments, measurements via the ECH transmission line, a technique that is
used for NTM control by Hennen et al for NTM control [Hennen, 2010].
The measurements at the ASDEX Upgrade tokamak are done with com-
ponents that are more compatible and plasma conditions that are more
similar to what is expected in ITER. The ECE measurements are corre-
lated with magnetic measurements to assess the NTM location for differ-
ent conditions. The characteristics of magnetic islands in measurements
are determined and their impact on possible detectors De and controllers
C is considered.

5. Development of a real-time capable, multichannel sawtooth detector De: Con-
trol of the sawtooth instability requires a detection of the time of the saw-
tooth crash. Amodel-based detectorDe, based on the interactingmultiple
model estimator [Li, 2005], is developed which detects the sawtooth crash
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using multiple ECE measurements channels at once. The detector De is
designed for real-time detection.

6. Test of the real-time detector De on ASDEX Upgrade ECE measurements: The
model-based, real-time capable,multichannel sawtoothdetectorDe is used
to post-process ECEmeasurements of the ASDEX Upgrade tokamak. The
time of the sawtooth crash is determined using the detector and compared
with sawtooth crash times that are observed by considering the entire time
evolution. The detector is capable to detect all crashes, as seen by a human
observer, and does sowithin the boundary conditionsBC for real-time op-
eration.

These contributions address the control problems: NTM control for ITER (Con-
tributions 1+2+3), NTM control with inline ECE on ASDEX Upgrade (Contribu-
tion 4), and Sawtooth period control (Contributions 5+6).

1.6 Outline
In this thesis, the specific contributions, as introduced in the previous section,
are presented in chapter 2 to chapter 5. Chapter 2 presents the requirements for
NTMdetection in ITER (Contribution 1). In chapter 3, amodel for the detection
of NTMs with ECE in ITER is derived and used to determine if two detectors
are capable to detectNTMswithin the set requirements (Contributions 2 and 3).
Chapter 4 contains measurements with inline ECE at the ASDEX Upgrade and
discusses the possibilities of NTM control using inline ECE (Contribution 4).
In chapter 5, a real-time capable, multichannel sawtooth detector is presented
and tested on data from the ASDEXUpgrade tokamak (Contributions 5 and 6).
The final chapter presents the conclusions, discussion, and recommendations
that result from the other chapters.





Chapter 2

Integrated modelling of island
growth, stabilization, and mode
locking: consequences for NTM

control on ITER

In this chapter, requirements are derived for NTM detection in an ITER scenario 2
plasma. The requirements are derived by requiring full suppression of NTMs using
ECCD, before mode locking (stop of rotation) makes suppression impossible. For an
ITER scenario 2 plasma, the similar time scales for locking and island growth necessitate
the combined modelling of the growth of the mode and its slow down due to wall induced
drag. Using such a model, the maximum allowed latency between the seeding of the
mode and the start of ECCD deposition and maximum deviation in radial position are
determined. The maximum allowed latency is determined for two limiting models for
island growth; the polarization model with wmarg = 2 cm, representing the worst case,
and the transport model with wmarg = 6 cm, representing the best case.

The work presented in this chapter is published as:
van den Brand, H., et al. [2012]. Integrated modelling of island growth, stabilization and mode
locking: consequences for NTM control on ITER, Plasma Physics and Controlled Fusion 54 094003.
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2.1 Introduction

In order to prove the technical viability of fusion power, the ITER tokamak (ma-
jor radius R0 = 6.2m, minor radius a = 2m and elongation κ = 1.7) is under
construction [Shimada, 2007]. Plasmas in ITER should maintain a fusion gain
Q = 10 for 300 s. In order to achieve these goals, plasma instabilities are to be
prevented. A particular example is the Neoclassical Tearing Mode (NTM), an
MHD instability, which reduces the core temperature, and therefore the fusion
yield and can result in the loss of the entire plasma (a disruption) [Haye, 2006a].
An NTM is a global magnetic perturbation, with poloidal and toroidal mode
numbersm and n respectively, which creates a magnetic island on the resonant
flux surface, where the safety factor q = m/n. The amplitude of the mode is
characterized by the full island width w. The metastable NTM is driven unsta-
ble at finite island width due to the loss of local bootstrap current inside the is-
land itself. Electron Cyclotron (EC) waves can provide local current through EC
Resonance Heating (ECRH) and Current Drive (ECCD), replacing the missing
bootstrap current in the island and thereby stabilizing or suppressing the NTM
[Haye, 2006a; Prater, 2004]. In ITER, the NTMs with mode numbersm/n = 2/1
andm/n = 3/2 will degrade the core temperature the most [Sauter, 2010].

NTMs are known to rotate toroidally and interaction with the wall results
in a slowdown of this rotation [Haye, 2006b; Nave, 1990]. As the mode slows
down, it finally locks to the static error field, a situation known as mode locking
[Lazzaro, 1988; Yu, 2008]. In that case, the stabilizing effect of the wall is lost
and the mode can grow to still larger amplitudes. In particular, for the case of
the 2/1 mode this generally results in a disruption [Sauter, 1997].

ECCD stabilizes the NTM if the current is driven near the island O-point,
i.e. the center of the magnetic island. Current drive near the island X-point, the
crossing of the two separatrices of themagnetic island, has a destabilizing effect
[Isayama, 2009]. Experiments show that for large phasemismatches between is-
land O-point and ECCD the NTM is not fully suppressed [ECRH Group, 2007;
Hegna, 1997; Isayama, 2009]. In ITER, the four heating and current drive EC
Upper Port Launchers are dedicated to the control of NTMs. They are situated
in upper ports spanning a range of only 100◦ in toroidal angle around the ITER
torus [ITER Organisation, 2007]. When the mode locks in an unfavourable po-
sition, in which ECCD cannot be driven close enough to the O-point, ECCD is
unable to stabilize the mode. Therefore in order to guarantee suppression by
ECCD, modes should be suppressed before locking occurs.

La Haye et al investigated for which island widths mode locking occurs, us-
ing an induced wall drag model adapted from Nave and Wesson [Haye, 2006b;
Nave, 1990]. Figure 2.1, produced using this rotation model (for details see sec-
tion 2.2.2), shows that the time it takes for an NTM to lock varies strongly with
the island width. The characteristic timescale for island growth is w/dwdt , where
dw
dt is the island growth rate in the absence of ECCD (for details see section 2.2.1
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for the polarization model with wmarg = 2 cm). Figure 2.1 shows that the lock-
ing time is comparable to the growth time for island widths in the range from
5 to 10 cm. The locking time is neither infinitely fast, which would result in the
island width limits by La Haye et al, nor is it slow enough to justify neglecting
island rotation, as is often done in discussions of the NTM control problem (see
for example [Sauter, 2010]). Consequently, the derivation of control require-
ments must be based on a model combining the growth of the mode and the
evolution of the mode rotation. In an earlier study of a combined model for
mode growth and rotation, Ramponi et al also noted the fast locking of NTMs
in ITER as a consequence of the induced wall drag [Ramponi, 1999]. Ramponi
et al suggest to counter the negative effects of mode locking through either an
additional external momentum input, in order to keep the mode rotating, or
to apply an external magnetic perturbation, to lock the mode in a correct posi-
tion for efficient suppression by ECCD [Ramponi, 1999]. Stabilization of NTMs
using ECCD is assessed by Ramponi et al assuming that such mechanisms are
available. Instead, in this chapter it is assumed that these mechanisms are lack-
ing, which consequently requires a full suppression of the mode before mode
locking occurs.
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Figure 2.1. The left figure shows the evolution of the rotation frequency
of a 2/1 mode with a fixed island width w. The solid line shows the rota-
tion frequency for a 4 cm island, which does not lock. The dashed and the
do ed lines represent the rotation frequency for a 5 cm and 6 cm island,
respectively which both lock. The right figure shows the locking and is-
land growth time as a function of the fixed island width for the 2/1 mode
(grey) and 3/2 mode (black). The solid lines are the locking times and the
dashed lines are the growth times based on the Generalized Rutherford
Equation(for details see section 2.2.1).
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Using a combined model of mode growth and rotation, this chapter inves-
tigates how the prevention of mode locking, as a control objective, affects the
requirements on a real-time NTM control system. In particular, we look at the
maximum allowed latency and themaximum allowed deviation in radial depo-
sition position compared to the island O-point. Under latency we understand
the time delay between the island seeding and the start of ECCD deposition at
the proper location to suppress the mode. During this time, the control system
should i) detect the mode and identify its position in the plasma and ii) steer
the launcher to position the ECCD at the location of the mode. The maximum
allowed latency is the longest time delay that still ensures a full suppression of
the island before mode locking and similarly for the maximum allowed devi-
ation in radial deposition position. In section 2.2, the Generalized Rutherford
Equation (GRE) and the rotation model are briefly described and the relevant
model parameters are specified. In section 2.3, the model combing the GRE and
mode rotation is used to calculate the maximum allowed latency and the re-
quired accuracy of ECCD positioning. The results are discussed with a focus
on the implications for ITER in section 2.4. The conclusions of the work are
presented in the final section.

2.2 Model

2.2.1 Generalized Rutherford Equation

The Generalized Rutherford Equation (GRE) describes the island growth rate
dw
dt as a function of islandwidthw, averaged over the equatorial plane high field
side and low field side, based on an average of the current diffusion equation
over the area covering the magnetic island including appropriate corrections
in Ohm’s Law from non-inductively driven currents [Haye, 2006a; Rutherford,
1973]. Keeping only the most relevant terms within the current context, it can
be wri en as

τ∗r
rs

dw

dt
= rs∆

′
0 + rs∆

′
BS + rs∆

′
CD, (2.1)

where rs is the island position measured as half the flux surface width in the
equatorial plane and τ∗r = 0.82

µ0κr
2
s

ηNC
is the resistive time scale of island growth

with µ0 being the permeability of free space and κ the plasma elongation. The
neoclassical resistivity is ηNC = 2.8 · 10−8Zeff (Te[kev])

−3/2
(1−

√
ϵ)

−2, where
Zeff is the effective charge of the plasma ions, Te the electron temperature in
keV and ϵ the inverse aspect ratio, defined as ϵ = rs/R with R the major radius
[Wesson, 2004]. The first term on the right hand side represents the classical
stability index, which is a result of the boundary conditions provided bymatch-
ing to the ideal MHD perturbation in the region outside the island [Rutherford,
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1973]. The other two terms originate from the loss of the bootstrap current in-
side the magnetic island and the non-inductively driven current from ECCD
respectively [Haye, 2006a; Lazzari, 2009, 2010]. A Neoclassical Tearing Mode
(NTM) is driven unstable by the bootstrap term and, generally, has a stabilizing
classical stability index. As a consequence, NTMs are linearly stable and require
a seed island, provided by other MHD instabilities [Haye, 2006a]. The negative
value of the classical stability index ensures an upper limit for the island width:
the saturated islandwidthwsat. Atwsat the destabilizing bootstrap growth term
is balanced by the classical growth term: ∆′

0 = −∆′
BS(wsat).

The bootstrap term is a consequence of the fla ening of the pressure profile
inside the island [Haye, 2006a]. This results in the loss of the local bootstrap
current density jBS inside the magnetic island, such that an island is driven
unstable at the rate[Bertelli, 2011]

rs∆
′
BS =

16µ0LqrsjBS

Bpπ

4

3w
f

(
w

wmarg

)
, (2.2)

where Lq = q
(
∂q
∂r

)−1

is the q-profile gradient length and Bp the poloidal mag-

netic field at the rational surface. The function f
(

w
wmarg

)
describes the limi-

tation of the bootstrap growth rate at small island sizes. The precise form of
f
(

w
wmarg

)
is still open to debate, but two forms are commonly used in the lit-

erature depending on the main mechanism limiting the mode growth at small
islandwidths. In the firstmodel, known as the transportmodel, the limitation is
the result of an incomplete fla ening of the pressure profile inside the island, as
a consequence of a competition between the finite parallel transport time scale
and the perpendicular transport time scale across the island [Fi patrick, 1995].
In this case f is wri en as

ftra

(
w

wmarg

)
=

w2

w2 + w2
marg

, (2.3)

wherewmarg is the islandwidth atwhich the growth rate has amaximum. In the
secondmodel, the polarization model, the limitation of the growth rate at small
islandwidths is a consequence of the so-called ion polarization current, which is
a result of the difference between the ion and electron response to island rotation
[Waelbroeck, 2001; Wilson, 1996]. For the polarization model f is wri en as

fpol

(
w

wmarg

)
= 1−

w2
marg

3w2
. (2.4)

The value of wmarg for the transport model depends on the ratio of perpendicu-
lar to parallel transport, while for the polarization model it depends on the ion
banana orbit width [Haye, 2006a].
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ECCD inside the magnetic island stabilizes the mode by replacing the miss-
ing bootstrap current. For a Gaussian driven current density profile, this results
in a contribution to the GRE as[Lazzari, 2009]

rs∆
′
CD = −16µ0LqrsjBS

Bpπ

π3/2P

wdep

jCD,W
jBS

FCD (w∗, x̂dep) , (2.5)

where P is the ECCD power, jCD,W the peak driven current per wa injected
power and wdep the full e−1 deposition width. The function FCD describes
the dependence on ECCD beam width in terms of the relative island width
w∗ ≡ w/wdep andmisalignment in terms of x̂dep ≡ rdep−rs

max(w,wdep)
, where rdep is the

deposition position. The fi ed expressions describing the separate effects from
De Lazzari and Westerhof are used [Lazzari, 2009, 2010]. Strictly speaking, the
expressions are averages over one island rotation period and correspond to the
limit of fast island rotation. A finite rotation period in combination with a finite
collisional time results in an oscillation of the ∆′

CD term, which however only
becomes important for small island widths and rotation periods below 10 Hz
[Ayten, 2011].

In the derivation of the GRE, it is assumed that magnetic islands are small,
compared to the plasma minor radius, and that the plasma is adequately de-
scribed using constant local plasma parameters. In the classical stability index
and the bootstrap growth term finite islandwidth effects are negligible [Bertelli,
2011]. Degradation of the plasma equilibrium by the island (see for instance
[Sauter, 2010]) has not been included. In the present work, the islands never
reach their saturated island size and remain relatively small such that finite is-
land width corrections are negligible. The calculations are stopped either when
the island is fully suppressed or when the island locks. Asymmetric islands re-
sult in equal current drive efficiency if power is deposited on the island O-point
[Lazzari, 2011]. In this representation of the GRE, the effect of magnetic field
curvature, ECRH and the effect of the driven current on the classical stability
index are all neglected. Magnetic field curvature results in the Glasser-Greene-
Johnson (GGJ) growth term, which is a factor (ϵ/q)2 smaller than the bootstrap
term [Glasser, 1976; Urso, 2009]. Also ECRH is expected to have only amarginal
influence on island growth in ITER [Lazzari, 2009]. The non-inductively driven
current can affect the classical stability index only on a resistive diffusion time
scale and may be neglected on the short time scales of up to a few seconds oc-
curring in the present work which is mainly determined by the locking time
[Bertelli, 2011; Westerhof, 1990].

2.2.2 Rotation

The rotation model (introduced in the form as used here by La Haye et al) as-
sumes that the island width is small, resulting in negligible effects on the global
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magnetic equilibrium [Haye, 2006b]. The island is approximated by a rigid
body. Due to viscous coupling with the bulk plasma, the equilibrium toroidal
rotation frequency ω0 in absence of an island is a balance between momentum
input from and loss to the bulk plasma. The rotating magnetic island induces
wall currents that slow down the mode rotation, as described by the induced
wall drag model from Nave and Wesson [Nave, 1990].The rate of toroidal rota-
tion change dω

dt based on the viscous coupling to the bulk and the induced wall
drag is wri en as[Haye, 2006b, 2008]

dω

dt
=

(
ω0

τE0
− ω

τE

)
− 1

mCW τ2A0ωτw

(w
a

)3

, (2.6)

where ω is the toroidal rotation frequency, τE0 is the energy confinement time
when no island is present, CW is a geometrical factor that determines the drag
induced by the wall, τw is a characteristic resistive time for the wall, τA0 is an
Alfvén time describing the inertia of the magnetic island and a is the plasma
minor radius.

This model breaks down at low rotation frequencies ω ≈ 1
τw

and also does
not include the torque from the magnetic error fields, that finally is responsible
for the mode locking [Lazzaro, 1988; Yu, 2008]. The error fields are small and
only exert significant torque for small rotation frequencies [Yu, 2008]. The sim-
ulation is stopped when the rotation model breaks down. At such low frequen-
cies, the error field should also be taken into account. However, this final phase
is expected to be fast in comparison with the full slowing down phase such that
its neglect does not introduce a significant error in the estimated locking time.
The locking by static error fields for ITER relevant conditions is studied by Yu
et al [Yu, 2008].

In (2.6), the first term between brackets is the viscous coupling term. The two
parts of this term represent the equilibriummomentum input, which is assumed
to result in a constant rotation frequency in the absence of an island, and the loss
of momentum which incorporates degradation of the plasma equilibrium. The
confinement degradation by the island is described by a first order correction
of the confinement time according to the Belt or Island model by the Chang et
al , resulting in a decreased energy confinement time τE in the presence of an
island, described by[Chang, 1990]

τE =
τE0

1 + CM
w
a

, (2.7)

whereCM allows for the confinement degrading effect of themagnetic island on
the local momentum input. Strictly speaking the momentum confinement time
should be used. For ITER, currently no good estimates exist, because theoreti-
cal knowledge of ITER rotation is not yet sufficient to predict the radial rotation
profile [Tala, 2007]. Based on extrapolations from current tokamaks, approx-
imating the momentum confinement time with the energy confinement time
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could result in an underestimation of the momentum confinement time [Tala,
2007]. A larger momentum confinement time would increase the momentum
input by viscous coupling with the bulk plasma. As a consequence, mode lock-
ing would take a longer time.

The second term in (2.6) is the wall induced drag term introduced by Nave
and Wesson [Nave, 1990]. The wall interaction is assumed to be slow (τwω ≫
m). The scaling of the island inertia, expressed in τA0, with the islandwidth and
plasma minor radius has been explicitly expressed, resulting in a formulation
where CW is a machine independent parameter.

2.2.3 Combined model and parameter values
The GRE provides the island width as a function of time and in its current form
does not depend on the island rotation frequency. The island width calculated
based on this model is used as an input for the rotation model. The models are
implemented inMathWorks Simulink and solved using a variable step ordinary
differential equation solver (Runge-Ku a fourth order, with fifth order error
estimate). Both the island width and the rotation frequency are solved with a
relative accuracy of 10−6.

Table 2.1. Simulation parameters and values.

2/1 3/2

Zeff [Shimada, 2000] 1.7 1.7
rs[Urso, 2009] [m] 1.55 1.3

jBS(rs)[Ramponi, 2008]
[
kA
m2

]
73 94

Te(rs)[Urso, 2009] [keV] 5.6 7.6
Bp(rs)[Urso, 2009] [T] 0.97 1.07
Lq(rs)[Urso, 2009] [m] 0.87 0.88
wmarg[Sauter, 2010] [cm] 2-6 2-6
wsat[Sauter, 2010] [cm] 32 25
wdep[Bertelli, 2011] [cm] 2.4 3.7

jCD,W [Bertelli, 2011]
[

A
m2W

]
1.32·10−2 1.22·10−2

The simulation parameters for ITER scenario 2 are listed in table 2.1. The val-
ues of Bertelli et al for the deposition width wdep and the driven current jCD,W
are the result of TORBEAM simulations [Bertelli, 2011; Poli, 2001]. Values by
Urso (ref. [Urso, 2009]) originate from simulations by Polevoi et al [Polevoi,
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2002]. A range of 2-6 cm for the marginal island width is used, in accordance
with Sauter et al [Sauter, 2010]. Saturated islandwidths, as determined by Sauter
et al based on an evaluation of the GRE terms, are used [Sauter, 2010]. Values for
the rotation parameters are obtained from La Haye et al [Haye, 2008]. CW and
CM are obtained from fits to DIII-D discharges for an ITER-like plasma equi-
librium resulting in ITER-relevant values. The rotation model breaks down at
approximately 5.3 rad/s and 8 rad/s for the 2/1 and 3/2 NTM respectively.

The highest efficiency for stabilization of both the 2/1 and the 3/2 NTM is
obtained with beams injected from the Lower Steering Mirrors (LSMs) of the
EC Upper Port Launcher [Bertelli, 2011]. With four ECCD launchers and four
beams per LSM, a total of 16 beamswith a combined injected power of 13.3MW
can be focused on the NTM [Henderson, 2008]. In the remainder of this chapter,
ECCD is assumed to be continuous wave and perfectly aligned on the NTM res-
onant flux surface, unless stated otherwise. As a result of the continuous wave
ECCD, no measurement and feedback based on the island phase is required.

2.3 Results

2.3.1 Bootstrap models

The two bootstrapmodels togetherwith theminimumandmaximumvalues for
the marginal island width provide four different values for the island growth
rate dw

dt at a given island width w. The dependence of the island growth rate on
the island width, in absence of ECCD, is plo ed for these four different cases
in figure 2.2a and figure 2.2b for the 2/1 and 3/2 NTM, respectively. A solid
vertical line in the figures indicates where the island width equals the locking
island width wlock, as determined by La Haye et al [Haye, 2008].

Fast island growth results in larger islands and consequently a decreased
locking time for island widths above the locking island width wlock. Therefore,
the model with the largest growth rate for widths larger than the locking island
width will result in the shortest locking times and, conversely, the model with
the lowest growth rate results in the longest locking times. The locking time
results in a limit on the maximum allowed latency between island seeding and
the start of ECCDdeposition. Based on this consideration and figure 2.2, the po-
larization model with wmarg = 2 cm results in the shortest maximum allowed
latencies and the transport model withwmarg = 6 cm results in the longest max-
imum allowed latencies. The other models provide intermediate results.

As the rotation frequency drops, the locking island width decreases as well.
In this case the polarization model with wmarg = 2 cm remains the hardest to
stabilize for island widths larger than wmarg . However, for even smaller island
widths the polarization model predicts island width decline without ECCD.
Seed island widths smaller than 2 cm are therefore excluded from the simula-
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Figure 2.2. Plot of the Generalized Rutherford Equation for the 2/1 and
3/2 NTM. Polarization (dark grey) and transport (light grey) models are
both plo ed with marginal island widths wmarg of 2 cm (solid lines) and
6 cm (do ed lines). The solid vertical black lines indicate locking island
widths wlock, which are 5 cm and 8 cm for the 2/1 and 3/2 NTM respec-
tively [Haye, 2008].

tions. Island widths smaller than 2 cm result in an increasedmaximum allowed
latency for the transport models and therefore do not impose more stringent
requirements on the maximum allowed latency.

The maximum allowed latency does not relate to the required energy or
ECCD power for stabilization in a straightforward way. The required energy
or power determines whether a rotating NTM can be stabilized (given a suffi-
ciently short delay), while the maximum allowed latency determines whether
the stabilization is fast enough to avoid mode locking.

2.3.2 Island width and rotation frequency

The island width and the rotation frequency as a function of time are shown
in figure 2.3 for a 2/1 NTM. An island of 4 cm is seeded at t = 0 s with an
equilibrium rotation frequency of 2640 rad/s and starts to grow in width and
decrease in rotation frequency. Island growth is described by the polarization
model with wmarg = 2 cm.

The time delay td between seeding and ECCD deposition start is varied in
steps of 50 ms. As the delay is increased, a point is reached where the rota-
tion frequency becomes zero before the mode is fully suppressed. When this
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Figure 2.3. Simulation of the island width and rotation frequency of a
2/1 NTMwith the polarization model with wmarg = 2 cm. At t=0 s a seed
island with a width wseed=4 cm is formed and starts to grow. The start of
the deposition is 0.90 s and 0.95 s after island seeding, which is depicted
by the solid and dashed curve respectively.

happens the mode may lock in an unfavourable phase such that ECCD can no
longer suppress the mode. In figure 2.3, full suppression is not possible with
td ≥ 0.95 s, but with a delay td = 0.9 s, the mode can be suppressed before
locking. Therefore, for these se ings, the total latency introduced between is-
land seeding and the start of ECCD deposition on the mode should be smaller
than or equal to 0.9 s. The longest time delay, for which a mode is suppressed
without locking, is called the maximum allowed latency.

2.3.3 Maximum allowed latency and deviation in radial posi-
tion

In the previous section, the maximum allowed latency is derived from time-
dependent simulations of the island width and the rotation frequency. Due to
the strong dependence of locking time on island width, the maximum allowed
latency should be determined for all seed islandwidths individually. The polar-
ization model with wmarg = 2 cm and the transport model with wmarg = 6 cm
provide respectively the lower and upper limit to the maximum allowed la-
tency. Figure 2.4 shows the maximum allowed latency for both models and
both the 2/1 and 3/2 NTMs as a function of seed island width. The maximum
allowed latency is determined with an accuracy of 50 ms.

The polarization and the transport model differ not only in the maximum
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Figure 2.4. Maximum allowed latency between seeding of the mode and
ECCD deposition start. The plots show both the polarization (solid line)
and the transportmodel (dashed line)withmarginal islandwidthswmarg
of respectively 2 cm and 6 cm for the 2/1 and 3/2 NTM.

allowed latency value, but also on the dependence of the value on the seed is-
land width. The curve for the polarization model is fla er than the transport
model curve, resulting from the localized peak in the island growth rate. The
transport curve, on the other hand, is affected by the much broader peak in the
island growth rate, resulting in a steeper curve.

Figure 2.4 shows that the locking islandwidthswlock of 5 cm and 8 cm for the
2/1 and 3/2 NTMs, as put forward by La Haye et al, are no absolute limits [Haye,
2008]. Even modes that have grown significantly larger or that are seeded at a
larger island width than the locking width can still be fully suppressed before
the mode locks provided that the maximum allowed latency is not exceeded.
The maximum allowed latency is seen to reduce to zero for a 9.5 cm island in
the case of the 2/1 mode and for a 12 cm island in the case of a 3/2 mode. Full
suppression of the NTMs requires the control system latency to be well below
the maximum allowed latency of 1.05 s and 2.95 s for the 2/1 and 3/2 modes, re-
spectively, with the polarization model. Increasing the ECCD power to 20 MW,
results in an increase of themaximum allowed latency by 300ms and 800ms for
the 2/1 and 3/2 mode, respectively, for the polarization model. For both modes,
the maximum allowed latency reaches zero for seed island widths 1.5 cm larger
than with 13.3 MW. This improvement shows an approximately linear scaling
with the available ECCD power, as expected based on the ECCD island growth
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rate. The effect of modulation on the maximum allowed latency is less than
100 ms and 350 ms for the 2/1 and 3/2 mode respectively. In this case, the phase
of the ECCD is assumed to match the island phase perfectly. A phase mismatch
reduces the efficiency and could, for large mismatches, even lead to destabiliza-
tion.

The expressions for the ECCD efficiency as a result of misalignment from
De Lazzari et al are used to evaluate the GRE for different misalignments xdep =
rdep − rs [Lazzari, 2011]. For full suppression of the mode, it is required that
the island width growth rate is negative for all island widths. Based on this
criterion, the maximum allowed deviation in the radial position is 7-10 mm for
the 2/1 NTM and 5-16 mm for the 3/2 NTM. The limiting values are given by
the polarization model with a marginal island width of 2 cm and the transport
model with 6 cm respectively. LaHaye et al derived values for themisalignment
based on the criterion that the GRE should be negative for island widths larger
than the locking width (5 cm and 8 cm for 2/1 and 3/2 resp.) [Haye, 2008]. This
results in slightly larger estimates of the allowed misalignment (15 and 25 mm
for 2/1 and 3/2 resp.), because the misalignment results in the largest reduc-
tion in ECCD efficiency for small island widths [Haye, 2008]. At the maximum
allowable deviation, the simulations show a negligible decrease in maximum
allowed latency. This is explained by the dependence of the efficiency on island
widths. Only for small island widths the effect of misalignment on the ECCD
efficiency becomes significant. However, for small islands the decrease in rota-
tion frequency is small, leading to a negligible influence on the time it takes for
islands to lock. Furthermore small enough islandsmaintain a finite rotation fre-
quency. Consequently, the time it takes a growing island to lock, in the absence
of ECCD, is unaffected by small islands, resulting in a negligible contribution
on the related maximum allowed latency.

