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Abstract
In this report 2D ECE-imaging is used to find the island size of small islands at the ASDEXUpgrade tokamak. The goal is to see whether island widths can be found and what size is the minimal
size that can be measured. To better understand the island data, first a heuristic model of the
temperature profile was made using equations describing the magnetic topology of an island. The
model was then fitted to the data using an automated fitting routine. This way widths could be
determined down to about ~8 𝑐𝑚.
Another method that was used to find widths involves the Fourier transform of the data. First
the island model was compared to its Fourier transform to find a relation between transformed model
and island width: the distance between the 1st and 2nd harmonic peaks proved to be a measure for
island widths. Found relation was used to determine the size of the smallest islands that still had a 2nd
harmonic component. A width of ~8 𝑐𝑚 was found for such islands with this method as well.
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1 - Introduction
1.1 - Motivation
Global energy demand is increasing rapidly and fossil fuel reserves are decreasing fast. More than 80%
of the power currently produced (2010, [1]) is from fossil fuel powered plants that emit large amounts
of carbon dioxide into the atmosphere. Although nuclear (fission) power plants provides energy
without the emission of greenhouse gasses, the safety risk of uncontrolled runaway reactions and the
long lived nuclear waste make it an unpopular choice for the future source of energy.
Nuclear fusion, the mechanism that powers the stars, has a claim to become the number one power
source of the future. It promises abundant fuel without producing long-lived radioactive waste or
runaway reactions. To achieve nuclear fusion on earth, temperatures in excess of hundred million
degrees are needed, without the resulting plasma destroying the containing vessel. In this report we
will focus on the tokamak, a device that contains the hot plasma using magnetic confinement.
One part of the magnetic field of a tokamak, called the poloidal magnetic field, is generated by
inducing a large electrical current in the plasma. Because of this large free current, there are a lot of
instabilities that can occur in the plasma. An instability can result in reduced plasma performance or
even in a disruption (sudden loss of plasma)
A magnetic island is one important example of these instabilities; it is an anomaly in the magnetic
topology that increases heat- and particle transport to the edge and decreases the temperature and
pressure profiles. For optimal tokamak operation, magnetic islands should therefore be eliminated as
soon as possible.
In order to detect islands at an early stage, it is important to detect them as small as possible. The
smaller islands we are able to detect, the easier they are to eliminate and the less harm they do to the
plasma performance. By looking at islands of roughly the seeding size (~1𝑐𝑚), the size where the
islands starts to grow unrestrained, triggering mechanisms for islands can be investigated. Being able
to detect islands at the seeding size provides insights in underlying methods that cause islands to
grow (e.g. classical, neoclassical or errorfield-driven), which could lead to developing scenarios that
prevent formation of islands.
Because magnetic islands have such an impact on temperature profiles, temperature diagnostics can
be used to detect magnetic islands. In this report we will use two-dimensional Electron Cyclotron
Emission Imaging (ECEI) to try to measure the widths of these small islands.
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1.2 - Goal & Strategy
The research question of this report is formulated as follows:
-

With which techniques can we measure the width of magnetic islands?

-

What is the smallest size we can measure using these techniques?

First a general introduction of some important concepts will be given in Chapter 2, and in Chapter 3
the setup that was used is explained in more detail. Chapter 4 is dedicated to the results of this
research and is broken into four different sections: In Section 4.1 a theoretical model is made for the
magnetic island that we will fit to ECEI-data in Section 4.2. In Section 4.3 we will look at similarities
between the model and its Fourier transform, so that in Section 4.4 we can use this knowledge to
determine island widths from Fourier transformed data. Finally our conclusions are summarized in
Chapter 5 along with a discussion of the results.
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2 - Theory
2.1 - Magnetic Islands
A tokamak is a device that uses a magnetic field to confine a plasma and to heat it to the high
temperatures at which fusion conditions are reached. The plasma in a tokamak consists of charged
particles, that are affected by the Lorentz force. The Lorentz force compels the charged particles to
gyrate around magnetic field lines; the higher the field the
smaller the gyro-radius. Because of this, the particle transport
perpendicular to the magnetic field lines is many orders of
magnitude smaller than the parallel transport.
In a tokamak the toroidal magnetic field is provided by
magnetic coils around the vessel, and the poloidal magnetic
field is induced by a current that is driven in the plasma itself
by a large transformer. Combining this poloidal and a toroidal
field results in a helical field.
The ratio of these two fields or ‘the amount of helicity’ is
described by the safety-factor 𝑞 =