2.4 Discussion

Based on the model in which the a rotation model and the GRE are combined,
the maximum allowed latency and deviation in radial position are derived for
ITER scenario 2 parameters. The significance of these values depends on the
chosen strategy for the NTM control system on ITER. In this section, the signif-
icance of the maximum allowed latency and radial deviation are considered for
different choices of the control strategy, actuators and detectors. These three
aspects of the control system, though being a necessary part of an integrated
system, are treated separately in the following paragraphs.

A straightforward control strategy relies on only acting when an island is
present: detect the mode, position the suppression mechanism and suppress
the mode, repeating the scheme for every new occurrence of a mode. Most con-
trol schemes rely on this strategywith ECwaves formode suppression [Hennen,
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2010; Humphreys, 2006; Isayama, 2009; Manini, 2007]. The maximum allowed
latency and the radial deviation are derived for this strategy. However, one
could also influence the plasma profile using preemptive methods, in order to
prevent the formation of NTMs altogether [Sauter, 2010]. On the opposite side
of the spectrum, islands can be actively tracked and kept at a small size using
continued stabilization of the mode [Hennen, 2012; Ramponi, 1999]. Alterna-
tively, one could drop the condition of suppression before mode locking and
provide active or passive mechanisms to influence the mode phase [Ramponi,
1999].

ECCD is considered the main actuator for mode stabilization, suppression
and preemptive control on ITER. Using mirrors, ECCD is deposited at the right
position. Recent work by Collazos et al reports a steering mirror angle se ling
time of 2.5 s for angles equivalent to switching between different mode posi-
tions [Collazos, 2010]. This se ling time is longer than the maximum allowed
latency for the 2/1 NTM. Therefore, without prior knowledge of the mode posi-
tion, it is impossible to fully suppress the 2/1 mode before mode locking. This
can be remedied by increasing the steering mirror performance or by making
sure the required angle variation is small due to a priori knowledge on themode
location. The control strategies based on preemptive stabilization and island
tracking are not hampered by the mirror angle se ling time, because they ex-
ploit a priori knowledge and require only small variations in the mirror angles,
respectively.

The incorporation of a second actuator in the control loop could also dras-
tically improve the possibilities of stabilization. If the phase of the island can
be controlled, it can be changed to ensure maximum stabilization efficiency of
ECCD [Ramponi, 1999]. In this case mode locking is no longer a direct problem.
Using additionalmagnetic fields, it should be possible tomake themode always
lock in a phase that makes ECCD possible and efficient. This could be achieved
either by a static error field or by active control with magnetic coils. Previous
studies investigated NTM locking to error fields, finding thresholds for locking
to static error fields and increased island suppression with modulated RF cur-
rent in phase with external helical error fields [Lazzaro, 1988; Ramponi, 1999;
Yu, 2008].

The radial misalignment should be smaller than the maximum allowed de-
viation in the radial position to guarantee full mode suppression. Radial mis-
alignment results from uncertainty in the deposition position of ECCD and the
uncertainty in the mode position as detected by a sensor. An accurate deter-
mination of the mode position is required if it is used to position the ECCD
deposition. Electron Cyclotron Emission (ECE) and Mirnov coils are the main
detectors forNTMpresence in current experiments [Hennen, 2010;Humphreys,
2006; Isayama, 2009;Manini, 2007]. However, Mirnov coils are unable to resolve
mode positions and the spatial resolution of ECE is limited by broadening ef-
fects, making it an open issue whether the mode position can be accurately
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determined [Austin, 2008]. Therefore one of the two measurements needs to
be supplemented with plasma equilibrium information to determine the mode
position. This requires a very high accuracy of measurements used in the equi-
librium reconstruction and an equally high accuracy in the equilibrium recon-
struction itself. Using a different control strategy can relax the accuracy require-
ments. For instance, tracking of small islands does not require full suppression
and can therefore tolerate a higher radial misalignment. Experiments have also
been done that use the same line-of-sight for ECE and ECCD, thereby compen-
sating the error made in the determination of the mode position (i.e. ECE fre-
quency of the island) by an exactly compensating error in ECCD positioning
[Bongers, 2009]. Note that detection, especially if it entails reconstruction of the
plasma equilibrium, contributes to the control system latency as well.

2.5 Conclusions

In this chapter, we have modelled the combined evolution of the island width
and rotation frequency ofNTMs in ITER from their initial seeding until their full
suppression by ECCD or their locking. Although the rotation model used does
not include a proper description of the final locking of the mode to the error
field, this is expected to introduce an insignificant uncertainly in the estimate
of the time between seeding and mode locking [Yu, 2008]. The main purpose
of this work was to find the maximum allowed latency between the seeding
of the NTM and the start of the ECCD such that the mode will be suppressed
before it locks. If ECCD cannot be deposited sufficiently close to the island O-
point, suppression is impossible. The ITER EC Upper Port Launchers cover
only a 100◦ section in toroidal angle. Suppression by ECCD of modes locked in
an unfavourable position is therefore no longer possible and the locked modes
will grow to a larger saturated width. In present experiments, locking of in
particular the 2/1 NTM is seen to result in a disruption [Sauter, 1997]. This is to
be avoided at all cost in ITER.

The parameters used in the calculations are representative for the standard
Q=10 H-mode scenario in ITER, also known as ITER scenario 2 (see table 2.1).
The calculations assume a continuous wave ECCD power of 13.3 MW injected
into the plasma, which corresponds to the use of all 16 beam lines, from a sin-
gle set of steering mirrors, at 1 MW originating from each gyrotron. The cal-
culations show that the maximum allowed latency depends strongly on seed
island width and on the marginal island width determined by the small island
physics. When the seed island width exceeds 9.5 cm for the 2/1 or 12 cm for
the 3/2 mode, locking becomes inevitable even when the ECCD is switched on
immediately: i.e. the maximum allowed latency decreases to zero at these seed
island widths. At a seed island width of only 2 cm the maximum allowed la-
tency for the 2/1 mode is 1.05 s for the polarization model with wmarg = 2 cm.
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The corresponding maximum latency for the case of the 3/2 NTM is 2.95 s. The
maximum allowed latency scales almost linearly with ECCD power as expected
based on the ECCD growth rate. The effect of modulation on the maximum al-
lowed latency is about 10 % for both modes. Note that for modulated ECCD, a
possible mismatch between ECCD and island phase is not taken into account.

In addition, this work has confirmed that the ECCD should be localized
within about 1 cm from the radial position of the island O-point [Haye, 2008].
For larger deviations full mode suppression becomes impossible. The accuracy
requirement is mainly a result of the radial alignment needed for full suppres-
sion of small islands. A possiblemismatch has, however li le effect on themaxi-
mum allowed latency to preventmode locking, which depends on the total time
it takes to suppress the mode from an initial width of about 10 cm to just below
the locking width (i.e. about 5 cm for the 2/1 mode). During this time a 1 cm
mismatch will have li le effect.

The total latency in a real-time NTM control system will consist of the sum
of the times required: i) to identify the presence of amode and its location in the
plasma and ii) to calculate the appropriate steering angle to deposit the ECCD at
this location and to actively steer the mirror to this required angle. Only the lat-
ter process, the steering of the ITER ECRHmirrors in the Upper Port Launchers,
may take already up to 2.5 s which is more than the maximum allowed latency
for the 2/1 mode in almost all of the relevant parameter space [Collazos, 2010].

In conclusion, mode locking has serious implications for any real-time NTM
control system on ITER that aims to suppress NTMs by ECCD. The total la-
tency in such a system should be reduced well below 1 s. Using extra actu-
ators for control of the island phase or completely different control strategies
(island tracking, preemptive stabilization) are options if the latency and radial
accuracy requirements cannot be met for a control system relying on full mode
suppression using ECCD. Using additional actuators for phase control has been
proposed by Ramponi et al [Ramponi, 1999].



Chapter 3

Evaluating neoclassical tearing
mode detection with ECE for control

on ITER

This chapter presents a systematic way to evaluate mode detection algorithms for ITER
using numerical simulations of Electron Cyclotron Emission (ECE), taking into ac-
count the radial asymmetry in the temperature perturbation by a rotating magnetic
island. Simulated ECE is detected using a synthetic radiometer, in the ITER equato-
rial port plug, and processed by two detection algorithms for the 2/1 and 3/2 NTMs
for a burning H-mode ITER plasma. One of the algorithms also incorporates simulated
Mirnov data. The detection latency and detection accuracy is compared with the result
found in chapter 2.

The work presented in this chapter is published as:
van den Brand, H., et al. [2013]. Evaluating neoclassical tearingmode detectionwith ECE for control
on ITER, Nuclear Fusion 53 013005.
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3.1 Introduction

The ITER tokamak (major radius R0 = 6.2m, minor radius a = 2m) is being
constructed near Cadarache, France [Shimada, 2007]. Plasmas in ITER should
demonstrate a fusion gain ofQ = 10 for a period of 300 s. Achieving this goal re-
quires control of detrimental instabilities such as theNeoclassical TearingMode
(NTM), an MHD instability that reduces core temperature and thereby fusion
yield. NTMs can result in a sudden loss of plasma (a disruption) [Haye, 2006a].
NTMs are globalmagnetic perturbationswith poloidal and toroidalmode num-
bersm and n respectively, leading to reconnection of magnetic field lines form-
ing a magnetic island at the rational flux surface described by the safety fac-
tor q = m/n. A magnetic island is characterized by its island width w, repre-
senting the amplitude of the mode, and its toroidal rotation frequency ω. The
metastableNTM requires a seed island to become unstable and grows as a result
of a lack of local bootstrap current inside the island. This current deficiency can
be compensated through Electron Cyclotron Resonance Heating (ECRH) and
Current Drive (ECCD) [Prater, 2004]. NTMs with mode numbers m/n = 2/1
and m/n = 3/2 will degrade the core temperature of ITER plasmas the most
[Sauter, 2010]. The presence of a magnetic island can be detected by its mag-
netic perturbation or the effect of the island on the temperature profile. Control
of 2/1 and 3/2 NTMs is required for sustained high performance burning H-
mode ITER plasmas and should prevent all NTMs from causing a disruption.

Several strategies exist for NTM control, the most prominent of which deals
with full suppression of NTMs using ECCD directly after detection of seeded
islands [Sauter, 2010]. The Generalized Rutherford Equation (GRE), describ-
ing island growth, was used by La Haye et al and Van den Brand et al to assess
the required accuracy in the ECCD deposition position, for ITER [Brand, 2012a;
Haye, 2008]. Full suppression of the 2/1 and 3/2 NTM requires a radial accuracy
of the deposition position of 7 mm and 5 mm, respectively. Due to a decreased
efficiency for small island widths, for larger misalignments, ECCD is incapable
of fully suppressing NTMs [Brand, 2012a]. The accuracy is expressed in coor-
dinates provided by an average of the minor radius in the equatorial plane on
the low and high field side. A control system should achieve the deposition
accuracy to be able to fully suppress the NTMs.

Whether a control system would work for ITER, requires an analysis of the
accuracy and latency of the system. As a requirement on the control system,
the maximum allowed latency is determined, which is the longest allowed time
between the seeding of the mode and the start of ECCD that still results in full
suppression of the island beforemode locking, i.e. stop ofmode rotation [Brand,
2012a]. The control loop should make the ECCD deposition position converge
to the mode position up to the required accuracy within the maximum allowed
latency. The maximum allowed latency depends on the seed island width and
the evolution of island width and rotation, for which a number of theoretical
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models with associated parameters is known to give an accurate description of
current measurements. Two models for the bootstrap growth rate at small is-
land widths exist: the polarization model, describing the decreasing growth by
the ion polarization current induced by the different response of ions and elec-
trons to the island rotation, and the transport model, explaining the decreasing
growth by an incomplete fla ening of the pressure profile due to a competition
of parallel and perpendicular transport. At the marginal island width wmarg ,
expected between 2 and 6 cm for ITER [Sauter, 2010], the maximum growth
rate is found. The maximum allowed latency is smallest, i.e. posing the most
stringent requirements, for the polarization model with wmarg = 2 cm [Brand,
2012a]. This model is used in the remainder of this chapter. Using this model,
the maximum allowed latency is 1 and 3 seconds for a seed islandwidth of 2 cm
for the 2/1 and 3/2 NTM, respectively, and becomes zero at seed island widths
of 9.5 cm and 12 cm, respectively [Brand, 2012a]. NTMs seeded with a larger
width cannot be suppressed before mode-locking and necessitate an alternative
control strategy, which uses for instancemagnetic perturbation fields, to control
locked modes [Yu, 2008].

In order to reach the required deposition accuracy within the maximum
allowed latency, detection should result in an accurate mode location within
a fraction of the maximum allowed latency. One possible way to detect the
NTM location is by measuring the temperature fluctuations associated with the
magnetic islands using Electron Cyclotron Emission (ECE) radiometry. ECE ra-
diometry is foreseen on ITER, located in equatorial port 9 [Austin, 2008]. The
spatial dependence of the magnetic field and, consequently, the electron cy-
clotron frequency, allows for a spatially resolved measurement of the electron
temperature [Bornatici, 1983]. The rotatingmagnetic island results in a periodic
fluctuation of the electron temperature near the NTM rational surface, which
can be detected with ECE [Fi patrick, 1995].

The measured locations, in terms of ECE frequency, require additional tech-
niques to determine the launcher positioning required for accurate deposition.
Examples are reconstruction of the magnetic equilibrium and ray tracing to de-
termine launcher se ings or detection of the deposition position using the same
ECE diagnostic as used for NTM detection [Manini, 2007; Reich, 2012b,c]. In
this chapter, we do not consider measuring ECE along the same line-of-sight of
ECCD deposition [Westerhof, 2004]. A systematic analysis of simulation results
is used to determine whether detection of NTMs using ECE is possible for NTM
control on ITER.

In this chapter, codes are interfaced to analyzeNTMdetection using the ECE
radiometer in the equatorial port plug for a burning H-mode ITER scenario 2
plasma. Simulated ECE andMirnov coil signals are processed by two detection
algorithms, which determine the location of the mode in terms of the ECE fre-
quency. This analysis addresses ECE radiometer se ings required for adequate
localization, the expected detection time and compares both algorithms.
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The next section discusses how simulations of ECE for NTM suppression
on ITER are set up and used for simulating the detection of the island location
with the algorithms by Berrino et al and Reich et al [Berrino, 2005; Reich, 2012a].
This section also shows how a realistic temperature perturbation is modelled
based on the perturbation of the helical flux. The capabilities of ECE radiome-
try via the equatorial port are assessed in section 3.3, by first deriving a suitable
ECE channel spacing to a ain the required radial accuracy and secondly deter-
mine the detection latency for this spacing. Limits of the simulations, possible
improvements of the detection algorithms and possible extensions of the sim-
ulations are part of the discussion in section 3.4. The final section presents the
conclusions.

3.2 Simulation set-up
An overview of the simulationmodel is given in the first subsection. Most parts
of the simulation model are known from literature and described in the appen-
dices. The temperature perturbation resulting from the magnetic islands is dis-
cussed in more detail in the second subsection.

3.2.1 Model overview
The signals detected by an ECE radiometer measuring an ITER plasma are sim-
ulated using a combination of models from literature. The simulated signals
serve as input for the detection algorithmbyBerrino et al [Berrino, 2005]. The de-
tection algorithm by Reich et al also relies on Mirnov coil signals [Reich, 2012a].
By a suitable combination of Mirnov coil signals, a signal can be created that is
sensitive to magnetic perturbations with a specific mode number. Such a signal
is simulatedusing themagnetic perturbation signalBor(t) ∝ w2(t)ω(t) cos (ξ(t)),

with ξ(t) =

∫ t

0

nω(τ)dτ , where the notation used by Reich et al was adopted.

Gaussian white noise with 10% of the Mirnov amplitude w2(t)ω(t) is added.
The relative noise level of 10 % is expected for detection of low order (m,n)
MHD modes in ITER [Snipes, 2012]. The algorithms detect the island location
in terms of a frequency fdet, which can be compared with the actual island lo-
cation frequency fisl, found from noise-free simulations. Note that ω describes
the rotation of the NTM with respect to the wall. In contrast, the actual island
location frequency fisl indicates the radial location of the island as a result of
the spatially dependent EC frequency. Figure 3.1 shows the components of the
model and their interrelations. The components of the model can be replaced
by other codes, if those are deemed more fit for the simulation.

The evolution of island width and phase is described by an NTM model by
Van den Brand et al, which combines island growth described by the General-
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Figure 3.1. Overview of the components used to model island detec-
tion. An NTM model provides island width and phase, as a function
of time, and serves, together with the radial mode location, as input for
NOTEC. NOTEC calculates the ECE intensity I(f) for a given frequency
range. Based on the video bandwidth Bv and intermediate frequency
bandwidth BIF , a synthetic radiometer is simulated, which provides the
intensities ICH,i for channels i. Mirnov coils are simulated based on the
island width and rotation phase. The detection algorithm uses the ra-
diometer, Mirnov coil signals and the centre frequencies of the channels
fcent,i, derived from Bv and BIF , to detect the island location fdet.

ized Rutherford Equation and a model for island rotation as put forward by La
Haye et al [Brand, 2012a; Haye, 2006a,b]. The island location and temporal evo-
lution of the island width and phase serve as input to the NOn-Thermal ECE
Code (NOTEC) [Sillen, 1987]. This is a code that can calculate both thermal and
non-thermal ECE. In this chapter, however, we only consider the thermal com-
ponent of the radiation as measured by the ITER ECE radiometer in the equa-
torial port plug. Details about NOTEC and the simulation of the ITER burning
H-mode scenario 2 plasma is given in A. The effect of the magnetic islands on
the temperature profile is addressed in the following subsection.

NOTEC is used to generate ECE spectra for a set of islandwidths and phases
on a specified frequency range with steps of 50 MHz between individual points
in the spectrum. These simulations of fixed island width and phase are com-
bined with the island evolution model to simulate ECE intensity as a function
of frequency and time. The noise-free temperature oscillation due to amagnetic
island is found by subtracting the average temperature over all island phases
from a simulation with a specific phase. The amplitudes of the temperature
fluctuations associated with a 3 cm and 6 cm island are shown in figure 3.2. The
radiation at the ECE frequency fisl, with a minimum amplitude of the noise-
free temperature oscillation, originates from the region around the island O-
point and corresponds to the actual island location. For an optimal suppres-



40 Chapter 3. Evaluating NTM detection with ECE for control on ITER

sion of the mode, in case of a radially asymmetric island as modelled here, the
ECCDmust be deposited on the radius of the islandO-point rather than the res-
onant radius rs of the unperturbed equilibrium [Lazzari, 2011]. Thermal noise is
added to the noise-free ECE, with an amplitude determined by the video band-
widthBv and the intermediate frequency bandwidthBIF of the simulatedmul-
tichannel radiometer used for detection [Hartfuss, 1997]. The video filter, with
bandwidth Bv , limits the highest amplitude oscillation frequency available in
the ECE signals and is approximated by sampling at a fundamental step size
dt = 1/(2Bv). The intermediate frequency bandwidth BIF determines the ECE
frequency range measured in a single channel. The number of channels is ad-
justed tomatch the simulated frequency range of ECE. The noise levels obtained
withBIF = 200MHz andBIF = 400MHz are included in figure 3.2 for a video
bandwidth Bv = 2 kHz. Processing the NOTEC simulations into synthetic ra-
diometer data is addressed in more detail in B.
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Figure 3.2. The noise-free temperature oscillation amplitude as a result
of a 2/1 magnetic island (3 cm solid, 6 cm dashed) and the noise level
for Bv = 2 kHz (BIF = 200MHz do ed, BIF = 400MHz dashed-
do ed) for the second harmonic X-mode range 240-250 GHz. The spikes
on the noise-free temperature oscillation result from the relative accuracy
of 0.1 % imposed on the simulated absorption coefficient. The spikes are
negligible in comparison with the temperature fluctuations.

The location of themagnetic island in the ECE spectrum is detected using the
anti-phase in temperature oscillations at opposite sides of theNTM rational sur-
face (see for instance [Berrino, 2005], [Hennen, 2010] and [Reich, 2012a]) and the
minimum in temperature fluctuations itself (see for instance [Isayama, 2003]).
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The algorithms proposed by Berrino et al and Reich et al are tested on the ITER
ECE simulations in the remainder of this chapter. These detection algorithms
and their implementations are described in C. With the se ings as chosen in C
and a video bandwidth of 2 kHz, the longest averaging time in the algorithms
are 100 ms and 600 ms for the Berrino and Reich algorithm, respectively.

3.2.2 Implementation of magnetic islands

When a magnetic island is present, the temperature and density profiles no
longer depend only on the flux coordinate, but on all three coordinates (rc, θ, ϕ),
where rc is the plasmaminor radius in cylindrical coordinates, θ the poloidal an-

gle and ϕ the toroidal angle. The cylindrical radius rc =
√

S(ψ0,σ)
π is determined

by the surface S enclosed by the equilibrium helical flux ψ0, where σ indicates
the position relative to the rational flux surface with σ = −1 for rc < rc,s and
σ = +1 for rc > rc,s, where rc,s is the minor radius in cylindrical coordinates of
the NTM rational surface. The equilibrium helical flux is defined in such a way
that it has a minimum at rc,s. The helical flux perturbation by a magnetic island
is approximated by[Yang, 2009]

ψ̃ = ψ̃(rc,s)
r2c
r2c,s

(
1− rc

a

)2(
1− rc,s

a

)2 cos (mθs + nϕ+ ξ0) , (3.1)

with ξ0 the phase of the NTM and θs the straight field line poloidal angle. Using
the perturbation amplitude at the rational surface ψ̃(rc,s), the extent of themode
is set to correspond with an island width w, determined as an average of the is-
land width on the low and high field side in the equatorial plane. This form of
the helical flux perturbation reproduces the asymmetries in both island extent
and the temperature perturbation between rc > rc,s and rc < rc,s, as observed in
experiments and expected from theory [Lazzari, 2011; Meskat, 2001; Udintsev,
2003; Urso, 2010]. Previous analyses of the effect of NTMs on the temperature
profile have neglected these radial asymmetries in the temperature perturba-
tion [Austin, 2011; Fi patrick, 1995; Manini, 2007]. Due to the asymmetry, the
perturbation is closer to the noise level for r < rs and detection could prove
more difficult compared with symmetric perturbations.

Density and temperature are assumed constant on the magnetic flux sur-
faces described by the perturbed helical flux ψ = ψ0 + ψ̃ and σ, which holds
if the gradients are small and the perpendicular transport is much slower than
parallel transport along the flux surface. Due to the small effect of the NTM on
the local magnetic field and the small density gradient in ITER, only the pertur-
bation of the temperature has a significant effect on ECE [Polevoi, 2002]. The
radial transport outside the island is assumed to be unaffected, thus maintain-
ing the equilibrium temperature gradients and thereby relating the temperature
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at rc > rc,s outside the island to the equilibrium temperature. The temper-
ature inside the island is assumed constant due to fast parallel transport and
equal to the temperature at the outer separatrix, marking the island boundary
at rc > rc,s. At rc < rc,s outside the island, the temperature drops due to the
island by an amount ∆T with respect to the unperturbed temperature equilib-
rium, where ∆T is the temperature difference between the flux surfaces cor-
responding to the inner and outer separatrix in the unperturbed temperature
profile. The temperature T (rc, θ, ϕ) at position (rc, θ, ϕ) is therefore related to
the equilibrium temperature profile T0(rc) by

ψ(rc > rc,s, θ, ϕ) > ψsep T (rc, θ, ϕ) = T0

(√
S(ψ(rc,θ,ϕ),σ)

π

)
and σ = +1

ψ(rc, θ, ϕ) < ψsep Tisl = T0

(√
S(ψsep,+1)

π

)

ψ(rc < rc,s, θ, ϕ) > ψsep T (rc, θ, ϕ) = T0

(√
S(ψ(rc,θ,ϕ),σ)

π

)
−∆T

and σ = −1 ∆T = T0

(√
S(ψsep,−1)

π

)
− T0

(√
S(ψsep,+1)

π

)
,

(3.2)
with ψsep the helical flux at the island separatrices and S (ψ, σ) the enclosed
area in the poloidal cross section by the flux surface defined by ψ and σ. Note
that in contrast to the assumed constant temperature inside the island, measure-
ments and theory show that the internal temperature profile is not completely
flat [Fi patrick, 1995; Meskat, 2001]. The best model for temperature fluctu-
ations in magnetic islands in ITER remains to be determined based on local
transport coefficients and the structure of magnetic perturbations of the field
structure.

3.3 Equatorial ECE
In this section, the detection of the island location, using ECE radiometers in the
equatorial plane, is considered. In ITER, the equatorial ECE antenna is located
at major radius R = 8.5m and height Z = 0.76m [Austin, 2008]. A value of
6 cm FWHM is used for both beamwidths (see A for details) which provides an
upper estimate to the expected beam width and ensures that beam divergence
is negligible [Balakin, 2008]. The second harmonic X-mode is used, because it
provides higher spatial accuracy than the first harmonic O-mode for equal noise
levels.

Note that for a control loop for positioning based on equatorial ECE, meth-
ods that determine the deposition position set point, as well as the mirror ac-
tuator realizing this set point, should introduce no or small errors in order to
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achieve the required accuracy. Furthermore, the relativistic shift alone has a
larger influence (1.1 GHz on average) than the required accuracy (200 MHz for
2/1 NTM, see section 3.3.1) and should therefore be compensated by suchmeth-
ods. Delays introduced by reconstruction and ray tracing codes should also
be considered. Reconstruction of the equilibrium and ray tracing or a detec-
tion of the deposition position have both been considered [Manini, 2007; Reich,
2012c]. Reich et al show the closed loop capabilities of using real-time ray trac-
ing and equilibrium reconstruction for NTM control at ASDEXUpgrade [Reich,
2012b]. Although the viability of a reconstruction and ray tracing scheme, in
terms of latency, has been shown, realtime reconstruction with an accuracy of a
few mm, required for full NTM suppression on ITER, has not yet been demon-
strated. These additional steps, although essential in a complete feedback loop,
will therefore not be considered here. However, the detection algorithms them-
selves, relying either on ECE or on a combination of ECE and Mirnov coil data,
are evaluated.

First an appropriate ECE spacing is derived for both 2/1 and 3/2 magnetic
islands, based on the required positioning accuracy evaluated for a constant is-
land width of 3 cm. This spacing will be a trade-off between the required radial
accuracy (leading to small channel spacing and intermediate frequency band-
widths) and low noise on the detection (typically achieved by having a larger
intermediate frequency bandwidth). The spacing is used to generate synthetic
ECE data, to which the detection algorithm is employed to determine the detec-
tion latency. An example of the simulated signals is given in the second subsec-
tion. In the final subsection, the detection latency of both detection algorithms
is evaluated for all seed island widths.

3.3.1 ECE spacing

A video bandwidth Bv = 2 kHz is used, which suffices for the detection of
3/2 and 2/1 rotating islands, based on the equilibrium toroidal plasma rotation
frequency ω0 by La Haye et al (420 Hz for 2/1 and 578 Hz for 3/2) [Haye, 2008].
Larger values ofBv have been used in other ECEdesigns for ITER [Austin, 2011].

An accuracy in the ECCD deposition position∆r of 7 mm for 2/1 and 5 mm
for 3/2 magnetic islands should be achieved to ensure full NTM suppression is
possible [Brand, 2012a]. Based on the ECE frequency f(R) emi ed from ma-
jor radius R along the equatorial ECE sightline, the difference given by ∆f =
|f(R)− f(R±∆r)| is evaluated to arrive at the required frequency accuracy for
a given required spatial accuracy ∆r. This results in an accuracy requirement
of 200 MHz and 150 MHz for the detected ECE frequency of the 2/1 and 3/2
magnetic islands, respectively.

Figure 3.3 shows the detected ECE frequency, for a 3 cm m/n = 2/1 island
rotating at 95.5 Hz, as a function of intermediate bandwidthBIF for both detec-
tion algorithms. The channel spacing is assumed equal to BIF and ECE is col-
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Figure 3.3. The detected ECE island frequency as a function of BIF for
a magnetic m/n = 2/1 island of 3 cm rotating at 95.5 Hz, for the algo-
rithms by Berrino et al (left) and Reich et al (right). The centre frequency
of the first band is located at 240 GHz+(c+0.5)BIF , where c is an offset
value of 0, 1/4, 2/4 or 3/4 (shown as cross, square, diamond and circle,
respectively). The actual island frequency and the accuracy bounds are
indicated by dashed and do ed lines respectively.

lected in a range from 240-250 GHz. The centre frequency of the first channel is
located at 240 GHz+(c+0.5)BIF , where c is an offset value of 0, 1/4, 2/4 or 3/4,
to assess the effect of a different channel spacing related to the island location.
The figures showdetectionwithin the accuracy limits for a limited number of in-
termediate frequency bandwidths. For the algorithm by Berrino et al, accurate
detection is possible for intermediate frequency bandwidths of 300 MHz and
400 MHz. For lower intermediate frequency bandwidths, the NTM is no longer
detected. The algorithmbyReich et al shows accurate detection for intermediate
frequency bandwidths ranging from 100 MHz to 400 MHz. For larger interme-
diate frequency bandwidths, the location is not detected accurately enough due
to the lack of interpolation between radiometer channels. At an intermediate
frequency bandwidth of 50 MHz NTMs are detected, but are not accurately lo-
calized. The failing detection at low intermediate frequency bandwidths for
both algorithms is a result of the increased thermal noise, as illustrated in fig-
ure 3.2.

The detection algorithm by Berrino et al assumes that the temperature fluc-
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tuation is the result of the rotating island. However, because the noise at ECE
frequencies below 243 GHz is comparable to the temperature fluctuation of a
3 cm island, an offset towards lower ECE frequencies is observed in figure 3.3.
The temperature fluctuation for larger islands is well above the noise level.

For the 3/2 NTM, the dependencies of the detected island frequency on the
intermediate frequency bandwidth are similar. In this case, ECE is simulated
from 240 GHz to 260 GHz to include the NTM which has an island frequency
of 248.76 GHz. A spacing of BIF = 400MHz also provides satisfactory results
for 3/2 magnetic island detection for the algorithm by Berrino et al. For the algo-
rithm by Reich et al an intermediate frequency of 300 MHz is required to ensure
3/2 NTMs are also detected accurately. The performance of the algorithm by
Reich et al is likely to improve by applying an interpolation as done in the algo-
rithm by Berrino et al.

3.3.2 Island detection example

NOTEC simulations of ECE spectra as a function of island width and phase are
combined with a temporal evolution of island width and island rotation, fol-
lowing the model by Van den Brand et al [Brand, 2012a]. Figure 3.4 shows the
evolution of island width, island rotation, ECE signals and the detected island
location. The channel spacing for the algorithm by Berrino et al, with an in-
termediate frequency bandwidth of 400 MHz and channel centre frequencies
ranging from 240.2 GHz to 249.8 GHz, is shown in the figure below. The video
bandwidth is 2 kHz. Only a limited part of the channels is shown. A channel
spacing with an intermediate frequency bandwidth of 300 MHz is used for the
algorithm by Reich et al.

An island of 2 cm is seeded at t = 1 s. Island growth is simulated until the
island locks. As the island grows the average temperature in the plasma core
decreases and the temperature fluctuations increase in amplitude. Outside the
island, the temperature fluctuations are larger near the island than further away
and at radii smaller than rs the temperature fluctuations are larger compared
to the fluctuations at r > rs. This is a result of the imposed asymmetry on the
perturbed helical flux and is consistent with experimental observations.

For 2/1magnetic islands, the island location fisl, indicated by a dashed black
line in the bo omplot, shifts to higher frequencies as the islandwidth increases.
This is consistent with the radial shift of the island O-point as a consequence
of the asymmetry in the perturbed flux across rs. This difference amounts to
200 MHz, going from 2 to 9 cm island widths, and needs to be compensated,
because it is on the order of the required accuracy. The accuracy of fisl is lim-
ited due to the limited frequency step size of 50 MHz in the underlying ECE
spectrum simulations. The do ed lines show the upper and lower bound on
the detected island location to maintain an estimate within 200 MHz and hence
to ensure the required deposition accuracy is reachable. The ECE frequency
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Figure 3.4. 2/1 NTM seeded with 2 cm at 1 s, growing in accordance with
the polarization model with wmarg = 2 cm. The simulation is stopped
when the mode locks. From top to bo om, the boxes show island width,
toroidal rotation frequency, simulated ECE signals and the actual and
detected island locations by both algorithms. 7 of the 25 simulated ECE
channels for the algorithm by Berrino et al are shown.

fdet is determined using the algorithms presented in C. The island is detected
within 111 ms by the algorithm by Berrino et al and the detected location re-
mains well within the accuracy bounds. The algorithm by Reich et al responds
almost instantly to the Mirnov signals as soon as the island is seeded. It takes
the algorithm 20 ms to accumulate sufficient data for an accurate detection of
the location, which remains accurate in the remainder of the island evolution.

3.3.3 Detection latency with equatorial ECE
In section 3.3.1, a video bandwidth Bv of 2 kHz and intermediate frequency
bandwidths BIF of 400 MHz and 300 MHz, for the algorithms by Berrino et al
and Reich et al respectively, are shown to be required for accurate detection of
2/1 and 3/2magnetic islands. Using a channel layout, with these se ings and the
offset value c, mentioned in the first subsection, set to zero, the detection latency
is determined. ECE is simulated from 240 GHz to 250 GHz for the 2/1 NTM
and to 260 GHz for the 3/2 NTM. The detection latency is defined as the time
difference between island seeding and the time at which the detected island
location is within the required accuracy of 200 MHz or 150 MHz for the 2/1 and
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3/2NTM, respectively, and remains accurate for the remainder of the simulation
run. The detection latency is determined for seed island widths varied from
2 cm up to 11 cm for 2/1 NTMs and up to 12 cm for 3/2 NTMs. Each simulation
is repeated 15 times with different noise realizations. The mean, minimum and
maximum detection latencies, determined from the 15 noise realizations, for
both detection algorithms as a function of seed island width are shown in the
bo om plots of figure 3.5 and figure 3.6 for the 2/1 and 3/2 NTM respectively.
In both plots, the detected latencies are accompanied by the maximum allowed
latency as determined by Van den Brand et al [Brand, 2012a].
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Figure 3.5. Detection latency for 2/1 NTMs, as function of the seed is-
land width, for island location using equatorial ECE with detection algo-
rithms by Berrino et al and Reich et al. The top figures show the maxi-
mum allowed latency, derived by Van den Brand et al[Brand, 2012a], di-
vided by the average detection latency over 15 runs with different noise
realizations for both the algorithm by Berrino et al (solid) and Reich et
al (dashed). The bo om figures show the mean detection latency (solid)
and the shortest and longest detection latency (dashed) determined from
15 runswith different noise realizations for both the algorithm by Berrino
et al (light grey) and Reich et al (dark grey). For comparison, the maxi-
mum allowed latency is depicted as a do ed line [Brand, 2012a].

Figure 3.5 shows that for the 2/1 NTM the algorithm by Reich et al shows
li le dependence on the seed island width. Conversely, for the 3/2 NTM, the
detection latency depicted in figure 3.6 shows a slightly larger detection latency
for both small and large seed islands. The algorithm by Berrino et al shows
an increasing detection latency for both 2/1 and 3/2 NTMs due to the reduced
performance of this algorithm for larger island widths. For small islands, the
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fluctuation amplitude is low, resulting in an increased detection latency for both
algorithms. A special case is a seed island width of 2 cm, for which the mode
needs to grow to becomedetectable. Both detection algorithms showadetection
latency below 250 ms for all simulated noise realizations.
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Figure 3.6. Detection latency for 3/2 NTMs, as function of the seed is-
land width, for island location using equatorial ECE with detection algo-
rithms by Berrino et al and Reich et al. The top figures show the maxi-
mum allowed latency, derived by Van den Brand et al[Brand, 2012a], di-
vided by the average detection latency over 15 runs with different noise
realizations for both the algorithm by Berrino et al (solid) and Reich et
al (dashed). The bo om figures show the mean detection latency (solid)
and the shortest and longest detection latency (dashed) determined from
15 runswith different noise realizations for both the algorithm by Berrino
et al (light grey) and Reich et al (dark grey). For comparison, the maxi-
mum allowed latency is depicted as a do ed line [Brand, 2012a].

Detection within the maximum allowed latency is possible for islands up
to 9 cm and 11 cm for the 2/1 and 3/2 NTM respectively. For the smaller seed
island widths, the detection latency varies only slightly and is. for the largest
part of the range, only a smaller factor of the maximum allowed latency. If only
detection latency is taken into account, the largest seed island width that can be
suppressed is reduced with only 1 cm compared to a situation where all laten-
cies are zero. The algorithm by Reich et al shows the shortest detection latencies,
but also incorporates more information about the plasma using the Mirnov coil
signals. Tests with the algorithm by Berrino et al showed that a variation in the
offset c results in an increased average detection latency of 250ms and 400ms for
the 2/1 and 3/2 NTM, respectively. IfBIF where to be increased, the radiometer
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noise would decrease. Assuming thatBIF is not so large that the perturbations
peaks on opposite sides of the island are in a single channel, this would result
in a smaller detection latency. However, for largerBIF the detection is not able
to achieve the accuracy required for full suppression.

3.4 Discussion

The simulations presented in this chapter include what are expected to be the
relevant dynamics forNTMdetection using ECE. The physics thatwas excluded
from the simulations is discussed in this section. The limitations of the island
location sensor are also discussed, focussing on possible improvements of the
algorithm. The last paragraph is dedicated to the extension of simulations to
encompass an entire ITER NTM control loop, to fully assess latency, accuracy
and compatibility of the different components.

The used ECE channel layout is idealized, assuming that there is no overlap
in ECE frequencies detected with adjacent channels. The video filter is approx-
imated by sampling at time intervals 1/(2Bv) to ensure frequencies up to Bv
are present in the measured ECE signals. In practice, radiometers show a lower
gain for ECE frequencies and video frequencies near the edge of the band. ECE
frequency overlap between neighbouring ECE channels is also observed in prac-
tice. For comparison, a sixth-order Chebyschev or Bu erworth filter will collect
approximately 85 % of its radiation inside the pass band [Philips, 2003]. How-
ever, 96 % of the radiation comes from a region of 1.2 times the bandwidth. This
could result in a correlation of 11 % between two adjacent channels. As the so-
phistication ofmodels and the demands on simulation accuracy increases, these
overlap effects could be incorporated as well.

The noise on the Mirnov coils is now implemented relative to the Mirnov
signal amplitude. The actual noise level, which is expected to be constant, is
not yet known and its determination might prove difficult without actual ITER
measurements. As a result of the relative noise level, no noise was present in
the absence of the island. Adding noise without the presence of the island re-
sulted in false detection with the algorithm by Reich et al. However, these false
detections occur infrequently and with varying detected locations and could
therefore be filtered out easily. The effect of temperature fluctuations inside the
island needs to be assessed as well.

Only the thermal noise by the uncorrelated ECE and noise on the Mirnov
coils have been taking into account. Other noise sources such as edge density
fluctuations and turbulent temperature fluctuations or transients such as saw-
teeth or ELMs are not incorporated [Cirant, 2005; Conway, 2008]. The presence
of multiple NTMs could also disturb the detection of the location. The algo-
rithm by Reich et al could probably handle multiple modes be er, because only
the magnetic perturbations by a single NTM, obtained by a proper combination
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of multiple Mirnov coil signals, are used. The effect of these additional noise
sources and transients on NTM detection can be studied by examining how
they influence EC wave propagation and inferring the effect on ECE in partic-
ular. At this moment no conclusions can be drawn regarding the influence of
other noise sources on island detection using ECE on ITER. However, it should
be noted that the algorithm by Reich et al has been tested in the experimental
environment of ASDEXUpgrade in which among other perturbations sawteeth
and ELMs are present [Reich, 2012b].

The radial accuracy that can be reached is limited by the thermal noise for
both detection algorithms. The thermal noise increases with decreasing inter-
mediate frequency bandwidth. The detection algorithm by Berrino et al showed
increasing latencies for larger seed island widths. The larger islands reduce
the fluctuations due to temperature equilibration in a larger frequency range,
therebydecreasing the correlation signals between the channelsmeasuring radi-
ation coming from inside the island. Both issues can be tackled by a multi-scale
detection method [Berkel, 2011]. By using larger intermediate frequency band-
widths, the signal-to-noise ratio improves and small islands can be detected
earlier. Larger intermediate frequency bandwidths also imply a larger channel
spacing, thereby collecting less of the equilibrated temperature inside the island
relative to the ECE detected outside the island. A drawback is the reduced spa-
tial accuracy in the detected location, which would still require the lower inter-
mediate frequency bandwidth and hence incorporation of multiple intermedi-
ate frequency bandwidth scales in the algorithm. A direct digitized radiometer
systemwith a real-time tunable intermediate frequency bandwidth, as designed
by Bongers et al, could be beneficial for multi-scale detection [Bongers, 2011]. A
similar result can be achievedwith a conventional radiometerwith a small inter-
mediate frequency bandwidth of which the detected ECE of multiple channels
is added together to obtain ECE detected with a larger intermediate frequency
bandwidth.

The simulations presented in this chapter address only two components of a
control loop for NTMs: the plasma with the island and the detector. The design
of a controller is a much more challenging task, which requires the modelling
of the full control loop. In such a control loop, the detected island location fdet
must first be translated into a requested angle for the ECCD steering mirror,
required to deposit the power at the proper flux surface. Next, the dynamics
of the steering mirror as identified for a prototype by Collazos et al[Collazos,
2010], which serves as the main actuator, must be incorporated in the control
loop. Moreover, such simulations should also incorporate the deposited ECCD
power in a consistent way in the evolution of both the detected ECE spectrum
and the amplitude and phase of the NTM. Note that this proposed control loop
addresses only the control of NTMs before locking occurs. Modelling of ad-
ditional actuators for locked mode control and determination of the detection
latency for such a control loop is required, if locked modes are considered a
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problem for ITER operations.
The detected island location fdet can be translated to a requested angle for

the ECCD steeringmirror in twoways. Oneway is using a combination of equi-
librium reconstruction and ray tracing. Plasma measurements are combined to
determine the magnetic, temperature and density profiles. Using this realtime
determined equilibrium the exact position of the NTM can be determined. Us-
ing realtime ray tracing, the mirror se ings required to deposit ECCD on the
NTM position is calculated. A control loop based on equilibrium reconstruc-
tion and real time ray tracing is implemented and tested by Reich et al for the
ASDEX Upgrade tokamak in Germany [Reich, 2012b].

The second way is to measure both the location of the NTM and the location
of the deposited power with the same ECE diagnostic. Detection of modulated
ECCDwith the same ECE diagnostic as the one used for magnetic island island
detection is described by Manini et al [Manini, 2007]. Alternatively, ECE can be
detected along the same line-of-sight as the ECCD deposition, as was first pro-
posed byWesterhof et al [Westerhof, 2004]. This has the advantage that only the
island location needs to be detected. Hennen et al showed realtimeNTM control
on TEXTOR with same line-of-sight ECE [Hennen, 2010]. An ITER compatible
same line of sight ECE diagnostic has been presented by Bongers et al [Bongers,
2009].

3.5 Summary and conclusions

Simulation codes are combined to model mode detection using ECE for NTM
control. ECE coming from an ITER plasma containing a magnetic island was
simulated and fed to detection algorithms. The perturbed temperature profile
not only takes into account the fla ening of the temperature inside the island,
but also the perturbation of the flux surfaces outside the island. The flux surface
perturbation as well as the temperature perturbation itself are radially asym-
metric around the rational flux surface, thereby providing a realistic temper-
ature perturbation that is consistent with observations in present-day experi-
ments [Meskat, 2001; Udintsev, 2003; Urso, 2010]. Simulated ECE spectra, mea-
sured at frequencies 50 MHz apart, are combined in ECE channels and thermal
noise is added based on the intermediate frequency and video bandwidths. A
set of ECE spectrawith varying islandwidth andphase are combinedwithmod-
els for the evolution of the islandwidth and rotation to arrive at time dependent
ECE signals. The actual island location, indicated by the frequency ofminimum
temperature fluctuation in the noise-free spectra, should be accurately detected
for NTM control. The algorithms by Berrino et al and Reich et al are used for
island detection [Berrino, 2005; Reich, 2012a]. The algorithm by Reich et al also
used synthetic Mirnov coil data, simulated using the island width and phase.

For ECE in the equatorial port plug, the required ECE channel layout to at-
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tain a detection accuracy of 7 mm for the 2/1 and 5mm for the 3/2 NTM is inves-
tigated. This detection accuracy is equal to the required deposition accuracy for
full suppression [Brand, 2012a]. A video bandwidth of 2 kHz is usedwhich suf-
fices for the detection of 2/1 and 3/2 NTMs based on a model for mode rotation
by La Haye et al [Haye, 2006b]. The detection latency is determined for seeded
islands, growing in accordance with the polarization model for the saturation
of the bootstrap island growth at small island widths.

A sufficient detection accuracy for 3 cm islands is a ained with a 400 MHz
and 300 MHz intermediate frequency bandwidth for both the 2/1 and 3/2 NTM,
for the algorithms by Berrino et al and Reich et al respectively. The channel
spacing is taken equal to the intermediate frequency bandwidth. The interme-
diate frequency bandwidth provides a trade-off between radial accuracy (at-
tained with a small bandwidth) and detection latency (achieved with low noise
for large bandwidths). For large islands ECE channels are located partially in
the island, thereby decreasing the detected temperature oscillations and reduc-
ing the performance of the algorithm by Berrino et al. The simulations show
that accurate detection of magnetic islands within 250 ms is possible with both
algorithms for islands up to 9 cm and 11 cm for the 2/1 NTM and 3/2 NTM
respectively.

The algorithmbyReich et al showed faster detection times than the algorithm
by Berrino et al. In contrast, the algorithm by Berrino et al uses only ECE infor-
mation resulting in a longer detection latency. It should be noted that not all rel-
evant noise and perturbation sources, such as other MHD modes, are included
and that the detection algorithms could both be improved further. Neverthe-
less, this chapter provides a systematic way to compare detection algorithms,
based on accuracy and detection latency, and judge whether requirements are
met for NTM control on ITER.



Chapter 4

Inline ECE measurements for NTM
control on ASDEX Upgrade

As mentioned in chapter 1, the successful use of a tokamak for generating fusion power
requires an active control of magnetic instabilities, such as neoclassical tearing modes
(NTMs). Commonly, the NTM location is determined using electron cyclotron emis-
sion (ECE) and this is used to apply electron cyclotron heating (ECH) on the NTM
location. In this chapter, an inline ECE set-up at ASDEX Upgrade is presented in
which ECE is measured and ECH is applied via the same path. First results are pre-
sented and a means to interpret the measurement data is given. Amplitude and phase
with respect to a reference magnetic signal are calculated. Based on the amplitude and
phase, the time of mode crossing is determined.
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4.1 Introduction

In tokamak plasmas, the need for control of MHD instabilities is growing with
the size of the tokamak, as the impact of the instabilities increases and becomes
increasingly detrimental [Hender, 2007]. The neoclassical tearingmodes (NTMs)
are particularly limiting as they decrease confinement and could induce a dis-
ruption, a violent termination of the fusion plasma [Haye, 2006a]. Electron
Cyclotron Heating (ECH), which consists of Electron cyclotron current drive
(ECCD) and electron cyclotron resonance heating (ECRH) depending on the
toroidal angle of the ECH beam, has proved its usefulness in suppressing mag-
netic islands [Maraschek, 2012; Prater, 2004].

Closed-loop control of NTMs is demonstrated in multiple tokamaks, e.g.
ASDEX Upgrade [Reich, 2015], DIII-D [Humphreys, 2006; Kolemen, 2014], and
TEXTOR [Hennen, 2010]. The two most common approaches for control of
NTMs are i)measuring theNTM locationwith electron cyclotron emission (ECE)
and relating this to ECH launcher se ings and ii) minimizing a quantity, such
as the island width, by systematically moving the ECH launcher. These ap-
proaches haveproved to be fruitful atASDEXUpgrade andDIII-D [Humphreys,
2006; Kolemen, 2014; Reich, 2015]. Hennen et al exploited the similar nature of
ECE and ECH to measure via the same transmission line and use this signal for
control [Hennen, 2010; Oosterbeek, 2008; Westerhof, 2004]. The advantage of
the work by Hennen et al is that a direct feedback on the mode location, deter-
mined solely by ECE, is possible, without a need to incorporate additional mea-
surements and real time ray-tracing. However, the TEXTOR tokamakpresents a
limited test case for reactor-relevantNTMcontrol, as only L-mode plasmaswere
available, NTMs are seeded by external coils, the shape is circular instead of
D-shaped, and the ECH system at TEXTOR consisted of quasi-optical transmis-
sion lines, which is different from the waveguide transmission lines proposed
for ITER. Therefore, the results obtained by Hennen et al are not sufficient for
direct comparison with the results in more reactor-relevant tokamaks such as
ASDEX Upgrade, DIII-D, and ITER. Detection and control of NTMs with inline
ECE should be validated in a more reactor-relevant environment. In this chap-
ter, such reactor-relevant inline ECE measurements (i.e. ECE measurements in
an ECH transmission line) at ASDEX Upgrade are presented.

The set-up for inline ECE measurements (see [Bongers, 2012]) and a means
to interpret the uncalibrated measurements are presented. The key features of
thesemeasurements are discussed. The lock-in amplification technique (see Re-
ich et al [Reich, 2012a]) is used to determine the correlation amplitude and phase
of inline ECEmeasurementswith respect tomagneticmeasurements and hence,
the location of the NTMs based on the inline ECE measurements.

This chapter is organized as follows: In the next section, the experimental
set-up for inline ECE measurements at ASDEX Upgrade is introduced. Sec-
tion 4.3 discusses themeasurements that aremadewith the inline ECE radiome-
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ter and presents two of the main characteristics of the measurement data. In
section 4.4, the crossing time of NTMs is determined using inline ECE and com-
pared with crossing times derived from other diagnostics. The results are dis-
cussed in section 4.5 and concluding remarks are given in section 4.6.

4.2 Inline ECE set-up at ASDEX Upgrade

Inline ECE measurements are made with a six-channel heterodyne radiometer,
which is described in Subsection 4.2.1. Both an ECH source and the inline ECE
radiometer are connected to one of the ECH launchers of the ASDEX Upgrade
ECH system [Wagner, 2015a]. ECH radiation at 140 GHz and ECE coming from
the plasma are split using the FAst DIrectional Switch (FADIS) [Kasparek, 2011],
of which the main characteristics for inline ECE are given in subsection 4.2.2.
ECH radiation, with power levels up to 4 MW, could inflict permanent damage
to the radiometer, which requires power levels below 1 mW. A Mach-Zehnder
interferometer, a Bragg reflector notch filter and a PIN switch, described in Sub-
section 4.2.3, protect the radiometer against high power ECH radiation. Various
configurations have been used for connecting the inline ECE set-up to the ECH
launcher, which are described in Subsection 4.2.4. An overview of the different
inline ECE components is shown in figure 4.1.

4.2.1 Heterodyne radiometer

A six-channel heterodyne radiometer is used for the inline ECE measurements
[Hartfuss, 1997]. The radiometer has an internal mixer and a local oscillator
at 126.6 GHz and an image rejection filter (high-pass at 125 GHz). Six Schot-
tky diodes detect the downconverted ECE around the central channel frequen-
cies f1 = 132.5 GHz, f2 = 135.5 GHz, f3 = 138.5 GHz, f4 = 141.5 GHz,
f5 = 144.5 GHz, and f6 = 147.5 GHz. For ASDEX Upgrade discharges 31059
and lower, an intermediate frequency bandwidth of 500 MHz is used, while for
discharges 31953 and higher, the bandwidth is set to 1.5 GHz. Each channel is
equipped with a first order low pass filter with a video bandwidth of 100 kHz
for ASDEX Upgrade discharges up to 31059, and 30 kHz for ASDEX Upgrade
discharges 31060 and higher. The influence of the radiometer se ings on the
expected noise level is discussed in appendix D.

Each channel has two potentiometers for offset correction and gain adjust-
ment, respectively. The output voltage of each channel ranged between 0 V
and 10 V for ASDEX Upgrade discharges up to 31059, and between -1.2 V and
+1.25 V for ASDEX Upgrade discharges 31060 and higher. In this chapter, mea-
surements are shown with both these voltage ranges. The data of the six ra-
diometer channels is sampled at 400 kHz on a data acquisition unit of which
the clock should be synchronizedwith the ASDEXUpgrade timing system. The
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Figure 4.1. Schematic drawing of the inline ECE set-up, with the follow-
ing components: radiometer, Bragg reflector notch filter and PIN switch,
Mach-Zehnder interferometer, ECH launcher, and plasma. The figure
shows a configuration without FADIS (top) and a configuration with
FADIS (bo om). Black arrows indicate the path of ECE from plasma to
the radiometer. Grey arrows indicate the ECH radiation, which could
be supplied through FADIS. Only one of the two FADIS output ports at
the plasma side is shown. The specific configurations used in different
experiments are discussed in subsection 4.2.4.

time synchronization allows a comparison of the inline ECEmeasurementswith
the other ASDEX Upgrade signals. For the discharges 31967 to 32556 presented
in this chapter there were problems with the time synchronization of the data
acquisition unit with the ASDEXUpgrade timing system. For discharges 31967,
31978, and 31986 the time is corrected before the correlation is applied.

4.2.2 Fast directional switch for inline ECE

The FAst DIrectional Switch (FADIS) Mk II is present at the ASDEX Upgrade
ECH system [Kasparek, 2011]. FADIS is a diplexer with four ports and can be
mounted in two transmission lines. FADIS is a ring-resonator with two fixed
corrugated mirrors and two focussing resonator mirrors of which one is mov-
able such that the resonance frequency of FADIS can be controlled [Doelman,
2012]. For a given port of FADIS, one of the output ports has a peak in the trans-
mission and is known as the resonant output port, while the other output port
has a notch characteristic and is known as the nonresonant output port. For in-
line ECE, FADIS is, at the plasma side, connected to two ECH launchers and at
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the ECH system side it is connected to the inline ECE set-up and an ECH source.
By choosing the resonance frequency of FADIS equal to the ECH frequency, the
non-resonant frequencies from the plasma are passed to the inline ECE set-up,
while the ECH frequency is suppressed. Figure 4.2 shows a schematic overview
of the coupling of radiation of the FADIS set-up and indicates that a maximum
suppression of 25 dB for theHE11-mode of the ECH radiation entering the inline
ECE set-up can be reached using FADIS. In practice, the ECH radiation entering
FADIS from the plasma consists of a mixture of multiple modes. The intensity
is expected to be far below 10% of the incident radiation due to ECH absorption
in the plasma. A suppression of 40 dB for multi-mode radiation is measured for
FADIS Mk II [Kasparek, 2015]. As a result, a 50 dB suppression of ECH radia-
tion by FADIS is expected. Additionally, figure 4.2 shows that a part of the ECE
radiation is filtered by FADIS. Due to this filtering, the collected ECE radiation
is reduced by about 15 %.

ECH

ECE

Plasma

Movable

Mirror

Frequency f  [GHz]
139.8 139.9 140 140.1 140.2

T
ra

ns
m

is
si

on
 [d

B
]

-30

-25

-20

-15

-10

-5

0

ECE-plasma
ECH-plasma

Figure 4.2. Schematic overview of the FADIS set-up on the left, which
shows two output ports on the plasma side (right) and two input ports
(left), connected to the inline ECE radiometer and an ECH source. The
paths travelled by ECH and ECE are indicated in red and blue, respec-
tively. Grated mirrors are visible at the top and bo om of FADIS. Two
resonator mirrors are shown at the left and right. The right mirror is used
to adjust the resonance frequency. The transmission as a function of fre-
quency is shown on the right, for the paths travelled by ECH and ECE in
red and blue, respectively, which are the resonant and nonresonant ports
for the port labelled plasma. Note that the transmission can be varied by
changing either the frequency or the position of the FADIS movable mir-
ror.