𝑟𝐵𝜑

𝑅𝐵𝜃

. Of special interest are

flux surfaces where the safety factor is rational, the so called
rational q-surfaces. On such flux surfaces a magnetic field line

will connect on its starting point after only a few toroidal

Figure 2.1: Schematic representation
of a magnetic island. The red arrows
indicate perpendicular transport; the
green arrows indicate a shortcut for
parallel transport [2]

rotations. A perturbation on such surfaces will therefore be
amplified quickly, leading to an instability. If the perturbation
(e.g. the kick of a sawtooth crash) is large enough, the field
lines can reconnect and a magnetic island can be formed [2].
In a magnetic island particles can move from one side to the
other entirely parallel to the field. As can be seen in Figure 2.1
this parallel movement (green) offers a shortcut for the
particles over the width of the island, compared to the
standard perpendicular transport (red). The Increased transport
effectively flattens the density and temperature profiles in the
island, reducing the net temperature gradient, depicted by the
blue lines in Figure 2.2. This results in a lower peak
temperature at the core and therefore reduces fusion
conditions.

Figure 2.2: Temperature profiles of
normal plasma (red) and plasma
perturbed by magnetic islands (blue),
at O- and X-points (solid and dashed
respectively)
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2.2 - Rutherford Equation
The growth rate of a magnetic island is determined by Rutherford equation that relates the island
growth rate to its size, as is shown in Figure 2.3 [3]. If the island width is below the so called ‘seeding
size’, the growth rate is negative and islands are stabilized. When the size gets above the critical
seeding size, the island will continue to grow until saturation is reached.
By using Electron Cyclotron Current Drive (ECCD), current can be driven in order to stabilize the
island. The effect on island stability is visualized by Figure 2.3. The island growth is suppressed, so
that the seeding size will become bigger (larger perturbations are needed for self sustained island
growth) and the saturation size decreases. Ultimately, if enough current is driven, the growth rate
will be negative at all island sizes and the island is completely mitigated. The mechanisms for islands
mitigation using ECCD is beyond the scope of this report but can be found in literature, e.g. [3,4].

Saturation
size

Seeding
size

Figure 2.3: Graphic representation of the Rutherford equation. At a certain size the
growth rate becomes positive and the island will grow until saturation is reached.
ECCD shifts the curve so seeding sizes become larger [3].

2.3 - ECE-Imaging
Because electrons gyrate around the magnetic field lines, a plasma emits radiation at the electron
cyclotron frequency given by:
𝑒𝐵

𝜔𝑐𝑒 = 𝑚 ≈
𝑒

𝑒𝐵0
𝑚𝑒

∙

𝑅0
𝑅

(2.1)

If the plasma is optically thick, the radiation is like that of a black body and the intensity is given by
the Rayleigh-Jeans approximation of Planck’s radiation formula [5]:

𝐼𝐵𝐵 (𝜔) =

𝜔 2 𝑇𝑒

8𝜋 2 𝑐 2

~ 𝑇𝑒 (𝑅)

(2.2)

And so the intensity of the radiation is directly proportional to the electron temperature.
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1
𝑅

According to (2.1) the magnetic field in a tokamak falls off with ~ , so the frequency of the emitted

radiation is a function of the radial location in the plasma. As can be seen in (2.2), the measurement
of radiation intensity as a function of frequency gives the electron temperature at specific radial

locations. By measuring different frequencies simultaneously, one antenna can measure temperature
signals from the entire cross section of the plasma.
Although the

1
𝑅

dependence allows for a local measurement, there is a certain spread in the

frequency which limits the spatial resolution as can be seen in Figure 2.4. The most important effects
are relativistic and Doppler broadening. In practice this reduces the radial resolution of the ECEradiometer to about 1 cm typically [6].
By measuring with a vertical array of antennae, a 2D cross section of the plasma temperature can be
constructed.