58 Chapter 4. Inline ECE measurements for NTM control on ASDEX Upgrade

4.2.3 ECH radiation suppression usingMach-Zehnder interfer-
ometer, notch filter, and PIN switch

The ECH radiation is at most 4 MW, while a radiation level in excess of 1 mW
severely damages the six-channel radiometer. Therefore, ECH radiation needs
to be reduced by a factor of 90 dB in order not to damage the radiometer. The
ECH sources at ASDEXUpgrade routinely operate at 140 GHz and occasionally
provides radiation at 105 GHz. Therefore, the suppression of 90 dB is assured
for radiation at 140 GHz, while the inline ECE set-up is not used for 105 GHz
ECH operation. An even larger suppression of 110 dB is needed to ensure that
inline ECEmeasurements are possible [Oosterbeek, 2008]. A 30 dB suppression
is achieved using the Mach-Zehnder interferometer over a frequency range of
500 MHz centered around 140 GHz [Bongers, 2009]. Closer to 140 GHz, a sup-
pression of up to 50 dB is reached. The over-sized Mach-Zehnder is used to
limit the power in the connected waveguides and thereby prevents arcing. A
Bragg reflector notch filter is used for additional suppression [Wagner, 2015b].
This filter suppresses 140 GHz by 60 dB and 105 GHz radiation by 55 dB. There-
fore, together with the 50 dB suppression by FADIS, a suppression of 140 dB
is reached for 140 GHz. However, it is known that at the start of ECH the fre-
quency is about 200 MHz from 140 GHz and therefore not within the notch of
FADIS. To protect the radiometer during ECH start, a PIN switch is used to
block the transmission line when a trigger signal is provided and this results
in 45 dB suppression for the entire frequency range. If FADIS is not tuned for
140 GHz suppression, the achieved suppression around 140 GHz is 135 dBwith
PIN switch and 90 dB without the PIN switch.

4.2.4 Connection of the ECE set-up to theASDEXUpgrade toka-
mak

A schematic overview of the inline ECE set-up, connected with and without
FADIS, is shown in figure 4.1. In the inline ECE set-up radiation enters via the
Mach-Zehnder interferometer. The inline ECE set-up has been used in multiple
different configurations. First of all, the inline ECE set-up has been connected
via the FADIS set-up. FADIS is connected to two ECH launchers of which one
corresponds to the resonant channel for the ECH source. This is also the chan-
nel through which most ECE is collected and, therefore, this is the only ECH
launcher shown in the bo ompart of figure 4.1. There have beenmeasurements
both with and without an ECH source connected to FADIS. FADIS is equipped
with two polarizers which are set tomatch the polarization for second harmonic
X-mode for a given magnetic field and plasma current.

For part of the discharges, the inline ECE set-up is directly connected to one
of the ECH launchers. More recently, a waveguide switch and two polarizers
have been used in one of the ECH system transmission lines, such that one can
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Table 4.1. Overview of the different configurations in which the inline
ECE set-up is used. The last column indicates the discharges in this chap-
ter that are done with the specified configuration.

Configuration Discharges with Discharges
this configuration in this chapter

FADIS with ECH 27792-27812,29517-29592 27808,29569
FADIS without ECH 29949-30021
Direct connection 29106-29126,31038-31059 31045
to transmission line
Waveguide switch 31953-32003,32498-32561 31967,31978

31989,32556

switch in-between discharges from ECH heating to inline ECE measurements.
Table 4.1 indicates the discharge ranges in which a particular configuration is
used and lists particular discharges of which data is shown in this chapter.

4.3 Main characteristics of inline ECEmeasurements

Inline ECE measurements are done in multiple ASDEX Upgrade discharges as
is indicated by table 4.1. In these discharges, the inline ECE set-up produces six
voltage signals as a function of time, which are uncalibrated. Subsection 4.3.1
discusses how the results from the TORBEAM code can be used to interpret the
quality of the measurements. Most measurements include ECH, which leads to
spikes on the inline ECE measurements. Subsection 4.3.2 discusses the spikes
that are observed during ECH.

4.3.1 Measurement interpretation using TORBEAM

The inline ECE measurement location depends on the launcher se ings. This is
both a great asset and a complication for interpreting the six uncalibrated volt-
age signals. The TORBEAM code is used as a tool for interpreting the measure-
ments [Poli, 2001]. With this code, the maximum in power deposition location
ρdep,max(f) is calculated for an ECH frequency f for given plasma conditions
and launcher se ings. In this chapter, ρ is the normalized poloidal flux. For both
ECE and ECH, the resonance locations are the same. The normalized power de-
position profile is, however, in general not equal to the birthplace distribution
of observed ECE intensity [Denk, 2016]. Only for a constant temperature over
the power deposition and emission region and for a constant ratio between the
emission volume and flux surface volume is the normalized power deposition
profile equal to the birthplace distribution of observed intensity.
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Figure 4.3. Emission locations for three inline ECE channels (top plot)
and width of emission region (bo om plot) for discharge 31045. The top
plot shows the peak emission locations as a solid line and the locations of
corresponding to ±750 GHz with dashed lines. The inline ECE launcher
is set to a central view with toroidal angle ϕ = 0◦ at a magnetic field of
-2.5 T and a plasma current of 800 kA.

In this chapter, the deposition location of ECH power is given by ρECH =
ρdep,max(140 GHz). The measurement location of an inline ECE measurement
for channel i is approximated by ρIEC,i = ρdep,max(fi), with fi as defined in sub-
section 4.2.1. This approximation only holds for a constant temperature near
the deposition location and for a constant ratio between the emission volume
and flux surface volume. The top plot of figure 4.3 shows the peak emission
locations in solid lines for inline ECE channels 1, 2, and 3 (denoted as IEC1 to
IEC3, respectively). In discharge 31045, the inline ECE launcher is set for a cen-
tral view with toroidal angle ϕ = 0◦ at a magnetic field of -2.5 T and a plasma
current of 800 kA. The width of the emission profiles is assessed by evaluat-
ing the emission at the channel centre frequencies plus half the channel width:
fw,i = fi ± 750MHz. The top plot shows that if the width of the channels is
considered, inline ECE channel 2 overlaps fully with ranges that are already
covered by inline ECE channels 1 and 3. The width of the emission region for
the three channels is shown in the bo om plot figure 4.3. Note that the width
of the three depicted channels is between ∆ρIEC = 0.05 and ∆ρIEC = 0.07.
Therefore, a portion of at least 1/20 of the minor radius is covered by a single
channel.

Figure 4.3 shows the emission locations and widths for a constant launcher
angle. The usefulness of inline ECE stems from the possibility to vary the mea-
surement locations. Most 3/2 NTM scenarios use a magnetic field of -2.6 T and
plasma current of 1 MA. A toroidal launcher angle β = −7.7◦ is used for which



4.3 Main characteristics of inline ECE measurements 61

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

-1.4

 1.4

-1

-0.5

 0

 0.5

 1

 1  1.2  1.4  1.6  1.8  2  2.2  2.4  2.6

Z
 [
m

]

R [m]

Inline ECE absorption with IECLOC for AUG#31978 at t=3.82 s

q
=

-1
.5

q
=

-2

Figure 4.4. Poloidal cross section for ASDEX Upgrade discharge 31978 at
3.82 s. Black lines in the plasma vessel indicate the poloidal flux surfaces
for ρ = {0.2, 0.4, 0.6, 0.8, 1.0}. The q = 3/2 and q = 2 flux surfaces are
indicated by red dashed lines. The locations of absorption for radiation
with frequencies fi, corresponding to inline ECE channels i, are indicated
by blue triangles. The absorption location for 140 GHz radiation is noted
by a red dot. The second harmonic resonance is indicated by a blue ver-
tical line. The beam path is indicated by a magenta line. The inline ECE
launcher is set for NTM suppression with β = −7.7◦ at a magnetic field
of -2.6 T and a plasma current of 1 MA.
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a changing poloidal injection angle θ results in a toroidal injection angle vary-
ing from ϕ = −11◦, for θ = −6◦, to ϕ = −8◦, for θ = 14◦. Figure 4.4 shows the
location of the six inline ECE channels for θ = 5◦ and ϕ = −9◦ for a typical 3/2
NTM ASDEX Upgrade discharge.
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Figure 4.5. Emission locations for three inline ECE channels (top plot)
and width of emission region (bo om plot) for discharge 31978, in which
the launcher moved. The top plot shows the peak emission locations as
a solid line and the locations of corresponding to±750 GHz with dashed
lines. The inline ECE launcher is set forNTMsuppressionwith β = −7.7◦

at a magnetic field of -2.6 T and a plasma current of 1 MA.

Figure 4.5 shows discharge 31978 in which the launcher is swept twice over
themode locationwith toroidal launcher angle β = −7.7◦. The figure shows the
emission location (as determined from the power deposition locations) and the
width of the emission region. Similar to discharge 31045, a large overlap of the
inline ECE channels is visible. Furthermore, thewidth of the emission region re-
duces as the emission locations move outward. This is caused by the trajectory
of ECE from the emission location to the launcher, which becomes more tan-
gential to flux surfaces for larger ρ. Consequently, for an equal emission width
in centimetre, a smaller emission region∆ρIEC is found.

The inline ECEmeasurements are not calibrated, but the measured voltages
are expected to be linear with ECE intensity [Hartfuss, 1997]. A relative calibra-
tion of inline ECE measurements can be achieved by considering the tempera-
ture at the emission location, as is derived above. The electron temperature at
the emission locations is obtained from the integrated data analysis (IDA) diag-
nostic [Fischer, 2010]. For every inline ECE channel, the average temperature
(obtained from IDA) is divided by the average measured voltage to obtain an
approximate scaling factor ηi for eV/V for each inline ECE channel. The scaling
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factor can be used to determine the temperature from the inline ECE voltages.
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Figure 4.6. IDA based temperature (red), at inline ECE emission loca-
tions, compared with scaled inline ECE measurements (blue) for the six
measurement channels. A relative calibration of the inline ECEmeasure-
ments is calculated over the time interval from 2.65 s to 2.97 s.

For discharge 31978, the temperatures, based on IDA, are compared with
the inline ECE voltage times the scaling factor ηi for each channel i and the
results are shown in figure 4.6. The scaling factor is determined over a time
interval from 2.65 s to 2.97 s. The figure shows that an approximate scaling of
the temperaturemeasurements is achieved, evenwhen the launcher is sweeping
from ρECH = 0.35 at 3 s to ρECH = 0.8 at 4.5 s. Scaling factors on the order of
a few mV per eV are found, which corresponds to the radiometer sensitivity,
which is on the order of V/eV, and an overall transmission loss in the system of
30 dB.

4.3.2 Measurements during ECH
Using FADIS, inline ECE could be used to measure ECE near the ECH deposi-
tion location, while simultaneously applying heating via the same transmission
line. This does require that the inline ECE signals are still useful when ECH is
active. Figure 4.7 shows a measurement of discharge 27808 in which the mea-
surements of the six inline ECE channels are shown. During ECH via FADIS
(blue) spikes on all inline ECE channels are shown. Such spikes have also been
observed in discharges where FADIS is not used. In all discharges where spikes
occurred, ECH is applied via a launcher close to the launcher used for inline
ECE. The spikes occur mostly in H-mode discharges and seem to be related to
magnetic instabilities such as the sawtooth and edge-localized modes (ELMs)
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as is shown figure 4.8, which contains a zoom of the six inline ECE channels,
shown in figure 4.7, between 4.2 s and 4.3 s [Leonard, 2014].

IE
C

1

5

10

IE
C

2

5

10

IE
C

3

5

10

IE
C

4

5

10

IE
C

5

5

10

IE
C

6

5

10

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

P
E

C
R

H

0

1

2

Time [s]

Spikes on inline ECE for AUG27808

Figure 4.7. Discharge 27808, in which ECE is measured via FADIS. ECH
is applied via FADIS (blue) and via other transmission lines (red). During
ECH via FADIS spikes are visible in the six inline ECE measurements.

The bo om plot of figure 4.8 shows the divertor current, which shows a dip
when an ELM occurs. In each plot, the occurrence of ELMs is shown using grey
boxes. ELMs and the associated dips in the divertor current correspond with
spikes on the inline ECE measurement channels. Additionally, there are a few
time points for which a spike on the inline ECE measurement occurs without
an ELM. An example of this is found near 4.28 s. The mechanism for these
spikes is not yet understood. But the spikes resemble those observed in other
devices [Freethy, 2015; Tobias, 2012; Westerhof, 2009]. At ASDEX Upgrade, the
spikes have also been observed during CTS and are believed to be related to a
parametric decay instability that involves the upper hybrid frequency [Nielsen,
2013, 2014]. In between consecutive spikes, a time window of about six times
the spike duration is found, and therefore about 85 % of the time is still suitable
for measurements. The ELM duration for the depicted discharge is on average
0.4 ms.

4.4 NTM location from inline ECE

Rotating NTMs result in a fluctuating electron temperature, which shows a
phase jump at ρNTM . This is due to the increased temperature for ρ > ρNTM
and temperature decrease for ρ < ρNTM that occurs in phase with island ro-
tation [Fi patrick, 1995]. The maximum fluctuation is observed at ρNTM ± w

2 ,
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Figure 4.8. Zoom of discharge 27808 in which spikes are shown on the
six inline ECEmeasurement. The bo omplot shows the divertor current.
ELMs are indicated by grey boxes in the background.

wherew is the full width of themagnetic island. These features are employed in
multiple detection algorithms (e.g. [Berrino, 2005; Hennen, 2010; Reich, 2012a]).
Inline ECE measurements at ASDEX Upgrade show a noise level that is com-
parable to the temperature fluctuation due to a magnetic island. The tempera-
ture fluctuations due to the magnetic island could only be distinguished using
a Fourier transform of the measurement data, which indicates that the mode is
present, but only at a low signal-to-noise level. By means of lock-in amplifica-
tion, the island fluctuations can be distinguished [Reich, 2012a]. Reich et al use
a correlation between ECE signals and magnetic signals that are both sampled
in the same data acquisition unit. The inline ECE measurements are acquired
by a data acquisition unit, that is set-up solely for the inline ECEmeasurements.
Consequently, magnetic signals are sampled by a different unit and need to be
interpolated to the inline ECE time basis before a correlation could be done. The
interpolation should preserve the fluctuating nature of themagnetic signals due
to the NTM and should not amplify the noise. This is achieved by processing
the magnetic data by a phase locked loop (PLL) such that the phase of the rota-
tion is obtained. Appendix E discusses the use of the PLL to obtain the phase
from a magnetic signal.

The phase signal ξ(t) is interpolated and the sine s (tIEC) = sin (ξ(tIEC)) and
cosine c (tIEC) = cos (ξ(tIEC)) components are calculated on the time instants
tIEC of the inline ECE signals. For a selected number of discharges, a magnetic
signalm(tIEC) is sampledwith the inline ECE data acquisition unit and in these
discharges s (tIEC) = m(tIEC) and c (tIEC) is provided by a Hilbert transform
of s (tIEC). In this chapter, discharge 32556 is processed using amagnetic signal
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that is sampled by the inline ECE data acquisition unit.
In this section, the correlation amplitude and phase, which are determined

by lock-in amplification with respect to magnetic signals, are shown for several
NTM discharges. The normalized correlation amplitude A(t, jch) and correla-
tion phase P (t, jch) at time t for inline ECE channel jch are calculated using

C(t, jch) =
1

N

N∑
i=1

VIEC (t+ idt, jch) c (t+ idt)

S(t, jch) =
1

N

N∑
i=1

VIEC (t+ idt, jch) s (t+ idt)

Apha(t, jch) =
1

2N

N∑
i=1

[
c2 (t+ idt, jch) + s2 (t+ idt, jch)

]
AIEC(t, jch) =

1

N

N∑
i=1

V 2
IEC (t+ idt, jch)

A(t, jch) =

√
C2(t, jch) + S2(t, jch)

AIEC(t, jch)Apha(t, jch)

P (t, jch) = arctan

(
S(t, jch)

C(t, jch)

)

, (4.1)

where VIEC (t, jch) is the measurement of inline ECE channel jch at time t,N =
400 for a correlation length of 1 ms with an inline ECE sampling rate of fs =
400 kHz, and dt = 1

fs
.

An example of the correlation amplitude and phase is shown in figure 4.9.
The correlation time of 1 ms is only a factor two larger than the average ELM
duration of 0.4 ms, reported in subsection 4.3.2. Therefore, multiple measure-
ment points show a spread on the amplitudes and phases when the correlation
is performed during ELMs. A 9-point median filter is used to smoothen the sig-
nal. In the figures presented in the remainder of this section only the results
of 9-point median filters, applied to several inline ECE channels, are shown.
Therefore, every presented time point is obtained by taking into account a time
windows of 9 ms. The median filter ensures that large deviations of the ampli-
tude and phase from the mean value, such as the deviations occurring due to
ELMs, are suppressed. Figure 4.9 also shows a phase drift as a function of time.
One would expect the phase difference between magnetic measurements and
measurements with inline ECE to remain constant over time. However, for dis-
charge 31978 timing differences in the acquisition units for magnetic measure-
ments and the inline ECE measurements introduce the observed phase drift.

The results for a slow launcher sweep over the mode location is shown in
the next subsection. In subsection 4.4.2, the correlation in a dischargewith a fast
sweep over the NTM location is visible. The correlation amplitude and phase
in a case where FADIS is used is shown in subsection 4.4.3. Subsection 4.4.4
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Figure 4.9. Normalized correlation amplitude (top) and correlation phase
(bo om) as a function of time for inline ECE channel 4 for discharge
31978. The correlation amplitudes and phases, for each 1 ms time win-
dow, are shown by red crosses. A 9-point median filter is shown in blue.
The time of ELMs is shown by grey boxes.

lists the mode crossing times obtained from correlations based on inline ECE
and compares this with mode crossing times based on ECE measurements and
real-time equilibrium [Giannone, 2015; Reich, 2012a]. The applicability of the
inline ECE measurements for NTM control is discussed in subsection 4.4.5.

4.4.1 Lock-in technique applied to a slow sweep

Figure 4.10 shows the normalized correlation amplitude and correlation phase
as a function of time for inline ECE channels 3, 4, 5, and 6 for discharge 31978.
In discharge 31978, inline ECE is measured via a moving launcher that sweeps
from an inward position at 3 s, to an outward position at 4.5 s, and then back
to the inward location at 6 s. During the inward to outward sweep, ECH is
applied via a different launcher at the same flux surface as is used for measure-
ments, but this does not affect the correlation amplitude. The correlation phase
shows a slight increase during the discharge, but the most notable feature in the
phase are the phase shifts by π near 3.4 s and 5.4 s. These phase shifts occur at
the time that the launcher is expected to cross the mode surface, as determined
from a mode position based on ECE measurements and the real-time equilib-
rium [Giannone, 2015; Reich, 2012a]. Additionally, the correlation amplitudes
are minimal at the moment of the phase jump and maxima in the correlation
amplitudes are observed on both sides of the minima. The maxima are due to
a measurement at a location ρNTM ± w

2 , while the minima occur near ρNTM ,
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where the temperature fla ened most.
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Figure 4.10. Normalized correlation amplitude (top) and correlation
phase (middle) as a function of time for discharge 31978. The correlation
amplitudes and phases, determinedwith a 9-pointmedian filter based on
1ms correlationwindows, are shown for inline ECE channel 2, channel 3,
channel 4, and channel 5 in red, green, blue, and magenta, respectively.
In the bo om plot, the mode locations, determined both from ECE mea-
surements and the real-time equilibrium [Giannone, 2015; Reich, 2012a],
are shown in green and dashed blue, respectively, together with the cal-
culated ECH deposition location from TORBEAM (red). The inline ECE
launcher is set for NTM suppression with β = −7.7◦ at a magnetic field
of -2.6 T and a plasma current of 1 MA. Phase jumps are visible at the
same time as minima in the correlation amplitude are measured. The
occurrence of phase jumps and correlation minima depends on the mea-
surement location.

In between 4 s and 5 s, the spread in the relative phase increases. This is the
result of a lower correlation amplitude, which also results in a higher inaccuracy
of the determined phase. Steps of 2π are visible between 5.5 s and 6.5 swhich are
due to phasewrapping. A slight drift is visible on all inline ECE channels which
is caused by a small timing mismatch between inline ECE and the magnetic
signals.

The correlation minima and phase shifts during the slow sweep of the inline
ECE measurement locations over the NTM surface allows for the estimation
of the NTM crossing time. Similar features have been observed during a slow
sweep in discharges 31967 and 31986. In discharge 31967, a 2/1 NTM is present
as opposed to a 3/2 NTM in the rest of the presented discharges, but this results
in the same features. In Subsection 4.4.4, the time of mode crossing based on
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the inline ECE measurements is compared to the mode crossing time based on
ECE measurements and the real-time equilibrium.

4.4.2 Lock-in technique applied to a fast sweep
Figure 4.11 shows discharge 32556 in which multiple sweeps around the mode
location are performed. Two additional launchers are aiming at the same loca-
tion as the inline ECE launcher. Additionally, ECH is applied through the two
launchers, which is started at 3.5 s and 4.5 s, respectively, for the two launchers.
The correlation amplitude and phase remain largely unaffected by the added
heating power.
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Figure 4.11. Normalized correlation amplitude (top) and correlation
phase (middle) as a function of time for discharge 32556. The correlation
amplitudes and phases, determinedwith a 9-pointmedian filter based on
1ms correlation windows, are shown for inline ECE channel 3, and chan-
nel 4 in green and blue, respectively. Inline ECE channels 2 and 5 are
omi ed as they display similar behavior as the two depicted channels.
In the bo om plot, the mode locations, determined both from ECE mea-
surements and the real-time equilibrium [Giannone, 2015; Reich, 2012a],
are shown in green and dashed blue, respectively, together with the cal-
culated ECH deposition location from TORBEAM (red). The inline ECE
launcher is set for NTM suppressionwith β = −7.5◦ at amagnetic field of
-2.6 T and a plasma current of 1 MA. This figure illustrates the sensitivity
of both correlation amplitude and phase near the mode location.

During the sweep, an increase in correlation amplitude is only visible for
ρECH < ρNTM , while this feature is also noted for ρECH > ρNTM for dis-
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charge 31978 in figure 4.10. As a consequence, a clear time of minimum correla-
tion amplitude is not observed. Additionally, the correlation phase could only
accurately be determined for ρECH < ρNTM , which has a higher correlation am-
plitude. For ρECH > ρNTM the phase changes, but is also largely affected by
noise due to the low correlation amplitude. Consequently, the mode crossing
could also not be determined from the correlation phase. Therefore, the sweep
amplitude andmean sweep location are not sufficient to confidently localize the
timing ofmode crossings. However, the sensitivity of the correlation amplitude
and phase to the proximity of the mode location can be assessed.

4.4.3 FADIS results
The results presented in the last two subsections are obtained with inline ECE
viewing via a separate transmission line. The benefit of inline ECE is largest
if it is measured along exactly the same axis as ECH is applied. This is done
using FADIS, for instance in discharge 29569, for which correlation results are
shown in figure 4.12. In this case, the same features are found as in subsec-
tion 4.4.1. The minimum in correlation amplitude and the phase jumps are ob-
served at the same time as ECH crosses the mode location based on ECE mea-
surements. The mode position from the real-time equilibrium is not reliable as
for discharge 29569 the core of the plasma is not accurately constrained. Such
constraints are implemented for discharges 31967 and later [Giannone, 2015].

4.4.4 Mode location from inline ECE
In the previous subsections, it is shown that the time of mode crossing could be
determined from the inline ECEmeasurements. This could be used to assess the
mode location. For this purpose, the times of crossing of inline ECE channel 3
and channel 4 (which are on opposite sides of 140 GHz, see subsection 4.2.1)
are determined. The time of crossing is determined both by the minimum in
the correlation amplitude and by the time in between two phase measurements
that are shifted by π. The resulting times are indicated in table 4.2. The average
of both crossing times is expected to correspond with ECH crossing the mode
location, and is labelled IEC in table 4.2.

The times of crossing based on correlation amplitude and correlation phase
are equal, but the crossing of the correlation could be determined with a larger
accuracy, as is shown in the table. The crossing times are compared with sim-
ilar times derived from the crossing of the mode location based on both ECE
measurements and the real-time equilibriumwith the ECH location [Giannone,
2015; Reich, 2012a]. Both are shown in the last two columns of table 4.2. The
error margins for the crossing based on ECE measurements and the real-time
equilibrium is influenced by the update time of 0.1 s of the magnetic equilib-
rium used to determine the ECH location. The crossing times determined with
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Figure 4.12. Normalized correlation amplitude (top) and correlation
phase (middle) as a function of time for discharge 29569. The correlation
amplitudes and phases, determinedwith a 9-pointmedian filter based on
1ms correlationwindows, are shown for inline ECE channel 2, channel 3,
channel 4, and channel 5 in red, green, blue, and magenta, respectively.
In the bo om plot, the mode locations, determined both from ECE mea-
surements and the real-time equilibrium [Giannone, 2015; Reich, 2012a],
are shown in green and dashed blue, respectively, together with the cal-
culated ECH deposition location from TORBEAM (red). The inline ECE
launcher is set for NTM suppression with β = −7.6◦ at a magnetic field
of -2.4 T and a plasma current of 1 MA.

inline ECE are equal to the crossing times determined from ECE and the real-
time equilibrium.

The determination of the crossing times gives a first indication of the accu-
racy of inline ECE in relation to othermeasures for themode position. However,
the mode amplitude or amplitude decrease, as measured by magnetic coils,
gives an unbiased measure of whether the ECH location is chosen accurate. If
the ECH location could be set based on the inline ECE correlation amplitude
and phase, a clear comparison could be made with the standard NTM control
loop at ASDEX Upgrade [Reich, 2015].

4.4.5 Applicability of inline ECE for NTM control

In the previous subsection, it is shown that a mode location could be deter-
mined from a slow sweep over the mode location. The mode crossing could not
be obtained from the fast sweep, presented in figure 4.11, as the amplitude of
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Table 4.2. Time of mode crossing based on both correlation amplitude
and phase, comparedwith crossing times determined based on a crossing
of the mode positions from ECE measurements (RRC in table) and the
real-time equilibrium (MGS in table) with the ECH location [Giannone,
2015; Reich, 2012a]. The average of the crossings based on correlation
phase are shown in the column labelled IEC. Crossing times are missing
for MGS in discharge 29596, as the real-time equilibrium is not accurate
for this discharge.

Amplitude Phase
Shot Time Time Time Time Time Time Time

IEC3 [s] IEC4 [s] IEC3 [s] IEC4 [s] IEC [s] RRC [s] MGS [s]
29569 3.3± 0.1 3.3± 0.1 3.41± 0.05 3.35± 0.05 3.38± 0.05 3.3± 0.2 -
29569 4.7± 0.1 4.7± 0.1 4.7± 0.1 4.8± 0.1 4.8± 0.1 4.8± 0.2 -
31967 3.48± 0.05 3.45± 0.05 3.48± 0.05 3.46± 0.05 3.47± 0.05 3.3± 0.1 3.3± 0.1
31978 3.58± 0.05 3.63± 0.05 3.56± 0.05 3.63± 0.05 3.60± 0.05 3.7± 0.1 3.7± 0.1
31978 5.42± 0.05 5.4± 0.1 5.44± 0.05 5.37± 0.05 5.41± 0.05 5.3± 0.2 5.4± 0.1
31986 3.9± 0.1 4.0± 0.1 3.9± 0.1 4.02± 0.05 3.98± 0.08 4.1± 0.2 4.1± 0.1
31968 5.08± 0.05 5.00± 0.05 5.11± 0.05 5.03± 0.05 5.07± 0.05 5.0± 0.1 5.0± 0.1

the sweep is not sufficient to clearly cross the mode. In contrast to the mode
crossing as function of time derived from inline ECE, detection algorithms for
the NTM location determine the mode location from a crossing as a function of
the flux coordinate ρ [Berrino, 2005; Reich, 2012a] or the ECE channel frequen-
cies [Hennen, 2010], thereby resolving the mode location without the need for
movement of the measurement location.

Figure 4.4 shows that, due to the tangency of the ECH beam to the 3/2 sur-
face, it is not possible to determine the mode crossing as a function of frequency
without launcher movement. At ASDEX Upgrade, the NTM scenario is cho-
sen such that the ECH beam is tangential to the 3/2 flux surface. Therefore, if
the maximum deposition is a ained at ρNTM , all channels are measuring inline
ECE at ρIEC,i > ρNTM . This is also illustrated in figure 4.13, in which the mea-
surement locations for four inline ECE channels are shown as a function of the
power deposition location for 140 GHz for discharges 29569 and 31978.

For both discharges in figure 4.13, inline ECE channel 5 is overlapped by
inline ECE channel 4. In both cases only a limited part of the plasma is covered
by the four depicted inline ECE channels and channels 4 and 5 are both close to
the ECH deposition location. For discharge 31978, all channels are positioned
such that ρECH ≤ ρIEC,i. Therefore, the NTM is not visible for ρECH < ρNTM .
Contrary to discharges 31978, discharge 29569 shows most measurements at
ρECH ≥ ρIEC,i. Therefore, the mode location is out of view for ρECH > ρNTM .
Both for a magnetic field of -2.6 T and a magnetic field of -2.4 T, it is therefore
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Figure 4.13. Measurement location of inline ECE channels 2, 3, 4, and
5 as function of the the power deposition location for 140 GHz (do ed
black line) for discharge 29569 (left), with a magnetic field of -2.4 T, and
discharge 31978 (right), with amagnetic field of -2.6 T. Themode location
is shown with a solid black line and is obtained from ECEmeasurements
(RRC for 29569) and the real-time equilibrium reconstruction (MGS for
31978). The inline ECE launcher is set for NTM suppression with β =
−7.6◦ for 29569 and β = −7.7◦ for 31978, respectively. Note that ρIEC,4
overlaps ρIEC,5 formost data points as both channelsmeasure at the same
flux surface (see also figure 4.4).

noted that the coverage of the inline ECE channels is not symmetric around the
deposition location and that the NTM location is likely to move out of view of
the inline ECE channels. This hampers detection for ρECH = ρNTM for which
channels are near the island and show a small correlation amplitude and larger
spread in correlation phase.

Therefore, from a single time point it is only possible to determine the mode
location if there is sufficient coverage of ρ using the inline ECE channels for both
ρIEC,i < ρNTM and ρIEC,i > ρNTM for ρECH = ρNTM , which is not achieved
for both discharges shown in figure 4.13. However, themode location can be de-
termined using a launcher sweep. During a sweep over ρNTM , a phase shift and
an amplitudeminimum is observed. The phase signal could also be used further
away from the island to determine which direction the ECH launcher should be
moved, as it shows a similar phase at the start and end of discharges 31978 and
29569, which only depends onwhether ρECH < ρNTM . The value of the relative
phase depends on the set of magnetic coils that is used for lock-in amplification,
but the relative phases are consistent for a given coil set.
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Close to the island, one could use a sweep of sufficient amplitude, such that
one could either minimize the correlation amplitude or continuously look for
the point of phase inversion. For discharge 31978, a sweep between the two cor-
relation maxima around 3.5 s requires a launcher sweep with amplitude±0.055
around ρECH = 0.565. The accuracy requirement for determining ρNTM deter-
mines if such a sweep is a viable solution for NTM control.

4.5 Discussion

In this chapter, inline ECEmeasurements in ASDEX Upgrade H-mode plasmas
are considered for the detection of the NTM location. The location of the mea-
surements is interpreted using the TORBEAM code. The limits of this location
interpretation are discussed below. Additionally, the validity of the relative cal-
ibration could be tested using an absolute calibration, which is also discussed
in this section. In this chapter, the mode location is determined from correla-
tions between inline ECE and magnetic measurements. Both the limits of the
applied correlation technique, as well as possibilities to extend this to real-time
algorithms are discussed in the final two paragraphs of this section.

The location of ECH deposition can be determined using the TORBEAM
code, which is used in this chapter as well. In this chapter, data from the EQI
equilibrium is used and as a result steps in the position of maximum power de-
position are visible at time points where a different equilibrium is used. This
indicates that the equilibrium, while suitable for each time point, is less suit-
able for use in a time resolved manner. A Bayesian approach for determining
the magnetic equilibrium for ASDEX Upgrade plasma, which could result in
an improved equilibrium for determining power deposition locations, is un-
der development [Fischer, 2013]. The emission location is approximated by the
power deposition location, which is only valid for a constant temperature in
the power deposition region and a constant ratio between the emission volume
and flux surface volume. The accuracy of the results is increased by using an EC
emission code, such as NOTEC [Sillen, 1987], which would need to be adapted
to the ASDEX Upgrade launcher locations and angles. Denk et al provide a
framework suitable to calculate the birthplace distribution of observed inten-
sity, which should be determined for the frequencies measured in the inline
ECE channels [Denk, 2016].

For the detection of NTMs, an absolute calibration of the radiometer is not
required. However, a calibration could help to ensure that the radiometer is
measuring at the right locations. In this chapter, it is assumed that the radiome-
ter measures at the location determined by the TORBEAM code and that based
on this a cross calibration with other temperature measurements is possible.
This cross calibration could be checked after a calibration using a hot and cold
source [Hartfuss, 1997]. Previous work by Oosterbeek et al relied on a relative
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calibration as well [Oosterbeek, 2008]. The noise of the inline ECE radiometer
also poses a limit on detection. A direct-digitizing set-up allows for tunable
video and intermediate frequency bandwidth, such that the trade-off between
radial resolution and noise can be made in real-time [Bongers, 2011].

The inline ECE signals are correlatedwithmagnetic signals. A phase-locked
loop (PLL) is used to derive the phase of offline magnetic measurements and
this phase is used for interpolation. The PLL could also be used for real-time
processing of the measurements, as Hennen et al showed [Hennen, 2010]. With
the PLL, a single dominant frequency is tracked, which induces a small delay.
For an NTM which also induces higher harmonics of the rotation frequency,
the harmonic with the highest amplitude is likely tracked by the PLL. The out-
put of the PLL or a locally measured signal is used in a correlation of 1 ms.
This se ing is chosen, because the current NTM detection algorithm provides
its results every 10 ms for control and a similar algorithm based on inline ECE
should also adhere to a similar runtime. In general, a smaller correlation length
increases noise, while a larger length decreases the temporal resolution. Spikes
on the inline ECE signals are shown. These spikes are filtered by a 9-point me-
dian filter from the inline ECE signals after correlation. However, correlation
results could be further improved by excluding time points with spikes for the
correlation. Borgers et al showed a Kalman filter for determining the amplitude,
frequency, and phase of a oscillating signal, which could be used instead of a
PLL [Borgers, 2013]. In both cases, field programmable gate arrays in a direct-
digitizing set-up could be employed for fast calculation of correlation amplitude
and phase [Bongers, 2011].

As is shown in subsection 4.4.5, inline ECE measurements allow the deter-
mination of the mode position from a sweep over ρNTM . A real-time algorithm
for determining the crossing with ρNTM is not presented in this chapter, but
such algorithms are common in signal processing [Basseville, 1988]. Using a
real-time estimate of the crossing to position the launcher could indicate if the
estimate of the crossing location is accurate. The mode location could only be
determined if the deposition position is varied. Using such a sweep of ρECH
could be combined with an extremum seeking control technique. An algorithm
similar to the algorithm by Wehner et al could be used for detecting the min-
imum in the correlation amplitude [Wehner, 2012]. Simulations show that in
ITER, contrary to the specific ASDEX Upgrade geometry, the phase jump is de-
tectable without requiring launcher movement [Brand, 2012b].

4.6 Conclusions

In this chapter, the inline ECE set-up at ASDEX Upgrade is presented. This
set-up contains a six-channel radiometer of which the measurement location
could be varied during a discharge. Using FADIS, an inline ECE measurement
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is possible while simultaneously applying ECH via the same launcher. Thereby
a more reactor-relevant implementation of inline ECE is demonstrated.

Interpretation of the measurement results is facilitated by the TORBEAM
code. A common feature that is observed in many discharges are spikes that
are visible on the measurement channels. The spikes are most likely related
to ELMs and resemble other high-intensity microwave signals [Freethy, 2015;
Nielsen, 2013, 2014; Tobias, 2012; Westerhof, 2009].

The lock-in amplification technique, as introduced by [Reich, 2012a], is used
to determine correlation amplitude and phase of the inline ECE signals with
respect to a magnetic signal. An estimate of the mode location could be made
based on a slow sweep of the launcher. This estimation is not hampered by the
spikes on the inline ECE measurements.

The time of mode crossing can be determined by a sweep over the mode
location with sufficient amplitude. In contrast to other inline ECE NTM control
experiments, the mode position could not be determined from a phase jump as
a function of the ECE channel frequency. For the ASDEX Upgrade discharges
presented in this chapter, inline ECEmeasurements show a limited coverage for
either ρIEC,i > ρNTM or ρIEC,i < ρNTM for ρECH = ρNTM and, consequently,
the phase jump is not in view. This is due to the ECHbeamwhich is tangential to
the NTM flux surface for high current drive. At ASDEX Upgrade, NTM control
using inline ECE could be done by using a varying deposition position, which
could use an extremum seeking controller.



Chapter 5

Amodel-based, multichannel,
real-time capable sawtooth crash

detector

As discussed in subsection 1.3.2, control of the time between sawtooth crashes requires
real-time detection of the moment of the sawtooth crash. In this chapter, estimation
of sawtooth crash times is demonstrated using the model-based Interacting Multiple
Model (IMM) estimator, based on simplified models for the sawtooth crash. In contrast
to previous detectors, this detector uses information about the spatial redistribution
of energy due to a sawtooth crash as detection characteristic. The IMM estimator is
tuned and applied to multiple ECE channels at once. A model for the sawtooth crash
is introduced, which is used in the IMM algorithm. The IMM algorithm is applied to
7 datasets from the ASDEXUpgrade tokamak. Five crash models with different mixing
radii are used.

The content in this chapter is submi ed as a journal paper to Plasma Physics and Controlled
Fusion.
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5.1 Introduction

In tokamak plasmas, internal kink modes can be driven unstable, leading to
reconnection of flux surfaces and mixing of energy and particles in the plasma
core [Chapman, 2011; Goeler, 1974; Porcelli, 1996]. This phenomenon, known as
the sawtooth instability, has been studied for decades, resulting in an increased
understanding of the nature and interactions of this instability [Graves, 2004;
KSTAR Team, 2012].

The growth of the internal kink mode is followed by a fast magnetic recon-
nection at q = 1, i.e. the sawtooth crash. During this sawtooth crash, core
plasma pressure decreases. A redistribution of this core energy results in an in-
crease of plasma pressure outside the core up to the mixing radius ρmix. At the
inversion radius ρinv, for which ρinv < ρmix, the pressure difference is zero. In
between subsequent sawtooth crashes, plasma pressure increases for ρ < ρinv
and decreases for ρinv < ρ < ρmix. As a result, the plasma pressure as a function
of time shows a shape that is similar to the jagged teeth of a saw.

The sawtooth crash is known to trigger other magnetic instabilities such
as edge localized modes [Nave, 1995] and neoclassical tearing modes (NTMs)
[Canal, 2013; Sauter, 2002]. NTMs could trigger a disruption and should there-
fore be prevented [Haye, 2006a; Maraschek, 2012]. By limiting the time between
two consecutive sawtooth crashes, the probability of triggering an NTM is de-
creased [Chapman, 2010; Kim, 2014; Westerhof, 2002]. Additionally, preemp-
tive electron cyclotron heating could be used to reduce the triggering probabil-
ity of an NTM during the sawtooth crash [Felici, 2012]. The application of such
strategies requires real-time knowledge of when the sawtooth crash occurs.

The time between two consecutive sawtooth crashes, also known as the saw-
tooth period, is altered by coupling high power waves into the plasma. Electron
cyclotron current drive (ECCD) is efficient inmodifying the localmagnetic shear
in the vicinity of the q = 1 rational surface [Igochine, 2011; Lennholm, 2009]. Ion
cyclotron resonance heating (ICRH) is used to modify fast ion orbits, with the
view to negate the stabilizing effect of the fast ion population [Campbell, 1988].
Therefore, both ECCD and ICRH could be used for sawtooth control.

Control of the sawtooth crashes is foreseen for ITER and DEMO operation
[Biel, 2015; Chapman, 2012; Henderson, 2015]. Most algorithms for sawtooth
control rely on controlling the time between sawtooth crashes. The time be-
tween sawtooth crashes can be controlled without feedback, e.g. [Lauret, 2012],
orwith feedback based on the timedifference between consecutive crashes [Good-
man, 2011; Lennholm, 2009, 2011]. In both cases, a real-time detector for the
sawtooth crash time is required to, for the former, assess if the control action
has the desired result and, for the la er, to provide an input signal to the feed-
back controller. Additionally, sawtooth crashes can help avoid core impurity
accumulation, which could be controlled using a real-time detector for the crash
time [Nave, 2003].
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The sawtooth crash time can be determined by the fast increase or decrease
of the plasma pressure. Several detectors exist for detection of the sawtooth
crash time, which rely on a single channel of temperature or density measure-
ments as a function of time. For instance, the wavelet-based algorithm by Van
Berkel et al. presents a detector optimized for steps in the input signals [Berkel,
2011]. Gude et al. detects sawtooth crashes in a single channel of soft X-ray
measurements and combines multiple single-channel crash detections to sepa-
rate actual crashes frommeasurement noise with automated algorithms [Gude,
2015]. A fewmethods based on edge detectors (band-pass and difference filters)
are applied in real-time sawtooth control experiments [Felici, 2014; Lennholm,
2009; Paley, 2009].

Most algorithms use data frommultiple measurement channels at once. For
instance, for the real-time detectors an average of the measurements is pro-
cessed by the sawtooth detector, while Van Berkel et al. and Gude et al. combine
the channels after applying edge detectors. However, the detection algorithms
do not explicitly take into account the redistribution of plasma pressure due to
the sawtooth crash. A sawtooth detector should detect if temperature is redis-
tributed instead of detecting step-like deviations of a single channel. Therefore,
in this chapter, a model-based detection method for sawtooth crashes is pre-
sented. Hence, multiplemeasurement channels are used simultaneously for the
detection of a sawtooth crash based on its pressure redistribution. The detec-
tion algorithm is designed to be real-time capable, for which it should be causal
and fast.

In this chapter, an interacting multiple model (IMM) estimator [Li, 2005] is
used for model-based detection of the sawtooth crash time. This allows for a
detection of the sawtooth crash based on the redistribution of plasma pressure.
At every time step, predictions of themeasured quantity ofmultiple channels as
a function of the spatial coordinate are made. These predictions are made using
multiple, physics-based models, each with a different mixing radius. The like-
lihood that the measurements originate from a crash at a given mixing radius
is assessed by comparing the measurements with the predictions from the mul-
tiple models. Based on these likelihoods, it is determined if a sawtooth crash
occurred.

In the next section, the crashdetection algorithm is introduced. In section 5.3,
the crash detection algorithm is applied to electron cyclotron emission (ECE)
data from the ASDEX Upgrade tokamak. Section 5.4 discusses the model and
results on the measurement data. Concluding remarks are found in section 5.5.

5.2 Crash detection algorithm

The crash detection is based on the change of plasma pressure due to the saw-
tooth crash. This change is visible in multiple channels of temperature or den-
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sity diagnostics. The measurements are a result of the underlying temperature
and density profiles, which are assumed to be a function of the flux coordi-
nate ρwhich ranges from 0 at the plasma core to 1 at the plasma edge. At every
time instant k, themeasurements are compared to an estimation of themeasure-
ments. Using spatial discretization, an estimated temperature or density profile
is represented using a finite number of basis functions. Spatial discretization is
introduced in subsection 5.2.1.

A sawtooth crash results in a drop of temperature and density in the core of
the plasma and a rise further outward. Between consecutive sawtooth crashes,
the temperature and density change on amuch slower diffusive time scale. This
observation of a different temperature and density evolution with and without
a sawtooth crash is used in subsection 5.2.2 to construct models for the differ-
ent situations. A model is constructed for the temperature profile following a
sawtooth crash.

Based on temperature measurements, the temperature profile evolution is
predicted usingmultiplemodels, presented in subsection 5.2.2. For eachmodel,
the estimated temperature is compared with measurements yk to assess which
model is themost likely. The results of the estimated temperatures are used as a
starting point for the next time step and the interaction between different mod-
els is specified. All these steps are taken into account by the interactingmultiple
model (IMM) estimator, which is presented in subsection 5.2.3. Parameters for
the IMM estimator, that are independent of the datasets, are selected in subsec-
tion 5.2.4.

5.2.1 Spatial discretization

In this subsection, spatial discretization of the temperature profile T (ρ) at time
instant k is considered. The same techniques are applicable to other profiles.
Due to the magnetic topology of the tokamak, the temperature T is assumed
to be a function of the flux coordinate ρ. Furthermore, the temperature profile
T (ρ) is assumed to be a smooth function of ρ. In this chapter, an estimate of the
temperature profile T̂k(ρ) at time k is based on a fixed set of Nx basis functions
Λi(ρ) (where i = 1, · · · , Nx) and is given by

T̂k(ρ) =

Nx∑
i=1

Λi(ρ)xi,k = C(ρ)xk (5.1)

where xi,k are the coefficients at time k. Therefore, vector xk = [x1,k · · ·xNx,k]
T

contains all the information about the estimated temperature profile T̂k(ρ). For
a fixed position ρ, C(ρ) is a constant row vector with Nx elements.

For time instant k, a set of Ny temperature measurements at locations ρ1,k
to ρNy,k are contained in a column vector yk. Estimated temperature measure-
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ments ŷk are given by

ŷk =

 T̂k(ρ1,k)
...

T̂k(ρNy,k)

 =



Nx∑
i=1

Λi(ρ1,k)xi,k

...
Nx∑
i=1

Λi(ρNy,k)xi,k


= Ckxk (5.2)

where Ck is a time dependent matrix of dimensionsNy×Nx, depending on the
time-varyingmeasurement positions ρj,k. IfCk has a rank ofNx, a least-squares
estimate of xk can be used to determine the best fit of the coefficients xk to the
measurements yk.

As an example, electron cyclotron emission (ECE) measurements are ap-
proximated using cubic B-splines, which are piecewise polynomials [Heath,
2005]. It is assumed that ECE is well localized (which holds for optically thick
plasmas [Bornatici, 1983]), that ECE is emi ed from the cold resonance posi-
tions, that the electrons are in thermal equilibrium, and that all measurement
locations are positioned on a horizontal line through the plasma center. The
magnetic field strength is approximated by B(R) = B0R0/R with R the major
radius of the plasma, B0 the magnetic field strength at the magnetic axis, and
R0 themajor radius of themagnetic axis. Ny measurements are considered and,
with the assumptions listed above, the locations ρj are determined using

ρj =

∥∥∥∥njeB0R0

ame2πfj
− R0

a

∥∥∥∥ (5.3)

in which nj is the harmonic number, e is the elementary charge, a is the minor
radius of the plasma,me is the electronmass, and fj is the frequency of ECE that
is collected in measurement channel j. Figure 5.1 shows the approximation of
ECE data using a cubic B-spline with Nx = 11 basis functions.

5.2.2 Sawtooth crash model

In the previous subsection, a discretization of the temperature profiles is intro-
duced such that a smooth temperature profile at time instant k can be described
using the vector xk. The continuous temperature evolution is evaluated at times
k ts, with k a time index number and ts a fixed sample time. As a result, the tem-
perature profile evolution is described by xk for k = 1, 2, 3, . . . , where the fixed
sample time is omi ed. A prediction of the temperature profile at k+1 is made
using the coefficients xk at time k, such that

xk+1 = Axk, (5.4)
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Figure 5.1. Cubic B-spline approximation of ECE data of ASDEX Up-
grade discharge 30538 at 4.2 s, shown in black crosses. The approxima-
tion is shown in dark grey and the 11 basis functions multiplied by their
associated coefficients, are shown in a light grey dashed line. The splines
are generated using a set of 10 equidistant knots, indicated by black ver-
tical lines. The derivative of the spline interpolation is forced to zero at
ρ = 0.

and themeasurements are predicted by ŷk+1 = Ckxk+1. ThematrixA is chosen
to reflect the expected evolution of the temperature. In absence of a sawtooth
crash, the predicted temperature profile is taken equal to the previous temper-
ature profile, such that

xk+1 = xk = A(NoCrash)xk := INxxk, (5.5)

with INx an Nx ×Nx identity matrix. The temperature profile is assumed con-
stant in time due to a much shorter sampling time compared to the time scale
of temperature evolution.

During a sawtooth crash, a fast reconnection results in a fla ening of the tem-
perature profile between ρ = 0 and ρ = ρmix. Therefore, the matrix A(NoCrash)

cannot be used to predict the temperature evolution in this case. Instead, it
is assumed that directly after the sawtooth crash the thermal energy in a vol-
ume within ρ = ρmix is redistributed evenly over the volume. Density up to
ρ = ρmix is taken constant. Following this assumption, only the temperature
evolution has to be considered for sawtooth detection. The volume contained
within ρ = ρmix is calculated using V =

∫ ρmix

0
πρdρ. It is assumed that the vol-

ume can be approximated as being based on a circular cross section of which
the shape remains unaltered, i.e. no changes in κ and δ. The flat temperature is
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calculated by dividing the energy inside ρ = ρmix by the volume

Tk,flat(ρmix) =
π

V

∫ ρmix

0

Tk(ρ)ρdρ = V(Crash)(ρmix)xk, (5.6)

where in the last step it is used that the profile Tk(ρ) is fully determined by the
coefficientsxk and each basis function is integrated exactly. For a given set ofNx
basis functions V(Crash)(ρmix) is a constant row vector with Nx elements. The
row vector V(Crash)(ρmix) is applied for positions ρ ≤ ρmix. This results in the
matrix A(Crash)(ρmix), as defined in (F.1) of F, that determines the coefficients
xk+1, based on xk, just after a sawtooth crash with ρmix. The number of knots,
used in the spline approximation, limits the variety of mixing radii that can be
accurately portrayed.

The temperature profile at time instant k + 1 can be predicted using

xk+1 =

{
A(NoCrash)xk No crash
A(Crash)(ρmix)xk Crash at ρmix

(5.7)

with the matrices A(NoCrash) and A(Crash)(ρmix) as defined in (5.5) and (F.1), re-
spectively.

The assumption that after a sawtooth crash aflat temperature profile is found
is verified by comparing with the full reconnection model of Kadomtsev, found
in [Kadomtsev, 1975; Witvoet, 2011]. For this comparison, the safety factor pro-
file and temperature profile given by

q(ρ) = q0 + (qa − q0) ρ
2

T (ρ) = T0
(
1 + qaρ

2
)−4/3 (5.8)

are used, where qa is the safety factor at the edge of the plasma, q0 = qa
1+qa

, and
T0 is the core temperature. The full reconnection model is applied following
the procedure in [Witvoet, 2011]. The temperature after the crash at position
ρ2c = ρ22 − ρ21 is the result of reconnecting flux tubes at positions ρ1 and ρ2,
which have the same helical flux, but are on opposite sides of the q = 1 surface.
Taking into account the volume of the reconnecting flux tubes, the temperature
after reconnection is calculated.

Figure 5.2 shows the temperature profile given by (5.8) with a black dashed
line. Three different sawtooth crash models are applied to the temperature pro-
file. The full reconnection model is shown as a dark grey line. This crash model
results in a temperature profile that shows a higher temperature at ρ = ρmix
compared to the temperature at ρ = 0. At the mixing radius there is an abrupt
step after which the original temperature profile is followed.

A flat redistribution of temperature following (5.6) up to themixing radius is
depicted as a dashed light-grey line. This model is a good approximation of the
Kadomtsev model, while using the mixing radius ρmix as its only parameter. A



84 Chapter 5. A model-based, real-time capable sawtooth crash detector

Flux coordinate ρ
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

T
em

pe
ra

tu
re

 T
 [e

V
]

400

500

600

700

800

900
Before
Kadomtsev
Flat Te, temp. redist.
Spline

Figure 5.2. Temperature as a function of the flux coordinate ρ before
(dashed black line) and after a sawtooth crash following three different
models. The result of Kadomtsev’s full reconnection model is shown in
dark grey and is overlapped for the largest part by the model assuming
a flat redistribution of the temperature up to the mixing radius (dashed
light-grey line). A spline-based crash model is shown with a solid black
line. The full reconnection model uses the parameters T0 = 900 eV, qa =
4, a = 0.5m, R0 = 1.65m, and B0 = 2.3 T to determine the temperature
and safety factor profile in (5.8).

limited set of 11 basis functions is also used to describe the temperature profile.
With these basis functions, the crash is modelled by applying the crash matrix
in (F.1) to the coefficients xk, such that the post crash temperatures are given
by CkA

(Crash)(ρmix)xk, with Ck defined as in (5.2). The result is shown with
the black line in figure 5.2. As a result of smoothness of the basis functions, the
step at the mixing radius cannot be represented in the crash model based on the
spline. However, the step in the post-crash temperature at ρmix is not observed
in experiments. The high temperature gradient drives diffusive processes and,
thereby, results in a post-crash temperature profile that is smoothed, similar
to the spline-based temperature profile. In this chapter, the smoothed spline-
based temperature profile is a result of the smoothness and limited number of
the underlying splines and does not take the diffusive processes into account.

5.2.3 Interacting multiple model estimator

Given measurements yk at time k, it needs to be determined if a sawtooth crash
occurred or not. To do so, the measurements are compared with predicted tem-
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perature profiles based on various hypotheses for the occurrence of a crash.
Multiple hypotheses for a crash are used, each with different mixing radii. The
predicted temperature profile is determined by previousmeasurements and the
expected time evolution of the temperature profile, following (5.7).

The true temperature profile and the associated coefficientsxk are unknown,
but information about the profile is available through the measurements yk. If
the temperature evolution follows a single model A, the measurements yk can
be described by a process

xk+1 = Axk +wk

yk = Ckxk + vk
, (5.9)

where wk is an unknown process noise with Nx elements and vk is an un-
known measurement noise with Ny elements. The process noise is assumed to
be normally distributedwith a knownprocess noise covarianceE(wkw

T
k ) = Qk,

where E(·) is the expected value. The measurement noise is assumed to be nor-
mally distributed with a known measurement noise covariance E(vkvTk ) = Rk.
Both process and measurement noise are assumed to be zero mean with a time-
dependent noise covariance matrix.

For the system (5.9), the optimal estimator for the coefficientsxk is theKalman
filter [Anderson, 2005; Kalman, 1960]. The Kalman filter uses the matrix A to
make an a priori estimate x̂k|k−1 = Ax̂k−1|k−1 at time k based on the estimate
x̂k−1|k−1 from the time step k − 1. An a posteriori estimate x̂k|k is determined
based on the difference between the measurements yk and the predicted mea-
surementsCkx̂k|k−1. The second index of the a priori estimate x̂k|k−1 and a poste-
riori estimate x̂k|k indicates that all measurements up to, respectively, k− 1 and
k are taken into account. For a small measurement noise the a posteriori estimate
x̂k|k is determined for the most part based on the measurements yk. In contrast,
if the measurement noise is large and the process noise is small, the a posteri-
ori estimate x̂k|k is mostly determined based on the a priori estimate x̂k|k−1. A
filter gain determines the optimal trade-off between relying on measurements
and the a priori estimate, based on the process and measurement noise covari-
ances Qk and Rk [Kalman, 1960], such that the expected value of the difference
between the a posteriori estimate x̂k|k and the actual coefficients xk is minimized.

A plasma with sawtooth crashes cannot be described using the model (5.9),
as the matrix A differs for time steps with and without a sawtooth crash. In-
stead,multiple hypotheses are formulated for the state the plasma is in. For each
hypothesis i a separate modelA(i) is considered. A priori estimates x̂(i)

k|k−1 and a
posteriori estimates x̂(i)

k|k are determined for each hypothesis i using a single step
of a Kalman filter. The probability µ(i)

k|k that hypothesis i holds is evaluated by
comparing predictions of the measurements Ckx̂(i)

k|k−1 with the measurements
yk. Based on the probabilities µ(i)

k|k found for time step k and a priori expecta-
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tions for the probability of the hypotheses in the next time step (contained in a
matrix Π), a mixed estimate x̄(i)

k|k (note the bar instead of the hat) is determined
that serves as the starting point for the next step with the Kalman filter for hy-
pothesis i. All these features are contained in the interacting multiple model
(IMM) estimator [Li, 2005].

For the detection of a sawtooth crash, Nh hypotheses are considered with
models A(i). The first hypothesis (i = 1) is that no sawtooth crash has oc-
curred and for this hypothesis A(1) = A(NoCrash), given by (5.5). For the other
hypotheses, a crash is expected at a mixing radius ρ(i)mix and therefore A(i) =

A(Crash)(ρ
(i)
mix) given by (F.1). Based on the probabilities µ(i)

k|k, it is determined
if a crash occurred between time step k − 1 and time step k. An a priori tran-
sition matrix Π determines which hypotheses are expected to be true in time
step k + 1 given probabilities µ(i)

k|k for all hypotheses i. The matrix Π is chosen
to reflect that one does not expect a sawtooth crash to occur at time step k + 1
following a crash at any location at time step k and that the chance at finding
no crash at any time step is higher than the chance of finding a sawtooth crash.