Figure 2.4: Emission of radiation at a certain frequency: the
emission becomes non-local because of broadening effects. [6]

2.4 – Island Detection Techniques
There are already different kind of techniques available for the measurement of magnetic islands. In
this section we will give a short overview of existing techniques, as well as a very brief description
and some (dis-)advantages of the method in question.
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Magnetics
Because magnetic islands are magnetic instabilities, they can be observed by analyzing magnetic
pickup coil data [7]. Although it is hard to acquire detailed information about the island structure, it
can be used to determine the width of islands to some extent. According to [8] the width of a
magnetic island is given in relation to the magnetics by:
𝑟𝑞𝐵𝑟,0

𝑤 = 4�𝑚𝐵

𝜃 |𝑑𝑞/𝑑𝑟|

(2.3)

To be able to calculate this, the current profiles need to be accurately known. Usually, the
equilibrium current profile is not sufficiently accurate to extrapolate the coil measurements at the
edge to the center of the plasma with any certainty. Also, it is not possible with this technique to
determine the location of the magnetic island, additional MSE measurements are needed for this [9].
Soft X-Ray Tomography (SXR)
SXR is a line-averaged method that measures radiation from high temperature plasma. To measure
magnetic islands, two SXR-cameras are commonly used to make a tomographic reconstruction of the
plasma [10]. The measurements are usually limited to the core of the plasma and measure not just the
radiation of the plasma, but mainly radiation emitted by impurities [11]. The impurities are not
necessarily following magnetic field lines, which renders the measurements not very reliable for
island measurement.
Electron Cyclotron Emission (ECE)
ECE is very commonly used in island detection and often in combination with pickup coils or SXR
[10,11]. ECE provides localized electron temperature measurements at high temporal and spatial
resolution. The measurements can be used directly to get a radial temperature profile that is used to
extract island data. [9,12].
ECE can also be used ‘inline’, where its line of sight is combined with that of the ECRH to scan for
islands and deposit heating power directly in the island in an attempt to mitigate the modes [4].
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3 - Experimental Setup
3.1 – ECEI-System
The radiation that is emitted is usually in the order of about 100 Ghz, which is too high for practical
electronic processing. To decrease the frequency, the signal is downconverted by mixing radio waves
of the so-called Back-Wave Oscillator (BWO in Figure 3.1). By mixing the signals, a sum and
difference signal is generated. Because the electronic system is only sensitive to the lower difference
signal, the sum signal is automatically discarded.
The resulting signal with an intermediate frequency is presented to a Local Oscillator to do another
downconversion step, before the signal is presented to the detectors. There is one such Local
Oscillator for each horizontal channel [13].

Figure 3.1: Schematic representation of the ECEI-radiometer channels.
There are 16 of these modules stacked to get the 2D sensor array [13]
The data was sampled at 1MHz, and decimated to a sample rate of 50kHz to make the data more
compact. The sensor array of the ECEI consists of 8 x 16 channels. Six of these channels did not
measure any data, so they are discarded from the dataset. The gaps were replaced by linear
interpolation of their nearest neighbor channels.

3.2 - Data Calibration
Because ECEI is not an absolutely calibrated diagnostic, in order to be able to interpret the results it is
cross-calibrated using another diagnostic, in this case 1D-ECE was used. First the ECEI data is
corrected for the offset of ADC’s. This is done by measuring the signal at a moment where there is no
plasma, e.g. just after a disruption. These measured offset values are then subtracted from actual
measured data.
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To calibrate the data, the 1D-ECE time averaged temperature profile is plot against the major radius R
and interpolated with a spline curve. For every ECEI-channel their temperature is calibrated with the
1D-ECE temperature at the corresponding radius. To calibrate the data, every ECEI-channel is then
multiplied by a factor <T1D(R)>/<T2D(R)> where <TnD> are time averages of the signals at
corresponding values of R.