The IMM algorithm is started with an initial distribution of probabilities for
the hypotheses and an initial estimate of the profile. With both values present,
one step of the IMM algorithm from k − 1 to k consists of the following steps:

• Mixing step: Based on the probabilities µ(i)
k−1|k−1 and the a priori transition

matrix Π, the mixed estimates x̄(i)
k−1|k−1 and an associated covariance ma-

trix P̄(i)
k−1|k−1 = E

(
x̄
(i)
k−1|k−1(x̄

(i)
k−1|k−1)

T
)
are determined. An element πij

(from row i and column j ofmatrixΠ) contains the a priori probability that
hypothesis i is true given that hypothesis j was true in the previous step.
As part of the mixing step, mixing weights µj|ik|k−1 are determined which
give the contribution of the a posteriori estimate x̄(j)

k−1|k−1 to the mixed es-
timate x̄(i)

k−1|k−1. A priori probabilities µ(i)
k|k−1 are calculated, which deter-

mine whether hypothesis i holds for the plasma at time k based on mea-
surements up to time instant k − 1.

• Prediction step: The a priori estimate x̂(i)
k|k−1 and an associated covariance

matrix P
(i)
k|k−1 = E

(
x̂
(i)
k|k−1(x̂

(i)
k|k−1)

T
)
are calculated for hypotheses i =

1, . . . , Nh.

• Update step: Themeasurement residual z(i)k and an associated covariance
S
(i)
k = E

(
z
(i)
k (z

(i)
k )T

)
are determined. A filter gain K

(i)
k is calculated and

used to determine the a posteriori estimate x̂(i)
k|k and an associated covari-

ance P(i)
k|k = E

(
x̂
(i)
k|k(x̂

(i)
k|k)

T
)
.
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Algorithm 1 One step of the interacting multiple model estimator [Li, 2005].

Mixing step

A priori hypothesis probability µ
(i)

k|k−1
=

∑
j πijµ

(j)

k−1|k−1

Mixingweigths µ
j|i
k|k−1

= πijµ
(j)

k−1|k−1
/µ

(i)

k|k−1

Mixed estimate x̄
(i)

k−1|k−1
=

∑
j x̂

(j)

k−1|k−1
µ
j|i
k|k−1

Mixed process covariance P̄
(i)

k−1|k−1
=

∑
j

[
P

(j)

k−1|k−1
+(

x̄
(i)

k−1|k−1
− x̂

(j)

k−1|k−1

)
(
x̄
(i)

k−1|k−1
− x̂

(j)

k−1|k−1

)T
]
µ
j|i
k|k−1

Prediction step

A priori estimate x̂
(i)

k|k−1
= A(i)x̄

(i)

k−1|k−1

A priori process covariance P
(i)

k|k−1
= A(i)P̄

(i)

k−1|k−1

(
A(i)

)T
+ Qk

Update step

Measurement residual z
(i)
k = yk − Ckx̂

(i)

k|k−1

Residual covariance S
(i)
k = CkP

(i)

k|k−1
CT

k + Rk

Filter gain K
(i)
k = P

(i)

k|k−1
CT

k

(
S
(i)
k

)−1

A posteriori estimate x̂
(i)

k|k = x̂
(i)

k|k−1
+ K

(i)
k z

(i)
k

A posteriori process covariance P
(i)

k|k = P
(i)

k|k−1
− K

(i)
k S

(i)
k

(
K

(i)
k

)T

Probability update

Hypothesis likelihood L
(i)
k = (2π)−

Nx
2

∣∣∣S(i)
k

∣∣∣− 1
2 exp

[
− 1

2

(
z
(i)
k

)T (
S
(i)
k

)−1
z
(i)
k

]
A posteriori hypothesis probability µ

(i)

k|k =
µ
(i)

k|k−1
L

(i)
k∑

j µ
(j)

k|k−1
L

(j)
k

• Probability update: The likelihood L
(i)
k of measuring yk assuming hy-

pothesis i holds is evaluated, using a multivariate normal distribution
with zero mean and covariance S

(i)
k , and, based on the likelihoods and a

priori probabilities µ(i)
k|k−1, the a posteriori probabilities µ

(i)
k|k are evaluated.

The steps described above are listed in algorithm 1 for time step k with all
equations. Detection of a crash is done by considering the a posteriori hypoth-
esis probabilities and comparing the values to a threshold. To run the IMM
estimator the following parameters need to be chosen:

1. Number of hypotheses Nh

2. The a priori transition matrix Π

3. Initial hypothesis probabilities µ(i)
1|1 for all hypotheses i

4. Initial estimates x̂(i)
1|1 for all hypotheses i

5. Initial process covariances P(i)
1|1 for all hypotheses i
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6. Prediction matrices A(i) for all hypotheses i, with the associated mixing
radii

7. The process noise covariance Qk

8. The measurement noise covariance Rk

9. The output matrix Ck

10. A threshold on the probabilities µ(i)
k|k to determine if a sawtooth crash oc-

curred

Choices for items (i) to (vi) and item (x) are introduced in the next subsection.
Items (vii) to (ix) are selected in subsection 5.3.2 after the datasets are intro-
duced.

5.2.4 Selection of dataset-independent IMM parameters
In the previous subsection, the IMM estimator is introduced and an overview is
given of the parameters that need to be set for application of the estimator. The
parameters that do not depend on the datasets are chosen in this subsection.

The matrices A(i) and the output matrix Ck can only be properly selected if
a choice is made as to what the estimates x̂(i)

k|k represent. As indicated in subsec-
tion 5.2.1, the temperature T (ρ) is a smooth function of a flux coordinate ρ and
can be described using a set of basis functions Λi(ρ). For the detection of saw-
tooth crashes, an equidistant grid on ρ is chosen. The values of ρ are determined
on 10 locations ranging from ρ = 0 to ρ = 0.6, and therefore the locations

ρl =
0.6

10− 1
(l − 1) with l = 1 · · · 10 (5.10)

are used. These locations are shown in figure 5.1. The number of spline lo-
cations should be chosen such that typical temperature profiles before and af-
ter the crash can be accurately represented. A Neumann boundary condition,
dT
dρ

∣∣∣
ρ=0

= 0, is used for the core, which results in 11 cubic B-spline basis func-
tions that represent the temperature profile [Heath, 2005]. The basis functions
both lead to a reduction of elements of the matrices that need to be evaluated
and enforce that the temperature profile is a smooth function of ρ. The estimates
x̂
(i)
k|k therefore consists of Nx = 11 spline coefficients. The matrix Ck depends

on the locations of the measurements and the choice of this matrix is therefore
made in section 5.3.2.

Six hypotheses are considered (Nh = 6), of which the first hypothesis con-
siders the situation that no crash has occurred and the other fix hypotheses all
consider a crash happening at different ρmix. For hypothesis i = 1, the model
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A(1) = A(NoCrash), given by (5.5), is used. For hypotheses 2 to 6, a crash is ex-
pected to occur. In subsection 5.2.2, a model is presented for a sawtooth crash
given a temperature profile in terms of basis functions. A key parameter of this
model, given in (F.1), is the mixing radius ρmix. Variation in ρmix is accounted
for by selecting 

ρ
(2)
mix

ρ
(3)
mix

ρ
(4)
mix

ρ
(5)
mix

ρ
(6)
mix

 =


0.30
0.35
0.40
0.45
0.50

 . (5.11)

For this choice of mixing radii, the distance between spline knots should also be
on the order of 0.05, which is the case with Nx = 11 spline basis functions.

At every time instant k, where the probability of the first hypothesis is large
(no crash) for the previous time step k− 1, one would expect that a crash could
occur. A crash chance of pc = 0.1 is used and all mixing radii are assumed
equally likely. Therefore, given that hypothesis one was true in the previous
time step, hypotheses 2 to 5 allwould have an a prioriprobability of pc

Nh−1 = 0.02.
The a priori probability that a sawtooth crash will not occur in the current time
stepwould be 1−pc = 0.9. After each sawtooth crash, onewould expect another
sawtooth crash not to follow immediately. This results in the following a priori
transition matrix

Π =


0.9 1 1 1 1 1
0.02 0 0 0 0 0
0.02 0 0 0 0 0
0.02 0 0 0 0 0
0.02 0 0 0 0 0
0.02 0 0 0 0 0

 (5.12)

in which an element πij (from row i and column j) contains the a priori proba-
bility that hypothesis i is true given that hypothesis j was true in the previous
step. A sawtooth crash is assumed to have occurred when the probability of a
crash at an arbitrary mixing radius is higher than 50 %. Therefore, a sawtooth
crash is detected at time k if the condition

Nh∑
i=2

µ
(i)
k > 0.5 (5.13)

is satisfied. The detection criterium takes into account how well the measure-
ments are related to the crash models. This differs from other multichannel
algorithm which either put a detection threshold on every single channel and
combine data afterwards (e.g. [Berkel, 2011]) or use an averaged measurement
channel in which the relation with the spatial distribution is not accounted for
[Felici, 2014].
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Finally, the initial values for the IMM estimator are determined. At the start
of the IMM estimator, the assumption is made that a crash has not occurred. As
a result the probability µ(1)

1 = 1 for the no-crash hypothesis and for the other
hypotheses i = 2, · · · , Nh it follows that µ(i)

1 = 0. From µ
(1)
1 = 1, it follows that

only the initial condition for hypothesis one is relevant. The initial estimate x̂(1)
1|1

is determined using a least squares fit of the measurements y1 at the first time
step, such that

x̂
(1)
1|1 =

(
CTkCk

)−1
CTk y1. (5.14)

The initial process covariance P(1)
1|1 is chosen the same as the process covariance

matrix Qk, which is introduced in subsection 5.3.2.
To summarize, the following parameters are used for the IMM estimator:

1. Number of hypotheses Nh = 6

2. The a priori transition matrix Π given by (5.12)

3. Initial hypothesis probabilities µ(1)
1 = 1 and for i = 2, . . . , 6 the probabili-

ties are µ(i)
1 = 0

4. Initial estimate x̂(1)
1|1 following (5.14)

5. Initial process covariance P(1)
1|1 = Qk, with Qk given in subsection 5.3.2

6. Predictionmatrices areA(1) = A(NoCrash),given by (5.5), andA(i) = A(Crash)(ρ
(i)
mix)

using (F.1) and (5.11) for hypotheses i = 2, . . . , 6.

7. A sawtooth crash is detected at time instant k if condition (5.13) is satisfied.

5.3 Application to measurement data

In this section, the algorithm presented in section 5.2 is applied to ECE data
from the ASDEX Upgrade tokamak. In subsection 5.3.1, the datasets that will
be used are introduced briefly along with the type of crashes they exhibit. The
IMM estimator parameters are chosen in subsection 5.3.2. The IMM estimator is
applied and the detected sawtooth crash times are presented in subsection 5.3.3.
The sawtooth crashmodels are comparedwith themeasurement data in subsec-
tion 5.3.4. Details about the real-time capabilities are given in subsection 5.3.5.
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Table 5.1. Datasets that were used for IMM estimator tests.

Data Shot Start End Magnetic Type of sawteeth
set number time time field strength

t0 [s] t1 [s] B0 [T]
1 30538 4.0 4.3 2.593 Irregular sawteeth with

intermediate temperature drop
2 30538 4.5 4.7 2.593 Irregular sawteeth
3 30543 1.4 1.8 2.609 Regular sawteeth
4 30543 3.3 3.6 2.609 Small sawteeth followed

by larger sawteeth
5 30550 4.4 5.1 2.610 Long sawteeth with

intermediate temperature drop
6 30552 2.8 3.2 2.611 Irregular sawteeth
7 31105 3.8 4.2 2.505 Short precursor oscillation

followed by longer sawteeth

5.3.1 ECE datasets

At ASDEX Upgrade, ECE is measured using a 60-channel radiometer [Rathge-
ber, 2013]. The 60-channel heterodyne radiometer collects only ECE in second
harmonic X-mode. The ECE measurements present a spatially localized elec-
tron temperature, which in the remainder of this chapter is referred to as the
temperature T . In this chapter, ECE measurements at a sample rate of 1 MHz
are used and these measurements are filtered and downsampled. A set of five
discharges (30538, 30543, 30550, 30552, and 31105) are chosen which are mostly
performed for feedforward sawtooth control [Chapman, 2013; Gude, 2015]. By
looking at the ECE channels, time ranges are selected with different sawtooth
characteristics. For discharges, 30538 and 30543 two sets of time ranges are se-
lected. The time ranges are selected based solely on the crashes that are ob-
served in the ECE measurements. The datasets are given in table 5.1, which
includes a description of the variation in sawteeth that is visible in the ECE sig-
nals.

The time resolution provided by the ECE signal at a sampling rate of 1 MHz
is higher than what is required for the detection of sawtooth crashes. The ECE
signal is therefore filtered (using a low pass filter) and downsampled, such that
the required number of computations for the IMM estimator is reduced. Fig-
ure 5.3 shows the ECE data at 1 MHz and filtered and downsampled versions
at 100 kHz, 10 kHz, 1 kHz, and 100 Hz. The 100 Hz signal (white line) shows
that this averaged temperature does not capture the typical sawtooth crash and
is therefore not suitable. At all other sampling rates the typical crash structure
is visible. Therefore, a sampling rate of 1 kHz is chosen to result in the small-
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est amount of data points to which the IMM algorithm needs to be applied.
An overview of the ECE data for all datasets at 1 kHz is given in figure 5.4.
By looking at time traces of multiple ECE channels, a human observer can easily
identify the times at which core temperature drops and temperature further out
increases consistently. The algorithm needs to make a similar decision based
on only the difference between the current and the next time step. The times
at which a sawtooth crash is observed, by a human observer, are indicated us-
ing black vertical lines. The observed crash times are also used to evaluate the
detection results in the remainder of this section.
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Figure 5.3. ECE measurements of a core measurement channel and
downsampled data for ASDEX Upgrade discharge 31105 (dataset 7).
1 MHz data is shown in light grey, 100 kHz data in dark grey, 10 kHz
data in black, 1 kHz data as a do ed grey line, and 100 Hz data as a
white line. An 8th order Chebyshev Type-I IIR filter is applied before
downsampling.

5.3.2 Dataset dependent IMM parameters

In subsection 5.2.3, the IMM estimator is introduced and most parameters for
the IMM estimator are selected in subsection 5.2.4. In this subsection, the pa-
rameters Ck, Rk, and Qk are selected.

ThematrixCk determines themapping of the spline coefficients to estimates
of the measurements ŷk. This mapping could be chosen to be time-dependent
and include the spatial dependence of the emission region. In this chapter, a
fixed matrix Ck = C is assumed for every dataset. The matrix C is constructed
by calculating the measurement locations ρj , using (5.3), for every ECE channel
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Figure 5.4. Three ECEmeasurement channels are shown for the datasets
in table 5.1. A time ranges of 0.2 s is shown with a channel inside the
inversion radius (light grey), a channel near the inversion radius (mid-
dle grey), and a channel outside the inversion radius and inside the mix-
ing radius (dark grey). Times at which sawtooth crashes are observed are
shown with black vertical lines.

with frequency fj . The values nj = 2, R0 = 1.65m, a = 0.5m, and B0 from
table 5.1 are used. Use of (5.3) implies the following approximations:

1. all channels measure an optically thick plasma (well-localized ECE),

2. the ECE resonance is given by the cold plasma approximation,

3. the ECE results from electrons in thermal equilibrium,

4. measurements are made in the midplane,

5. the magnetic field strength scales inversely with major radius R, and

6. the magnetic equilibrium is constant with fixed magnetic axis at R0.

Matrix C is calculated with (5.2) and the locations ρj . Only channels with ρj ≤
0.6 are taken into account to reduce the number of data points, while retaining
coverage of ρ ≤ ρmix. All approximations could be removed by using a proper
time-varyingmatrixCk. For example, an ECEmeasurement channel collects ra-
diation in a frequency range, which can be represented by a weighted integral
over part of the temperature profile. This could be represented exactly in the
matrix C . A drawback is the additional computational time that is required for
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the construction of the matrix Ck at every time instant k. The computational ef-
fort increases when the approximations are replaced by more complex models,
e.g. [Rathgeber, 2013].

The noise covariance matrix Rk is determined based on the measurements.
The mean-square difference between the measurements and a ten-point mov-
ing average is determined. This showed that the noise depends on the aver-
age temperature. Therefore, the mean-square differences are divided by the
square for the ten-point moving average. This resulted in an average normal-
ized mean-square difference for every channel of every dataset. An average
is first calculated for all channels of a specific dataset, followed by an average
over all datasets, The average of all channels for all datasets of the normalized
mean-square difference is 0.001. In the IMM estimator the mean temperature
is approximated by the estimated measurements Cx̂(i)

k|k−1. Therefore, the mea-
surement covariance is given by

Rk = 0.001Cx̂
(i)
k|k−1. (5.15)

It is known that for this choice the resulting estimator is not optimal [Zehn-
wirth, 1988], but this could be compensated using an estimated measurement
covariance [Mehra, 1970].

The process noise covarianceQk is used as a tuningparameter, as the relation
between Rk and Qk determines for what part predictions and measurements
are followed. A time-independent process noise covariance matrix Qk = Q =
Q0Q̄ is chosen, where Q0 is a tuning parameter that is chosen such that the
average temperature is followed, while measurement noise is suppressed. For
temperature fluctuations ∆T (ρl) and ∆T (ρm) one would expect that

E (∆T (ρl)∆T (ρm)) = g (|ρl − ρm|) (5.16)

as heat sources and losses are not assumed to be localized on a single ρ. In this
chapter, the function g is set to

g(x) = exp

(
− x2

w2
ρ

)
(5.17)

withwρ = 0.1. A process noise covariance matrixQ is constructed for the spline
knots given by (5.10) and the location ρNx =

ρNx−1+ρNx−2

2 using (5.17). As a
result Q is a symmetric matrix with ones on the diagonal and values below on
on off-diagonal terms. Using a matrix C, based on (5.2), for mapping between
spline knots and spline coefficients , the process noise in terms of the spline
coefficients is given by

Qk = Q = Q0C
−1Q

(
CT

)−1
. (5.18)
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Temperature estimates for three different values of Q0 are shown in fig-
ure 5.5. The bo om plot shows that the estimated temperature follows the
core temperature closely. For this value Q0 = 100000, the no-crash hypothe-
sis would converge instantaneously to the measurement and therefore the no-
crash hypothesis would be just as valid as any of the crash hypotheses. The
convergence of the temperature would need to be slower such that applying a
sawtooth crash model results in an estimate that be er describes the measure-
ments. The top plot shows that the estimated temperature converges slowly
to the measurements. This results in a larger deviation between the a priori es-
timates of the temperature and the measurements and would make both the
no-crash and sawtooth crash models unlikely. A value of Q0 = 1000 is used
for the IMM estimator. This value shows the slow evolution of temperature is
tracked, while at the same time not tracking the sawtooth crash. As a result,
the sawtooth crash model is observed to be most likely at times of the sawtooth
crashes.
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Figure 5.5. Central channel of ASDEX Upgrade discharge 31105
(Dataset 7) with estimated temperature. The estimated temperatures are
obtained for the no crash hypothesis only, for which A = INx . Rk is de-
fined as (5.15) and the process noise covariance as in (5.18), withQ0 = 10,
Q0 = 1000, andQ0 = 100000 in the top, middle, and bo om plot, respec-
tively.

To summarize, the following dataset-based parameters are used for the IMM
estimator:

1. The output matrix Ck = C, determined by (5.2) for ρj given by (5.3)

2. The measurement noise covariance Rk, given by (5.15)

3. The process noise covariance Qk = Q given by (5.18) with Q0 = 1000
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5.3.3 Detection of sawtooth crash times

The IMM estimator is applied to the seven datasets listed in table 5.1. In apply-
ing the IMM estimator, false detections due to the initialization are discarded
and detections within 5 ms of a previous detection are also discarded. Checks
for these conditions could easily be incorporated in the algorithm, but are omit-
ted to make the most use of the data generated by the IMM estimator.

The result of the IMM estimator for dataset 5 is shown in figure 5.6. In this
figure, the temperature of a measurement channel (light grey line) is shown
together with the estimated temperature for the no-crash hypothesis (i = 1)
in dark grey. Based on the time evolution of all measurement channels, the
sawtooth crash detections are observed at several times, which are shown with
thick dark grey vertical bars in figure 5.6. The sawtooth crashes that are detected
by the IMM estimator are shown with black dashed vertical lines topped by a
cross. Every observed crash is found by the IMM estimator. Note that although
only one ECE measurement channel is shown, all measurement channels are
used in the IMM estimator. The detection is not hampered by the ECRH which
varied during this time window. The total ECH power is shown with a dashed
light grey line.
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Figure 5.6. Detected sawtooth crashes for dataset 5. The core tempera-
ture channel is shown in light grey and the estimated temperature, based
on the no-crash hypothesis, is shown in dark grey. Expected times of
sawtooth crashes are indicated by dark grey vertical bars. The detected
sawtooth crashes are shown by black dashed lines topped with crosses.
The total ECH power in wa (divided by a factor 1000 and with an offset
of 2000) is shown with a dashed light grey line.
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Figure 5.7 shows the result of the IMM estimator applied to dataset 1. Core
temperature and simulated temperature using the no-crash hypothesis are shown
in light and dark grey solid lines, respectively. Expected times of sawtooth
crashes are shown with dark grey vertical bars and detected sawtooth crashes
are depictedwith dashed vertical black lines topped by a cross. The ECHpower
is not shown as it is constant during the considered time interval. Figure 5.7
shows that the IMM estimator detects all the observed sawtooth crashes (intro-
duced in subsection 5.3.1). On top of that, sawtooth crashes are also detected
at 4.069 s and 4.229 s. In the following subsection the detections that do not
corresponds with observed sawtooth crashes are considered.
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Figure 5.7. Detected sawtooth crashes for dataset 1. The core tempera-
ture channel is shown in light grey and the estimated temperature, based
on the no-crash hypothesis, is shown in dark grey. Expected times of
sawtooth crashes are indicated by dark grey vertical bars. The detected
sawtooth crashes are shown by black dashed lines topped with crosses.

Datasets 2, 3, 4, 6, and 7 all showed detection of all observed sawtooth crashes
without showing any additional detections, not corresponding with observed
crashes.

5.3.4 Comparison of the crash model with measurements
In this subsection, the crash model is compared with the processed measure-
ments. Dataset 1 is used as an example. For this dataset, the sawtooth crash
at 4.02 s result in a temperature redistribution that is comparable to the model,
as is depicted in figure 5.8. The figure shows measurements just before and
just after the sawtooth crash with circles and crosses, respectively. The a priori



98 Chapter 5. A model-based, real-time capable sawtooth crash detector

temperature profiles, according to the no-crash model and the crash model, are
shown in light and dark grey, respectively. The post-crash temperature mea-
surements show a strong correspondence with the a priori crash profile and the
estimated mixing radius is close to the radial location where the measurements
show mixing ends. Nevertheless, it should be noted that the step in tempera-
ture at ρmix, based on which the crash model is developed, is not found in the
measurements.
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Figure 5.8. Radial plot of the temperature for the detected sawtooth crash
around 4.02 s for dataset 1. Measurements before and after the crash are
shown with circles and crosses, respectively. The result of the no-crash
model and a crashmodel with ρmix = 0.45 are shownwith light and dark
grey lines, respectively. Themixing radius is indicated by a vertical black
line.

Figure 5.9 shows the radial temperature profile for another observed sawtooth
crash. In this case, there is much more difference between the crash model and
the temperature measurement at 4.047 s, just after the sawtooth crash. This dif-
ference is caused, because the measurement at 4.047 s is made during the crash,
while full fla ening of the core temperature is only reached at 4.048 s. This prob-
lem arises, because a single time point is used to determine if a crash occurred.
If multiple time steps are considered, the time step with the largest temperature
difference could be selected. However, such procedureswill inherently increase
the computational time.

Figure 5.10 shows one of the two detections not corresponding to an observed
crash. In this case, the temperature measurements show a decrease of core tem-
perature. However, the flat temperature only extends between ρ = 0.24 and
ρ = 0.33. Temperatures at ρ < 0.24 are also decreased, but do not show the
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Figure 5.9. Radial plot of the temperature for the detected sawtooth crash
around 4.05 s for dataset 1. Measurements before the crash are shown
with circles. Two measurements after the crash are shown with crosses
and squares. The result of the no-crash model and a crash model with
ρmix = 0.35 are shown with light and dark grey lines, respectively. The
mixing radius is indicated by a vertical black line.

same fla ening. This indicates that a partial reconnection has occurred. An in-
complete temperature fla ening is also visible for the detected crash at 4.147 s.
In both cases, soft X-ray measurements shows post-cursors which indicates the
presence of an internal kink mode after the sawtooth crash. In appendix G,
a crash model is defined for a partial crash and the model is applied to the
dataset 1.

The difference between the crash model and the measurements is assessed
for all detected sawtooth crashes. About 60 sawtooth crashes are detected in
the 7 datasets. For 42 % of the detected sawtooth crashes, the match between
the measurements and the crash model is similar to what is visible in figure 5.8.
For 16 % of the detected sawtooth crashes, the measurements for 0 < ρ < ρinv
exhibit a difference with the crash model, that is similar to the difference in
figure 5.8, while for ρ > ρinv the predicted temperature is higher than the mea-
sured values. For the remaining 42 % of the detected sawtooth crashes, there
is a significant difference between the crash model and the measurements. For
most of these detected crashes, a partial reconnection is observed similar to fig-
ure 5.10. Therefore, although the crash model is suitable to determine if a crash
occurred, the implemented crash model is not suitable to accurately determine
themixing radius. In post-shot analysis additional sawtooth crashmodels could
be considered, such that features like the inversion and mixing radius could be
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Figure 5.10. Radial plot of the temperature for the detected sawtooth
crash around 4.07 s for dataset 1. Measurements before and after the crash
are shown with circles and crosses, respectively. The result of the no-
crash model and a crash model with ρmix = 0.30 are shown with light
and dark grey lines, respectively. The mixing radius is indicated by a
vertical black line.

determined more accurately. The measurements before and after a detected
sawtooth crash can be compared using a more refined spline grid or could be
compared against additional models to determine the mixing radius ρmix in
more detail. This process could run in parallel to the detection of sawtooth crash
times. Regardless of themismatch between the sawtooth crash in themodel and
in the measurements, all observed sawtooth crashes are detected and only three
detections are made without a corresponding observed sawtooth crash. This is
achieved with the same IMM estimator parameters for all seven datasets, as
given in subsection 5.2.4 and subsection 5.3.2.

5.3.5 Real-time capabilities of the IMM estimator for sawtooth
crash detection

The IMM estimator is implemented as a function, which relies on ECE input
data, frequencies of the ECE channels, and the IMM parameters. The code ran
on a laptop (Intel i7-2630QM, 2 GHz) within Mathworks Matlab 2015a. The
run time for processing a dataset using the IMM estimator is determined and
divided by the number of time steps at 1 kHz in the data. This results in an
average run time of less than 5 ms for an average step of every dataset. This
run time is limited due to the recursive nature of the IMM algorithm. With
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compilation of the Matlab code (mex), the run time could be reduced to below
3 ms for every time step at 1 kHz. However, as a result of compilation, data
transfer between Matlab and the compiled code is a significant part of the run
time.

The IMM estimator is also run on a dedicated computational node (Intel i7-
5930K, 3.5 GHz). On this computational node, the IMM estimator function is
compiled together with the script that calls the function for the seven datasets.
As a result, there is no need for data transfer between Matlab and the compiled
code and it is possible to time only the compiled IMM estimator function. The
compiled (mex) code is executed in Matlab and runs within 1 ms for every time
step at 1 kHz. A stand-alone executable is also compiled. However, this showed
slower run time than the compiled code in Matlab.

Parallelization was not a empted on either the laptop or the computational
node. However, it should be realized that algorithm 1 is suitable for this. Each
of the six models could potentially perform the prediction step, the update step,
and the calculation of the likelihood in a separate thread. On both computers,
the IMM estimator is run within a non-real-time operating system. As a result,
interrupts are also expected to result in a longer run time thanwhat isminimally
achievable. Therefore, it is expected that the IMMestimatorwith the parameters
as presented in this chapter could process ECE data at 1 kHz in real-time.

5.4 Discussion

An IMM estimator is designed and used for sawtooth crash detection. Below
the detection model and the use of spline basis functions are discussed. Addi-
tionally, the influence of the ECE data on the detection is also addressed. A few
considerations for real-time implementation are also given. The complexity of
the presented detector, in comparison with real-time detectors, is discussed in
the last paragraph.

The IMM estimator uses several models for the crash and a model in case of
no crash. In subsection 5.3.4, the crash model is compared with measurement
data. The used crash models result in a good distinction between a crash and
no crash. However, the crash model only provided a good approximation of
the measurements for 42 % of the detected sawtooth crashes. The reliability of
the determined mixing radius could be increased by be er crash models. The
current models are derived from a physics-based model, but alternatively the
models could also be derived using data of sawtooth crashes. The number of
models could also be increased, but incorporating additional models would in-
crease the run time of the algorithm. The run time constraint could be relaxed by
picking only a subset of all sawtooth crash models that correspond to the type
of sawtooth crashes that are expected based on the safety factor profile of the
programmed discharge. Another solution would be to rely on a limited set of
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models to determine the crash time and use a different method to determine the
inversion or mixing radius. One could, for instance, use a set of pre-generated
sawtooth crashes and use this to train a neural network [Haykin, 1999; Svens-
son, 1999]. The response of the IMM estimator to different models could also
be varied by changing the measure for the likelihood of the measurements for
hypotheses i = 1, · · · , Nh in algorithm 1. Analysis of the residual distribution
could indicate whether a model, different from the multivariate normal distri-
bution, would be more suitable for the likelihood.

In absence of a crash, a constant temperature is assumed. In this case, more
extensive models are available. A real-time profile estimator, e.g. RAPTOR,
could provide a more accurate a priori prediction of the temperature which also
takes into account the influence of heating actuators such as ECRH and NBI
[Felici, 2015]. In this case the a priori estimate and covariance estimates in al-
gorithm 1 are replaced by estimates from a profile estimator. In particular, the
RAPTOR code contains the Porcelli model to calculate the temperature profile
after a sawtooth crash, which could be used instead of the crash model of the
IMM estimator [Piron, 2015]. The RAPTOR code runs within 10 ms at ASDEX
Upgrade (a reduction of run time to 5 ms is also feasible). Therefore, for sev-
eral time steps of the 1 kHz ECE data, the predicted temperature profiles are
the same or based on a linear approximation of the same predicted temperature
profiles. Due to the energy confinement time of 30 ms, inside the q = 1 surface,
for a standard H-mode discharge of ASDEX Upgrade, the estimated tempera-
ture profiles provide a valid model during the 10 ms (or less) that the models
are used.

Spline basis functions in terms of the flux coordinate ρ are used. As a result
of the limited number of basis functions the estimated temperature profile is
smooth. As is illustrated in subsection 5.2.2, this makes it impossible to com-
pletely capture the temperature difference between ρ < ρmix and ρ > ρmix. A
possible solution would be inserting additional knots. However, in this case
there is a risk of overfi ing the temperature measurements. For example, a case
with 17 knots showed a smooth temperature profile that oscillated in between
the measurement locations, such that the measurements were reproduced ex-
actly, but the estimated temperature profile is non-physical. A way to deal with
overfi ing could be the inclusion of a monotonicity constraint similar to what
is used in integrated data analysis [Fischer, 2010].

The results shown in this chapter include a limited dataset for the detection
of crashes. This dataset could be extended to include all types of discharges in
which the IMM estimator should be applied. The results of the IMM estimator
can be compared to those of an offline detector, which should provide be er de-
tection capabilities as such a detector need not be causal nor fast. The location
of the measurement ECE channels should also be considered to best match the
region in which the sawtooth crash is expected. In addition, the estimator re-
lies on a redistribution of temperature, which would require that the measured
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ECE signal values could be interpreted as a reliable temperature measurement.
This requires the used ECE frequencies to be optically thick and not in cut-off
and necessitates an accurate temperature calibration. Based ondensity and tem-
perature, optical thickness and lack of cut-off can be verified. The effect of an
inaccurate calibration is, however, not straightforward to identify.

The algorithm with five full reconnection hypotheses and one no-crash hy-
pothesis is able to process ECE data at 1 kHz in real-time. Implementation of
the algorithm in real-time would require that the same set of parameters is used
for all discharges, or that the parameters are changed automatically. In subsec-
tion 5.3.3, all observed crashes are detected with a single set of algorithm param-
eters. To achieve this result, multiple models for the mixing radius ρmix are
used. In a real-time implementation the IMM algorithm should also deal with
a sudden loss of one of the radiometer channels. To avoid having to recalcu-
late the output matrix C, the measurement covariance Rk,l of a failing channel
l could be increased such as to minimize the influence of this channel on the a
posteriori estimate. In this case care should be taken that the matrix S

(i)
k retains

a full rank. This implies that a sufficient coverage of the flux coordinate grid at
which the estimator models are evaluated should be maintained.

Compared to real-time detectors, as given in [Felici, 2014; Lennholm, 2009;
Paley, 2009], the presented detector contains more computational steps and re-
quires se ing more parameters. Such an increase of complexity should be jus-
tified by providing a be er solution for the detection of sawtooth crashes. This
complexity is introduced primarily to provide a sensible way to incorporate a
number of measurement channels in the detection process. In [Berkel, 2011],
the possibility of detecting a false positive on a single measurement channel is
noted as a reason to combine multiple channels. Multiple papers have com-
bined several channels, or the detection results thereof, in an adhoc manner. In
contrast, this paper presents a detectorwhich uses the results of all channels and
compares temperature profiles based on a model of the expected temperature
redistribution. Usingmultiple models, a difference could also be made in terms
of themixing radius. For the parameters used in this paper, the detectedmixing
radius is not accurate. However, by increasing or changing the basis functions
and by a different set of detection models, detection capabilities for providing
the mixing radius in real-time can be improved, at the expense of a large com-
putational time. If the added complexity of the presented detector is required
depends on the quality of the signals available and the requested performance
in terms of speed and accuracy of a sawtooth detector.

5.5 Conclusions

In this chapter, an IMM estimator is used for the detection of sawtooth crashes.
The estimator evaluates the probability of a crash by comparing measurements
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with the expected evolution of temperature. The temperature profile, following
a sawtooth crash, is expected to have a flat temperature up to the mixing radius
ρmix and no change in the temperature profile is expected in absence of a crash.
Multiple mixing radii are considered.

The IMM estimator is applied to 7 datasets based on 5 ASDEX Upgrade dis-
charges. Filtered and downsampled ECEmeasurements at 1 kHz are used. The
same set of design parameters for the IMM estimator is used for all 7 datasets.
The resulting times of detected crashes are presented and correspond well with
the observed crash times. All observed sawtooth crashes are detected and ad-
ditionally a few crash detections are found not corresponding with observed
crashes.

The temperature profiles, predicted by the crashmodels, are comparedwith
the post-crash ECE measurements. A valid mixing radius is only found in 42 %
of the cases, while in all cases the correct crash times are determined. An exam-
ple is shown of a case in which a sawtooth is detected based on a measurement
during the sawtooth crash, which also resulted in an incorrect determination of
the mixing radius. The IMM estimator can be compared to offline sawtooth de-
tection methods to assess if all or most sawtooth crashes are properly detected.



Chapter 6

Conclusions, discussion, and
recommendations

In chapter 1, the research objective of this thesis is formulated as

systematic design and testing of controllers C, diagnostics Di, and detectors De for
control of magnetic instabilities in future fusion reactors.

Six specific contributions to this objective are listed in section 1.5. These con-
tributions deal with three different control problems: NTM control for ITER
(Contributions 1+2+3), NTM control with inline ECE on ASDEX Upgrade (Con-
tribution 4), and Sawtooth period control (Contributions 5+6). The conclusions,
discussion, and recommendations are grouped according to these three control
problems. In this chapter, conclusions from chapter 2 to chapter 5 are given in
the next section. In the final section of this chapter, the results are discussed and
recommendations for further research are given.

6.1 Conclusions

Chapter 2 to chapter 5 contain the six specific contributions of this thesis to the
research objectives. The conclusions drawn from these chapters are shown be-
low for the three different control problems that are addressed.

6.1.1 NTM control for ITER

In chapter 2, it is shown that the mode-locking time for NTMs on ITER is com-
parable to the time of island growth. Therefore, both island growth and island
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rotation are incorporated in a combined model. As no control of the phase of a
mode-locked NTM is foreseen for ITER, adequate suppression of the NTM can-
not be guaranteed once it locks. Therefore, NTMs need to be suppressed before
the rotation stops. Based on this criterion and use of 13.3 MW of ECCD, the re-
quirements in terms of the maximum allowed latency between island seeding
and start of suppression are derived. Similarly, the radial accuracy required
for ECCD suppression is formulated. For seed island widths larger than 13 cm,
suppression before mode-locking is not possible. For small seed island widths,
a time on the order of a few seconds is available for starting ECCD, which is
comparable to the se ling of the ECCD mirror [Collazos, 2010].

Chapter 3 presents a simulation model for ECE measurements of an ITER
plasma that contains anNTM.Thermal noise is imposed onmeasurementsmade
by a synthetic ECE radiometer, viewing the simulated ITER plasma. The model
of the temperature perturbation due to the magnetic island contains the asym-
metry in temperature fluctuations that is observed in experiments [Meskat, 2001;
Udintsev, 2003; Urso, 2010]. The simulated ECE measurements are processed
by two detectors for the NTM location [Berrino, 2005; Reich, 2012a]. The char-
acteristics of the synthetic ECE radiometer and the detectors can be chosen such
that the NTMs are detected within the required radial accuracy and within the
maximum allowed latency, which are derived in chapter 2. Detection within
one-tenth of the maximum allowed latency is possible for all seed islandwidths
smaller than 9 cm. As a result, control of small seed islands is not constrained
by the detection capabilities of ECE measurements.

6.1.2 NTM control with inline ECE for ASDEX Upgrade

The inline ECE set-up at ASDEX Upgrade is used in chapter 4. The inline ECE
set-up shows that a reactor-relevant implementation of inline ECE is possible.
Six moveable measurement channels are available for measuring ECE in the
line-of-sight of ECH. During ECH, spikes on the inline ECE channels are visi-
ble, which correlate with ELMs. A correlation of inline ECEwithmagnetic mea-
surements showed that the NTM location can be determined. This is shown for
passive measurements without simultaneous ECH, but also for measurements
which include ECH using the same line-of-sight. The determined time of cross-
ing from the correlated inline ECE measurements is in good agreement with
other interpretations of the NTM location available at ASDEX Upgrade. Due to
the specific geometry of the ASDEX Upgrade flux surfaces in relation with the
ECH launcher locations, the mode location could not be determined without
launcher movement.
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6.1.3 Sawtooth period control

In chapter 5, a model-based, multichannel, real-time capable sawtooth crash
detector is presented. The detector is applied to a dataset consisting of ECE
measurements from the ASDEX Upgrade tokamak. The detector is able to de-
tect all sawtooth crashes that are observed by a human observer. Additionally,
two detections are made that are classified as partial reconnections. The detec-
tor uses several models each representing a different possibility for the mixing
radius, but the detected mixing radius corresponds with the mixing radius as
determined from measurements for only 42 % of the sawtooth crashes in the
dataset.

6.2 Discussion and recommendations

The main recommendations for the three control problems are summarized in
table 6.1. These recommendations are organized in four main groups

1. Control goal G, requirementsR, and boundary conditions BC

2. Diagnostics Di and detectors De

3. Controller C

4. Implementation

that reflect the different steps in controller design listed in section 1.4. The fol-
lowing subsections contain a discussion and recommendations related to the
three control problems. A detailed discussion with recommendations is found
in each of the individual chapters.

6.2.1 NTM control for ITER

In this subsection, the main recommendation points regarding NTM control
for ITER are given based on a discussion of the obtained results. Firstly, the
control goal, demanding full stabilization before themode locks, is reconsidered
based on recent literature on control of theNTMphase. Secondly, the presented
models do not allow a full simulation of a control loop. The extensions needed
tomake this possible are discussed below. The last paragraph of this subsection
discusses how the validity of the simulationmodels can be ensured or increased
by considering the characteristics of procured or delivered ITER components.

The requirements are derived by assuming that the NTM should not stop
rotating before it is suppressed. This assumes that there is no actuator avail-
able for controlling the phase of an NTM. In recent work, Fie et al showed an
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increased understanding of the interaction between external magnetic pertur-
bations and magnetic islands [Fie , 2015]. Volpe et al demonstrated alignment
of a locked magnetic island such that it is in view of ECH [Volpe, 2015]. Both
papers demonstrate that control of the phase of the NTM is viable for control
purposes and the control goal could be reformulated to reflect this. The models
presented in this thesis can be extended to include the effects of (rotating) mag-
netic fields. However, reformulating the control goal requires a reconsideration
of under what conditions the mode should be detected and suppressed. Addi-
tionally, detection of a locked mode is no longer possible with the algorithms
used in chapter 3.

The detection capabilities are compared with the requirements using a sim-
ulation model in chapter 3. The detectors are able to provide the NTM location,
but this location needs to be mapped to a set point for the ECH location. In
the presented simulations, the location of the ECH launcher differs from the lo-
cation of the ECE measurements. Therefore, the magnetic equilibrium as well
as the plasma profiles are needed to map the NTM location, determined along
the line-of-sight of the ECE diagnostic, to a set-point for the ECH location. This
requires a control scheme that typically incorporates a) equilibrium reconstruc-
tion and b) ray-tracing. Control schemes which incorporate these components
are present at, e.g., ASDEX Upgrade [Reich, 2015] and DIII-D [Kolemen, 2014].
However, the additional delay and inaccuracies that these components intro-
duce are not captured in the simulation model. An extension of the model with
the effect of multiple diagnostics and detectors can be incorporated, and will al-
low for the formulation of a controller and the testing of the entire control loop
with respect to the requirements.

An alternative to the simulated ECE measurements in chapter 3 would be
the use of inline ECE. Chapter 4 shows that a reactor-relevant implementation
of this technique is possible. In this case, there is no need for equilibrium recon-
struction and ray-tracing. First inline ECE simulations for ITER are reported
by Van den Brand et al [Brand, 2012b]. The performance of the control loop for
inline ECE can be assessed without the need for modelling of additional diag-
nostics.

The diagnostic model used in chapter 3 is an approximation of actual ra-
diometers, in which the main characteristics are included. Not all effects are
taken into account in the diagnostic model. For example, in addition to the ther-
mal noise, the data presented in chapter 4 shows spikes on the inline ECE mea-
surements. Analysis shows that, in spite of these spikes in the measurements,
the accuracy for determining the time the NTM is crossed is not affected. It
should, in general, be checked if the diagnostic models and the modelled noise
are in agreement with what is expected at ITER. In the coming years, testing an
NTM controller at ITERwill not be possible, but, as a preparatory step, the char-
acteristics of all components in the control loop could be determined to ensure
that these characteristics are all captured in the simulation model. Verification
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that the simulation model accurately represents the component characteristics
would increase confidence in a controller that is designed on the basis of the
simulation model.

6.2.2 NTM control with inline ECE for ASDEX Upgrade

For application of the inline ECE measurements in a control loop at ASDEX
Upgrade the control goal, requirements, and boundary conditions need to be
formulated. Additionally, the correlation amplitude and phase need to be pro-
cessed by a detector to determine theNTM location, which needs to be provided
to a controller. Finally, an assessment of deposition accuracy using inline ECE
can be made once the feedback loop based on inline ECE is realized.

At ASDEX Upgrade, a control loop using real-time equilibrium reconstruc-
tion and ray tracing is in operation, which takes into account (implicit) AS-
DEX Upgrade boundary conditions and requirements [Reich, 2015]. If inline
ECE were to be used, it should also comply with such implicit boundary condi-
tions and requirements. By clearly stating the boundary conditions and require-
ments, it becomes possible to verify if inline ECEmeets or could potentiallymeet
expectations. Such requirements are, for instance, the island widths that need
to be detected and the accuracy with which this detection should be done.

The time of crossing could be determined using both correlation amplitude
and phase. The amplitude and phase needs to be processed by a detector such
that the NTM location can be determined, which can be used to provide a feed-
back signal to position ECH. The construction of such a detector should be based
on characteristics of the measurements, which have been determined in chap-
ter 4, but also requires knowledge ofwhat kind of signal needs to be provided to
a controller. As detecting the mode position with inline ECE is difficult without
varying the measurement location, a detector could be formulated that requires
the ECH launcher used for inline ECE to be moved and thereby increase the de-
tection capabilities. A controller for inline ECE launcher movement can only be
designed after a detector is made. In some cases, the controller could already
be available as a similar controller is needed for the standard control loop at
ASDEX Upgrade [Rapson, 2013].

The time of crossing of inline ECE is compared to crossing times determined
using ECE and the real-time equilibrium. While the comparison showed agree-
ment, the actual accuracy of the position can only be verified by considering
how fast the mode amplitude can be decreased or when the minimum ampli-
tude is reached using ECH. Such a comparison can, however, only bemade after
a detector and controller are implemented, but may lead to new insights on the
relative accuracy of different NTM location detection techniques.
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6.2.3 Sawtooth period control
Amodel-based, multichannel, real-time capable sawtooth detector is presented
and tested on ASDEX Upgrade data in chapter 5. Multiple controllers for the
sawtooth period are derived, e.g., [Bolder, 2012; Goodman, 2011; Lennholm,
2009]. The next step would be an implementation of sawtooth period control.
This requires that requirements and boundary conditions are known, that re-
quested diagnostics are available and of sufficient quality, and that detectors
and controllers are implemented.

Most controllers are derived for the goal of controlling the time in between
two consecutive sawtooth crashes, known as the sawtooth period, and do so
based on ameasurement of this time. The detector presented in chapter 5 deter-
mines the time between sawtooth crashes. However, additional detections are
made that had not been anticipated. For use of the detector for sawtooth con-
trol, it should be clear whether these additional detections should also be used
to determine the sawtooth period. In particular, to prevent seeding ofNTMs the
time between full reconnections is of importance and the additional detections
should not be taken into account. In this case, either sawtooth control should be
used only for specific discharges such that the additional unanticipated detec-
tions do not occur or the detector should be altered such that the unanticipated
detections do not occur. In assessing the quality of the real-time sawtooth de-
tector, a comparison with an offline detection algorithm could indicate if all
sawtooth crashes are detected.

The real-time detector is designed for ECE measurement data, which is as-
sumed to be calibrated. The combination of the ECEdiagnosticwith the detector
should be tested to ensure that the combination provides an accurate results in
a timelymanner. It is anticipated that intermediate processing of ECEmeasure-
ments is needed to provide not only the ECE data but also the accuracy of the
data to the detector. The detector should incorporate the accuracy indicators
and should act in accordance to these indicators. If ECE measurements are not
available, a redesign for a different temperature or density diagnostic could also
be considered.

The detector in chapter 5 has been shown to be real-time capable, but has
not been implemented in real-time. The implementation of the detector could
be done similarly to the implementation of the RAPTOR code, which is imple-
mented both at TCV and ASDEX Upgrade [Felici, 2014, 2015]. The detector is
applied to ASDEXUpgrade ECE data, whichmakes it easier to apply to ASDEX
Upgrade for which, to date, no real-time sawtooth detector is implemented. Al-
ternatively, an implementation at TCV could be done such that the IMM esti-
mator could be compared with the sawtooth detector in place at TCV [Felici,
2014].





Appendix A

NOTEC[Sillen, 1987]

Based on the magnetic field, density and temperature profiles, NOTEC calcu-
lates the ECE collected by an antenna facing the plasma. For thermal ECE,
NOTEC solves the radiation transport equation

d

ds
I(f) =

α(f)f2kBT

c2
− I(f)α(f) (A.1)

along the path of EC wave propagation in a toroidal geometry, where s is the
path length, I the ECE intensity, f the ECE frequency, α the absorption coef-
ficient, kB the Bol mann constant and T the electron temperature [Hutchin-
son, 2002; Sillen, 1987]. The ECE path is traced back, starting at the antenna, to
the EC emission region using the RAYS code implementation in NOTEC, pro-
viding geometrical optics ray tracing using the local density, temperature and
magnetic field [Batchelor, 1980]. The antenna is specified by three position coor-
dinatesXa, Ya, Za, a toroidal ϕa and a poloidal θa antenna angle, two transverse
beam widths wt and wp, associated with the ϕa and θa angles respectively, and
beam divergence in toroidal δϕ and poloidal δθ direction. Up to 21 rays can be
used to simulate an antenna pa ern, where for every set of four rays a constant
weighting is used, determined by the two-dimensional Gaussian beam intensity
with widths wt and wp.The divergence of individual rays of a beam is given by
∆ϕ = h/wtδϕ and ∆θ = l/wpδθ with h and l the toroidal and poloidal distance
to the antenna centre.

The magnetic field in the poloidal plane is specified using two dimensional
splines based on the burning H-mode ITER scenario 2 plasma [Polevoi, 2002;
Prater, 2008]. Density and temperature are specified on the flux coordinates de-
rived from themagnetic field topology. EquationA.1 is solved using the absorp-
tion coefficient α(f) determined by iteratively solving the biquadratic equation
with a relative accuracy of 0.1% for the refractive index derived by Bornatici et al
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[Bornatici, 1983]. The thermal absorption, equilibrium and ray tracing routines,
which form the core of NOTEC, are also part of the ray tracing code TORAY,
which has been extensively benchmarked for the ITER scenario 2 plasma [Kri ,
1982; Prater, 2008; Westerhof, 1989]. NOTEC produces the ECE intensity for a
set of specified ECE frequencies and also provides the path travelled by indi-
vidual rays.



Appendix B

Synthetic ECE measurements

ECE is commonly detected using multichannel radiometers. A radiometer is
simulated based on its video bandwidth Bv and the intermediate frequency
bandwidthBIF [Hartfuss, 1997]. The video filter, with bandwidthBv , limits the
highest amplitude oscillation frequency available in the ECE signals and can be
approximated by sampling at a fundamental step size dt = 1/(2Bv), assuming
frequencies larger than Bv are not present in the data. The intermediate fre-
quency bandwidth BIF determines the ECE frequency range that is measured
in a single channel. Thermal ECE fluctuations result in noise detected by the
radiometer given by

∆T

< T >
=

√
2Bv
BIF

, (B.1)

where < T > is the mean temperature and ∆T the standard deviation of the
Gaussian white temperature noise.

A synthetic measurement is obtained by combining ECE spectra of a mag-
netic island evolving over time with an ECE channel layout, determined by
the radiometer se ings Bv , BIF , channel spacing and the number of channels.
In chapter 3, measurements at frequencies f50, separated by frequency inter-
vals of 50 MHz, are assumed to represent the ECE signal for a frequency range
f50−25MHz < f < f50+25MHz. At time instances t, the simulated ECE spec-
trum is interpolated for the island width w(t) and phase ξ(t) =

∫ t
0
nω(τ)dτ ,

based on a database of NOTEC simulations for different island widths and
phases. Gaussian white noise with an amplitude specified by equation B.1, us-
ingBIF = 50MHz, is added to all simulated ECE intensities for the frequencies
f50. The Gaussian white noise is generated using an internal Matlab Simulink
pseudo-random number generator with an initial seed. Every ECE channel has
a separate generator with a different seed (making noise across channels inde-
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pendent). To generate a different realization, a new set of seeds is used for all
random number generators. The random numbers are generated with a mean
of zero and a standard deviation given by equation B.1. The resulting ECE in-
tensities I50, including thermal noise, at frequencies f50 are added to form the
channel intensity

ICH =

fcent+BIF /2∫
fcent−BIF /2

I50(f)df , (B.2)

where fcent is the channel centre frequency andBIF the intermediate frequency
bandwidth of the simulated channel.



Appendix C

Detection algorithms for island
location

The algorithms by Berrino et al and Reich et al both rely on the difference in
the phase of the temperature oscillation on opposite sides of the rational flux
surface [Berrino, 2005; Reich, 2012a]. The algorithms and their implementation
for the simulations are described in this appendix.

C.1 Algorithm by Berrino et al

The algorithm by Berrino et al identifies the location of the mode based on the
local minimum in the cross correlation between adjacent ECE channels on op-
posite sides of the rational flux surface. When the second derivative of the cross
correlation exceeds a preset threshold, the associatedminimum in the cross cor-
relation is assumed to be caused by the presence of an island. Its location is then
determined by interpolating the zero crossing of the first derivative of the cross
correlations. Below we generalize the algorithm of Berrino et al [Berrino, 2005]
to arbitrary frequency steps between ECE channels.

First a moving average of Nmov measurements is subtracted to arrive at a
temperature fluctuation

δT (t, j) = T (t, j)− 1

Nmov

Nmov∑
i=1

T (t+ (1− i)dt, j) (C.1)

for all channels j, where T (t, j) is themeasured electron temperature in channel
j at time t and dt the sampling time, limited by the video bandwidth Bv as
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reported in B. This fluctuation is normalized using the square root of a moving
average over Navg samples of the squared temperature fluctuation resulting in

δTnorm(t, j) =
δT (t, j)√√√√ 1

Navg

Navg∑
i=1

δT 2 (t+ (1− i)dt, j)

. (C.2)

The correlation between two adjacent ECE channels is calculated as the aver-
age over Nac measurements of the product of the two normalized temperature
fluctuations using

P (t, j) =
1

Nac

Nac∑
i=1

δTnorm (t+ (1− i)dt, j + 1) δTnorm (t+ (1− i)dt, j) , (C.3)

which are defined at frequencies

fP (j) =
1

2
(fcent(j + 1) + fcent(j)) , (C.4)

for j = 1 . . . Nch−1withNch the number of channels and fcent(j) the centre fre-
quency of channel j. The discrete first derivative with respect to the frequency

D1(t, j) =
P (t, j + 1)− P (t, j)

fP (j + 1)− fP (j)
(C.5)

is calculated for j = 1 . . . Nch − 2 at frequencies

fD1(j) =
1

2
(fP (j + 1) + fP (j)) (C.6)

and used to calculate the discrete second derivative

D2(t, j) =
D1(t, j + 1)−D1(t, j)

fD1(j + 1)− fD1(j)
(C.7)

for j = 1 . . . Nch−3. When the second differenceD2 exceeds a thresholdD2,thr,
the anti-correlation is taken to indicate the presence of an island. The island is
taken to be located at the zero crossing of D1, which is found through linear
interpolation with

fdet(t) =
D1 (t, jmax) fD1 (jmax + 1)−D1 (t, jmax + 1) fD1(jmax)

D1 (t, jmax)−D1 (t, jmax + 1)
, (C.8)

where jmax is the index number of the largest D2 entry.
The averages are implemented in MathWorks Simulink using digital filters

G(z) = K
z−(1−K) , where K = 1/(N + 1) and 1/z is the unit delay operator
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[Philips, 2003]. With Bv = 2 kHz, Nmov = 40 corresponds to an average over
10 ms resulting in an average over an entire period for islands with a rotation
frequency of 100 Hz and larger. For the normalization average and the aver-
age in the correlation, values of Navg = 80 and Nac = 400 are chosen, where
the relationship between Nmov, Navg and Nac is the same as used by Berrino
et al [Berrino, 2005]. A proper choice for D2,thr ensures noise is not wrongly
identified as an island. A value of 0.6

(fcent(2)−fcent(1))
2 is found to yield no false

detections.
By se ing Nmov = Navg and a decrease of Nac and D2,thr, the detection

latency can be decreased, which is accompanied by a decrease in accuracy of
the detected location.

C.2 Algorithm by Reich et al
The algorithm by Reich et al detects the anti-phase at the NTM rational flux sur-
face by multiplying the ECE oscillation with a signal, composed using a com-
bination of Mirnov coil signals, and a 90◦ phase-shifted signal [Reich, 2012a].
This requires a synthetic signal Bor(t) ∝ w2(t)ω(t) cos (ξ(t)), a phase-shifted
signal provided by Bps(t) ∝ w2(t)ω(t) sin (ξ(t)) and the electron temperature
Ti,e(t) for channels i from 1 to the number of channels Nch. Reich et al use a
Hilbert transform to obtain Bps(t) from Bor(t). Instead, in this implementation
the analytical solution sin (ξ(t)) of the Hilbert transform of cos (ξ(t)) is imple-
mented directly. This could result in a lower detection latency thanwhat would
be achievedwhen theHilbert transform needs to be calculated on the noisy sim-
ulated signal Bor(t).

Using FIR filters, the averages Bor(t), Bps(t) and Ti,e(t) (for all channels i)
are calculated over Nseg time steps with sampling time dt, limited by the video
bandwidth Bv as reported in B. An average overNseg = 2400 is calculated. L1,i

and L2,i are calculated for all channels i using

L1,i(t) =

Nseg∑
j=1

{(
Ti,e(t+ (j −Nseg)dt)− Ti,e(t+ (j −Nseg)dt)

)
(
Bor(t+ (j −Nseg)dt)−Bor(t+ (j −Nseg)dt)

)}
L2,i(t) =

Nseg∑
j=1

{(
Ti,e(t+ (j −Nseg)dt)− Ti,e(t+ (j −Nseg)dt)

)
(
Bps(t+ (j −Nseg)dt)−Bps(t+ (j −Nseg)dt)

)}
. (C.9)

The phase between L1,i and L2,i is calculated using arctan

(
L2,i

L1,i

)
, where

the signs of L1,i and L2,i are taken into account to arrive at a phase between 0
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and 2π. The phase difference between adjacent channels is calculated and it is
checked whether the differences are within 0.75π of π, using∣∣∣∣∣∣∣∣arctan(L2,i+1

L1,i+1

)
− arctan

(
L2,i

L1,i

)∣∣∣∣− π

∣∣∣∣ < 0.75π (C.10)

for every i = 2 to Nch − 2. Detection of 2/1 NTMs is possible using 0.25π, but
detection of 3/2 NTMs required an antiphase bound of 0.75π, which is larger
than the value of 0.25π used by Reich et al [Reich, 2012a]. Channel 1 and chan-
nelNch are omi ed, because it cannot be checked whether these channels show
increasing first derivatives. If an anti-correlation is found, the index j is chosen
such that Aj is the smallest of both amplitudes Ai = L2

1,i + L2
2,i and Ai+1 =

L2
1,i+1 + L2

2,i+1. For all the phase differences that show an anti-correlation, it
is checked whether the amplitude shows an increasing first derivative by de-
manding that Aj −Aj−1 < Aj+1 −Aj .

If at this stage one or multiple Aj values associated with anti-correlations
are found, the point with the highest value of the correlation amplitude Aj−1 +
Aj +Aj+1 is used. If no minima is found, the previously determined location is
maintained. The related position of the mode is expressed in terms of the ECE
frequency fECE,j , which is the centre ECE frequency of channel j.



Appendix D

Simulation of inline ECE signals

In this appendix, the expected signals from inline ECE are determined based on
a simulation of a temperature profile with a magnetic island. The temperature
fluctuation due to an NTM at ASDEX Upgrade is determined in section D.1.
This signal is used to simulate inline ECE signals with and without noise in
section D.2.

D.1 Temperature fluctuation due to the NTM

The temperature fluctuation due to an NTM is caused by the rotation of a mag-
netic island. For ASDEX Upgrade discharges, the island rotation is typically
between 10 kHz and 30 kHz for a magnetic island at q = 3/2. The temperature
profile at ASDEX Upgrade is available at a sample rate of up to 1 MHz. With
this sampling rate, the rotation of a magnetic island can be resolved.

In ASDEX Upgrade discharge 27809, the ECE measurements are processed
by an ideal bandpass filter (implemented using a fast Fourier transform, fol-
lowed by its inverse transformation) which suppresses all ECE measurements
for which f < 22.5 kHz or f > 24.5 kHz, thereby selecting only the first har-
monic of the temperature fluctuation. This filter is chosen small such as to min-
imize noise on the temperature fluctuation around 1.9 s, when the rotation fre-
quency is close to 23.5 kHz and themode amplitude is high. The bandpass filter
is applied to all ECE channels. The filtered ECE signals show the temperature
fluctuation of a magnetic island as a function of time. The spatial extent of the
temperature fluctuation is found by considering multiple ECE channels at the
same time instant. Both the maximum and minimum temperature fluctuation
are shown in figure D.1. For these extreme values, the absolute maximum and
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minimum fluctuation are determined for all channels and times. All channels
are shown at the time of the absolute minimum and maximum.
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Figure D.1. Temperature fluctuation due to a magnetic island. Themaxi-
mum andminimum temperature fluctuations of the first harmonic of the
NTMare shownwith crosses and rounds, respectively. Maxima andmin-
ima are found at nearly the same time. A model for the amplitude of the
temperature fluctuation A∆T (ρ), given by (D.2), is shown with dashed
and solid black lines. The measurement data is approximated by choos-
ing T1,NTM = 250 eV, T2,NTM = 100 eV, ρ̄NTM = 0.42, and w = 0.2.

FigureD.1 shows the first harmonic of the temperature fluctuation and, there-
fore, cannot show a complete fla ening of the temperature profile inside the
island, a feature that is observed by, e.g., [Meskat, 2001]. Two maxima around
found at ρ = 0.32 and ρ = 0.52. Themaximumat ρ = 0.52 is lower than the other
maximum which indicates an asymmetry in the temperature perturbation due
to the magnetic island on opposite side of the NTM location. Such asymmetries
have also been noted by [Meskat, 2001; Udintsev, 2003; Urso, 2010]. The struc-
ture of the temperature fluctuation of the first harmonic is similar to the mod-
elled and experimental temperature fluctuation found in figure 4 of [Meskat,
2001]. However, Meskat et al show a smaller island width and a temperature
fluctuation that is about 60 % of the temperature fluctuation in figure D.1. Both
could be explained by a larger island in the presented measurements. From
the temperature fluctuation, a full island width of 0.2 (in ρ-coordinates) is de-
termined, which is situated around ρNTM = 0.44 (determined from the point
where the fluctuation is minimal). The location of the 3/2-surface is at 0.42, ac-
cording to the magnetic equilibrium.
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The minimum and the maximum temperature fluctuations are found at the
same time and differ only in sign. The temperature fluctuation at a measure-
ment point iwith flux coordinate ρi, poloidal angle θi, and toroidal angle ϕi can
be described by

∆T (ρi, θi, ϕi) = sin(mθi + nϕi + ωt)A∆T (ρi) (D.1)

where m = 3, n = 2, ω is the rotation frequency of the mode and A∆T (ρi) is
given by

A∆T (ρi) =


T1,NTM exp

[
∆ρ−
0.07

]
For ρi < ρ̄NTM − 0.5w

T1,NTM − T1,NTM + T2,NTM
w

∆ρ− For |ρi − ρ̄NTM | ≤ 0.5w

−T2,NTM exp

[
−∆ρ+

0.07

]
For ρi > ρ̄NTM + 0.5w

with ∆ρ± = ρi − (ρ̄NTM ± 0.5w) . (D.2)

The amplitude of the temperature fluctuation is shown in black in figure D.1.
The positions of the maxima in A∆T (ρi) are located at ρ̄NTM ± 0.5w, but as a
result of the asymmetry the temperature fluctuation is not minimal at ρNTM .
Therefore, ρ̄NTM is not equal to the island location ρNTM .

D.2 Simulation of noisy inline ECE signals
In chapter 4, the TORBEAM code is used to determine the approximate emis-
sion positions ρIEC,i for the inline ECE channels with ECE frequency fi [Poli,
2001]. The poloidal angle θi and the toroidal angle ϕi are also determined using
TORBEAM. The signal levels of inline ECE measurements scale with the elec-
tron temperature at the emission location. Therefore, a calibrated inline ECE
measurement would approximately return the local temperature at ρIEC,i. In
section D.1, the temperature fluctuation due to a magnetic island is determined
from measurement data. This data serves as an input to simulate the tempera-
ture fluctuation that is measured by inline ECE. Equations (D.1) and (D.2) are
used with parameters T1,NTM = 250 eV, T2,NTM = 100 eV, ρ̄NTM = 0.61, and
w = 0.2 to calculate the temperature fluctuation∆T (ρi, θi, ϕi)measured for the
inline ECE channel with frequency fi. The rotation frequency of the mode is
set to ω = 2π1 · 8.7 kHz ≈ 117 rad/s. The simulated temperature fluctuations,
measured with inline ECE channels 3 and 5, are shown in figure D.2, where
ρ3 = 0.639 and ρ5 = 0.681.

The top box of figure D.2 shows temperature fluctuations when no thermal
noise is included. In appendix B, the thermal noise amplitude is given by (B.1).
The average temperature of the simulated inline ECEmeasurements is 1.68 keV
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Figure D.2. Simulated temperature fluctuation due to an NTM and ther-
mal noise for inline ECE measurement channels 3 (light grey) and 5
(black). The top box shows a simulation without thermal noise. Themid-
dle box shows fluctuations with thermal noise for the original se ings of
the radiometer, while the bo om plot shows the simulations for the re-
furbished radiometer.

and 1.62 keV for channel 3 and channel 5, respectively. Thermal noise is im-
posed on the temperature fluctuations shown in themiddle and bo omboxes of
figure D.2. The initial radiometer se ings of Bv = 100 kHz and BIF = 0.5 GHz
are used for the noise amplitude in the middle plot. The bo om box shows
simulations with noise for the refurbished radiometer with Bv = 30 kHz and
BIF = 1.5 GHz.

As a result of the refurbishment, the noise level of the radiometer decreased.
This should allow for be er visibility of the NTM temperature fluctuations.
However, the increased intermediate frequency bandwidth BIF results in a
larger spatial area that is collected in a single channel, thereby decreasing the
spatial resolution. The effect of this decreased spatial resolution is not taken
into account in the simulations shown in figure D.2.

The inline ECE radiometer has a fixed se ing for BIF and Bv. A direct-
digitizing set-up allows for a tunable video and intermediate frequency band-
width, such that the trade-off between radial resolution and noise level can be
made in real-time [Bongers, 2011].



Appendix E

Phase determination using Kalman
filtering and PLLs

For NTM detection, the fluctuations due to the mode rotation need to be re-
covered from ECE signals. Lock-in amplification, using a sinusoid and a phase-
shifted sinusoid, is applied in chapter 4 to inline ECE signals. A reference phase
signal is derived from magnetic measurements.

In this appendix, it is explained how a phase signal can be obtained from a
noisy signal using a phase locked loop (see section E.1) and a non-linear kalman
filter (see section E.2). A comparison of bothmethods is given in section E.3. For
both methods, the goal is to derive a phase signal ξ(t) from a magnetic signal
m(t).

E.1 Phase locked loop
Aphase locked loop (PLL) is a feedback loopwith an oscillator [Crawford, 2008;
Egan, 2007]. A schematic of a PLL is given in figure E.1. The PLL consists of a
phase detector (PD), a loop filter (LF), and a voltage controlled oscillator (VCO).
The PD provides a voltage signal that depends on the phase difference between
cos ξ(t) and themagnetic signalm(t). The LF filters the voltage provided by the
PD and the filtered voltage is used by the VCO to set the frequency f(t) and to
provide ξ(t) =

∫
2πf(t)dt. The PLL can be considered as a bandpass filter with

varying centre frequency.
The PD can be implemented as a multiplication. In this case, the output

phase ξ(t) will have a 90◦ phase lag compared to the magnetic signal once the
loop is locked [Crawford, 2008]. If a multiplication is used, the amplitude of the
fluctuation in m(t) also effects the amplitude of the PD output. Unfortunately,
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PD LF VCO ξ(t)
cos ξ(t)

m(t)

Figure E.1. Phase locked loop (PLL) inwhich the phase ξ(t) is determined
from magnetic signalm(t) using a phase detector (PD), a loop filter (LF),
and a voltage controlled oscillator (VCO).

a straightforward, i.e. normalizing the signal by a running average, distorts the
phase of the input signal such that a varying phase shift between ξ(t) andm(t)
occurs. The signal can however be bounded such that for |m(t)| > M the signal
is set to m(t)

|m(t)|M . This way the signal amplitude never exceedsM . The higher
harmonic that are created in a resulting block wave (for a sinusoidal signal with
amplitude larger thanM ) are lower in amplitude as the main component and,
therefore, the PLL still locks to the main frequency component.

The LF ensures that an average of the PD output is processed by the VCO,
such that the VCO reacts on the average phase difference instead of reacting di-
rectly on the noisy signal. The LF bandwidth should therefore be chosen much
lower than the frequencies that need to be tracked. However, for a fast response
to a changing magnetic signal the LF bandwidth should be large. For most dis-
charges presented in chapter 4, an LF bandwidth of 2 kHz is used, which proved
too large for the 4 kHz rotation frequency of the 2/1mode in discharge 31967. As
a rule of thumb, the lowest frequency that should be tracked by the PLL should
be at least twice the LF bandwidth.

The VCO provides an oscillating output at varying frequency. An initial fre-
quency of the VCO is set for a zero input signal. The input signal together with
the sensitivity of the VCO determines the output frequency of the VCO. A neg-
ative input to the VCO results in a frequency lower than the initial frequency,
while a positive input results in a higher frequency.

The tracking error of the PLL depends on the input signal and the type of the
PLL. The type of the PLL is determined by the number of integrators in the LF
and VCO [Crawford, 2008; Franklin, 2014]. For instance, a type 2 PLL has two
integrators and reaches zero error for amagnetic signal with constant frequency
input.

Hennen et al used an analog PLL [Hennen, 2010]. The phase signals in chap-
ter 4 are generated using a digital implementation of a PLL, based on the work
of Felici et al [Felici, 2014]. The phase signal ξ(t) provided by the PLL is post-
processed to match the phase of the input signal. By means of lock-in ampli-
fication of sin ξ(t) and cos ξ(t) with the magnetic signal m(t) and applying a
lowpass, the phase difference between ξ(t) and m(t) is found and used to cor-
rect ξ(t).
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E.2 Extended and unscented Kalman filters

As noted in the previous section, a PLL can never offer phase tracking for all fre-
quencies. Therefore, Borgers et al developed an extended Kalman filter (EKF)
and an unscented Kalman filter (UKF) [Borgers, 2013]. A (regular) Kalman fil-
ter provides optimal estimation of the state of a linear system for given process
noise covarianceQ andmeasurement noise covarianceR [Anderson, 2005]. The
estimate is provided by a prediction using a linear model, followed by an up-
date step in which the prediction is corrected using measurements (similar to
algorithm 1 in chapter 5). While the phase of amagnetic signal increases linearly
for a constant frequency, the measured signal sin ξ(t) is a nonlinear function of
the phase and frequency. Borgers et al constructed a nonlinear model for detect-
ing a signalA(t) cos ξ(t) of which a noisy measurement is made. This nonlinear
could either be linearized, as is done in the EKF, or the nonlinear model could
be sampled for slightly different previous estimates to determine themost prob-
able prediction, as is done in the UKF.

For the EKF andUKF, the noise covarianceQ andmeasurement noise covari-
ance R determine the trade-off between a fast response and filtering of noise.
This trade-off is similar to the trade-off depicted in figure 5.5 in chapter 5, in
which the value of Q is varied. The EKF and UKF estimate the states given by
A(t) cos ξ(t), A(t) sin ξ(t), and 2πfts, where ts is the sampling time. The rel-
ative accuracy of, e.g., the values A(t) cos ξ(t) and 2πfts can be influenced by
changing the corresponding elements of Q. In this way, an accurate estimate
of A(t) cos ξ(t) can be obtained at the cost of a noisy estimate of 2πfts or vice
versa.

Borgers et al presented an algorithm that is applicable to sampled signals
and can be implemented in digital processors. The UKF can track frequencies
between 0 Hz and 50 kHz, which could never be achieved with a PLL [Borgers,
2013]. A drawback of the EKF and UKF is the larger number of parameters that
need to be selected. Borgers et al present an adaptive matrix Q to reduce the
amount of parameters that need to be selected. Additionally, the multiple steps
in the EKF andUKF algorithms are associatedwith a larger computational com-
plexity, especially when compared with PLLs for which semiconductor chips
are available off-the-shelf.

E.3 Comparison of the PLL and AUKF

Figure E.2 shows a Fourier transform of the magnetic signal EvNOdM mea-
suredwith theMHHdiagnostic inASDEXUpgradedischarge 31978. The Fourier
transform is calculated over time windows of 1 ms. Additionally, the EvNOdM
signal is processed by an adaptive UKF (AUKF), as introduced in section E.2,
and a PLL, as introduced in section E.1. Both the AUKF and PLL are optimized
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for determining the frequency of the magnetic signal and, as figure E.2, shows
both methods are able to recover the frequency.

AUG31978 magnetic data MHH:EvNOdM
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Figure E.2. Fourier transform of the EvNOdM signal for ASDEX Up-
grade discharge 39178, shown as a function of time and frequency. The
frequency, derived using both the AUKF and PLL, is depicted on top of
the Fourier transform results, in red and black respectively.

The AUKF and PLL are both used to derive the phase of the EvNOdM signal
as well. Figure E.3 shows the EvNOdM signal in black. In the top left plot
a time range of 4 s to 5 s is shown of which a zoom between 4.18 s and 4.2 s
is shown on the top right plot (indicated in the left plot by a light grey box).
Both top plots indicate the occurrence of spikes on the magnetic measurements.
These spikes also impact the AUKF and PLL results shown for a time range
from 4.1945 s to 4.195 s in the bo om plot of figure E.3. The phase obtained
using the AUKF and the PLL are shown with light grey do ed and dark gray
dashed lines, respectively. The phase obtained using the PLL matches well.
This is due to the bandpass filtering of the PLL. The phase of the AUKF, on
the contrary, shows no consistent match with phase of the EvNOdM signal.
Instead, theAUKFphase shows both faster and slower oscillations, which result
in a signal that matches the frequency of the EvNOdM signal. The match in
frequency is achieved at the cost of larger noise on the phase. In contrast to
the PLL, the AUKF is not designed to suppress in a specific frequency band,
but rather reacts on the entire frequency content in the signal. Note that the
fluctuations shown in the bo om plot could be tracked easily by the AUKF,
as shown by Borgers et al [Borgers, 2013]. However, during the spikes on the
EvNOdM signal the noisy signals should not affect the outcome. This trade-off
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could bemade by allowing the noise covariance tomomentarily increase during
spikes. The difficulty of tuning the AUKF, the good response of the PLL, and
the fast computation of the PLL lead to the choice of the PLL to determine the
phase signal for lock-in amplification in chapter 4.
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Figure E.3. Sample of the EvNOdM signal (black solid line) for ASDEX
Upgrade discharge 31978. The top plot show a time range of 1 s (left) and
0.02 s (right). The bo om plot shows a time range of 0.5 ms together with
the phase determinedwith the AUKF (light grey do ed line) and the PLL
(dark grey dashed line).





Appendix F

Crash matrix

In this appendix, a matrix A(Crash)(ρmix) is defined which is used to calculate
the spline coefficients xk (as introduced in chapter 5) after a flat redistribution of
the temperature occurred due to a sawtooth crash. The matrix A(Crash)(ρmix) is
defined assuming a cubic B-spline grid with equidistant knots starting at ρ = 0
and forcing the derivative at ρ = 0 to be zero. A similar matrix A(Crash)(ρmix)
could be defined for a different set of basis functions.

For B-splines it holds that
∑Nx

i=1 Λi(ρ) = 1 for all ρ. As a result of the constant
sum, a flat temperature Tk,flat is achieved if all coefficients xk are equal and set
to Tk,flat. However, in case of a sawtooth crash, the temperature profile only
needs to be flat up to ρ = ρmix and should be unaffected for ρ > ρmix

For a given mixing radius ρmix, it is ensured that the highest basis function
is set to Tk,flat(ρmix) for all knots with ρ ≤ ρmix. For an equidistant grid, the
number of spline coefficients to set to Tk,flat(ρmix) is determined using nm =
⌊ρmix

∆ρ ⌋ + 1, where ∆ρ is the distance between the knots and ⌊a⌋ is the largest
integer smaller than or equal to a. Using the value of nm, the crash matrix to
calculate the post-crash spline coefficients is given by

A(Crash)(ρmix) =


 1

...
1

V(Crash)(ρmix)

0(Nx−nm)×nm
INx−nm

 (F.1)

in which 0(Nx−nm)×nm
is a matrix of zeros withNx−nm rows and nm columns.





Appendix G

Crash model for partial reconnection

In chapter 5, two crash detections are made for dataset 1 that are not observed
from the ECE data. In chapter 5, it is mentioned that these measurements are
a result of partial reconnection. In this appendix a model for a partial recon-
nection is presented and used in the IMM estimator. The partial crash model is
introduced in section G.1 and applied to dataset 1 of chapter 5 in section G.2.

G.1 Partial sawtooth crash model

In contrast to the full reconnection, figure 5.10 in chapter 5 shows a temperature
profile that is not completely fla ened up to ρ = ρmix. This suggested that only
a partial reconnection occurred. In this section, the crash model given by (F.1)
is extended to incorporate the effect of partial reconnection. In this case, the
integral for Tk,flat(ρmix) is also a function of the radius up to which the profile
is fla ened. It is assumed that the temperature profile is fla ened between ρ =
ρpart and ρ = ρmix. This results in a different expression for the temperature
given by

Tk,flat(ρmix, ρpart) =
π

V

∫ ρmix

ρpart

Tk(ρ)ρdρ = Vcrash(ρmix, ρpart)xk, (G.1)

where again use is made of the exact integration of the basis function and the
volume is given by V =

∫ ρmix

ρpart
πρdρ. For a given set of Nx basis functions

Vcrash(ρmix, ρpart) is a constant row vector with Nx elements.
The temperature should be fla ened between ρ = ρpart and ρ = ρmix, which

cannot be exactly represented using the cubic B-splines. Therefore, the temper-
ature is set to Tk,flat(ρmix, ρpart) between ρmix (as described in appendix F) and
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up to the spline knot ρlp that is closest to ρpart. Between ρ = 0 and ρ = ρlp the
temperature is reduced such that the flat temperature at ρ = ρlp is matched.
This is achieved by subtracting xlp,k −Vcrash(ρmix, ρpart)xk from all spline co-
efficients with l < lp. Using the value of nm (from appendix F), the crash matrix
to calculate the post-crash spline coefficients for a partial crash is given by

A(Crash)(ρmix, ρpart) =



[
Ilp 0lp×(Nx−lp)

]
−

 1
...
1

(
Vlp −Vcrash(ρmix, ρpart)

)
 1

...
1

Vcrash(ρmix, ρpart)

0(Nx−nm)×nm
INx−nm


(G.2)

in which Vlp is a row vector with Nx elements of which Nx − 1 elements are 0
and only element lp is equal to 1.

Figure G.1 shows a comparison of the full reconnection model, described
in appendix F, and a partial reconnection model, described by (G.2). Between
ρmix = 0.3 and ρpart = 0.2, the temperature gradient for the partial reconnection
model is reduced. However, the temperature is not completely fla ened due to
the underlying spline basis functions. Between ρ = 0 and ρpart = 0.2 the partial
crash model shows similar temperature gradients as the pre-crash temperature
profile.

G.2 Partial and full crashes in dataset 1

The IMM estimator is applied to dataset 1 using not only the full reconnection
models used in chapter 5, but also the partial reconnection model introduced in
the previous subsection.

As a starting point, the same parameters for the IMM estimator are used as
presented in chapter 5. The number of hypotheses is increase toNh = 7 and for
hypothesis 7 thematrixA(7) = A(Crash)(ρmix, ρpart), given by (G.2), is usedwith
ρmix = 0.3 and ρpart = 0.2. Additionally, the a priori transition matrix has to be
extended for the additional crash model. For this extension, the chance of a full
or partial at any radius is equal to pc = 0.1 and the chance of a partial reconnec-
tion is chosen equal to chance of a full reconnection. Additionally, following a
partial crash the chance a no crash occurs next is 50 %, while the chance of a full
reconnection at arbitrary radius is also 50 %. These choices are reflected in the
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Figure G.1. Temperature as a function of the flux coordinate ρ before
(light grey do ed line) and after a sawtooth crash following a partial
and full reconnection models. A full reconnection model is shown with
ρmix = 0.3 with a dark grey solid line. A partial reconnection model is
shown with ρmix = 0.3 and ρpart = 0.2.

a priori transition matrix given by

Π =



0.9 1 1 1 1 1 0.5
0.0167 0 0 0 0 0 0.1
0.0167 0 0 0 0 0 0.1
0.0167 0 0 0 0 0 0.1
0.0167 0 0 0 0 0 0.1
0.0167 0 0 0 0 0 0.1
0.0167 0 0 0 0 0 0


. (G.3)

None of the other parameters are changed. The detection of a full reconnec-
tion still occurs following the criterion given by (5.13) in chapter 5. A partial
reconnection is detected if µ(7)

k > 0.5. In contrast to the results in chapter 5,
no filtering is performed on full or partial crashes following a previous full or
partial crash within 5 ms.

The IMM estimator, including a hypothesis for a partial crash, is applied
to dataset 1 and the resulting detected crashes are shown in figure G.2. Apart
fromone of themeasured channels, the estimated temperature and the expected
crash locations, the unexpected sawtooth crashes found in figure 5.7 are also
depicted with light grey vertical boxes. Full reconnection crashes are shown
with dashed black lines topped by a cross, while partial reconnection crashes
are shown by do ed black lines topped by squares. The figure shows that the
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unexpected detection at 4.069 s is classified as a partial reconnection, while the
unexpected detection at 4.229 s is classified as a full reconnection. However,
two other differences with respect to figure 5.7 in chapter 5 are present. Two
of the expected sawtooth crashes are now detected as only a partial instead of
a full reconnection. Furthermore, eight sawtooth crashes are first detected as
partial reconnections and in the following time step as full reconnections.
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FigureG.2. Detected full and partial reconnections for dataset 1. The core
temperature channel is shown in light grey and the estimated tempera-
ture based on the no-crash hypothesis is shown in dark grey. Expected
times of sawtooth crashes are indicated by dark grey vertical bars. The
unexpected sawtooth crashes, found in figure 5.7, are indicated by a light
grey vertical bar. The detected full reconnection sawtooth crashes are
shown by black dashed lines topped with crosses. The detected partial
reconnection sawtooth crashes are shown by black do ed lines topped
with squares.

Figure G.3 shows the partial reconnection crash that is detected at 4.069 s.
The figure shows the no-crashmodel and the full reconnectionmodel with light
grey and dark grey lines, respectively. The result of the partial reconnection
model with ρmix = 0.3 and ρpart = 0.2 is shown with a black dashed line. Mea-
surements just before and after the crash are shown with rounds and crosses,
respectively. The measurements at 4.069 s are best described by the partial re-
connection model.

An example of an observed sawtooth crash that is detected as first as partial
reconnection and afterwards as a full reconnection is the crash at 4.047 s. This
crash is shown in figure 5.9 and shows a crash that occurs between 4.046 s and
4.048 s and, thereby, encompasses two time points. Therefore, the temperature
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Figure G.3. Radial plot of the temperature for the detected partial saw-
tooth crash around 4.07 s for dataset 1. Measurements before and after
the crash are shown with rounds and crosses, respectively. The result of
the no-crashmodel and the full reconnection crashmodelwith ρmix = 0.3
are shown with light and dark grey lines, respectively. The result of the
partial reconnection model with ρmix = 0.3 and ρpart = 0.2 is shown
with a black dashed line. The mixing radius is indicated by a vertical
black line.

profile at 4.047 s shows the characteristics of a partial reconnection and the tem-
perature profile at 4.048 s shows the characteristics of a full reconnection, as is
visible in figure 5.9 Figure G.4 shows another case in which a partial reconnec-
tion is detected just before a full reconnection. The three measurement times
clearly show a pre-crash state (round), followed by a partial (crosses), and a full
reconnection (squares). Therefore, both detections are appropriate.

Figure G.5 shows the second unexpected detection found in figure 5.7 in
chapter 5. For this crash, the temperature gradient between ρ = 0.2 and ρ = 0.3
is already small before the crash is detected. Furthermore, the gradient between
ρ = 0 and ρ = 0.2 is also small and can therefore be approximated by a constant
temperature in the core, which is similar to the full reconnection model. The
temperature profile suggests that instead of a temperature decrease due to a
partial reconnection the temperature only decreases in the core between ρ = 0
and ρ = 0.2. Detection in this case is also hampered by the two temperature
outliers near ρ = 0.2.
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FigureG.4. Radial plot of the temperature for the observed sawtooth crash
around 4.11 s for dataset 1. Measurements before, during, and after the
crash are shown with rounds, crosses, and squares, respectively. The
result of the no-crash model and a full reconnection model with ρmix =
0.45 are shownwith light anddark grey solid lines, respectively. Apartial
reconnection model with ρmix = 0.3 and ρpart = 0.2 is shown with a
dashed black line. The mixing radius of the full crash model is indicated
by a vertical black line.
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Figure G.5. Radial plot of the temperature for the unexpected crash de-
tection around 4.23 s for dataset 1. Measurements before and after the
crash are shown with rounds and crosses, respectively. The result of the
no-crashmodel and a full reconnectionmodel with ρmix = 0.3 are shown
with light and dark grey solid lines, respectively. A partial reconnection
model with ρmix = 0.3 and ρpart = 0.2 is shownwith a dashed black line.
The mixing radius of the full crash model is indicated by a vertical black
line.
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