Electron Temperature (eV)
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1.8

1.9

2

2.1

2.2

2.3

Major Radius (m)
Figure 3.2: 1D-ECE electron temperature profile

There are some problems associated with this calibration. The 1D-ECE measurements are quite
underrepresented in the ECEI-range and there is a big spread in the 1D-ECE measurements which
make the interpolation curve unreliable. In addition, though the plasma temperature profile might
vary at different vertical positions, the 1D-ECE is measured at only one (vertical) position. Because
we have no interest in absolute profiles however, this calibration procedure is avoided by using timeaveraged normalization which we will discuss in more detail in Section 4.2.
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4 - Results
Because the magnetic islands spin around in the tokamak at great speeds, the time traces of their
ECE-signals are repetitive. This makes it interesting to investigate their Fourier transforms to see if
they clearly define the edges of an island, which would make it possible to measure the width. But
how do we know what we’re looking at exactly in such a transformed spectrum?
To attack this problem, first a model of the magnetic island was made based on the topology of the
magnetic field lines near a magnetic island. This model has nine parameters that can be varied, that
we will try to fit to measured island data to get some idea of dimensions. Now that we have fit the
model to island data, we can examine the Fourier transform of the model. Because it is fitted to island
data it looks just like a ‘real’ island, and because it is still a mathematical model, the width can be
accurately indicated in the plot which enables us to look for relations between features in the Fourier
spectrum and the edge or width of the island.
When this relation is known, it will be applied directly on island data to find island widths without
having to go through the entire fit-procedure every time. Perhaps this enables us to look at even
smaller islands than was possible using the fit-procedure.

4.1 - Island Model
The model of the temperature will be built around the magnetic topology of an island. The topology
is determined by [8]:

𝑦=

𝑤

2√2

�𝛺 + cos(𝑚𝜉 − 𝜔𝑡)

(4.1)

Where y is the distance from the island centre, w is the island width, m the toroidal mode number, ω
the angular frequency, Ω is a flux label that is -1 at the centre of the island, 1 at the island separatrix
and increases linearly with the square of the distance outside of the island, and ξ is the helical
coordinate given by:

𝜉=𝜃−

𝑚
𝑛

𝜑

(4.2)

And, y is the distance from the island center, related to the minor radius r by the radial position of
the rational q-surface rs via

𝑦 = 𝑟 − 𝑟𝑠

(4.3)

The island topology of eqn. (4.1) is shown in Figure 4.1:

12

Figure 4.1: Magnetic topology of the island. The parameters w, 𝜉
and y of eqn. (4.1) can be found in the figure.
The island can be divided in the following three regions:
1. linear gradient before the island
2. Flat (or slightly peaked) region in the island
3. linear gradient after the island
During this report I will refer to ‘before’ or ‘to the left’ as the location having a smaller major radius,
while I will refer to ‘after’ or ‘to the right’ as the location having a bigger major radius.
These three regions are bound by the island separatrices, which define the edge of the island. The
separatrices are given for Ω = 1 and therefore:
𝑤

𝑦𝑆 = ± 2√2 �1 + cos(𝑚𝜉 − 𝜔𝑡)

(4.4)

For regions (1) and (3) a linear gradient is needed. We will use the flux-label Ω to shape the
temperature profile, so first we solve Ω from eqn. (4.1):

𝛺=

8𝑦 2
𝑤2

− cos(𝑚𝜉 − 𝜔𝑡)

(4.5)

We know that Ω increases linearly with the square of the distance, and that it starts at the separatrix
with a value of 1. In order to make the temperature go linear with the distance from the island
separatrix, we therefore have:

𝑇(𝛺) = 𝑇𝑆 + 𝑇𝑆 𝑐± √𝛺 − 1

(4.6)

Here TS is the temperature at the island separatrix and c is a constant that determines the slope of the
linear profile, that is different for the left (-) or right (+) side of the island.
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If we had a totally flat profile, the temperature in region (2) we would just be given by T(Ω) = TS .
However, we wanted to allow some peaking in the island, and as before we want the flux label Ω to
characterize this peaking. Recalling that Ω is -1 at the island center and 1 at the island separatrix, and
introducing a new parameterTO to be the temperature in the O-point relative to TS (with typical
values of 1.0 – 1.2), we find following equation for the temperature inside the island:
1

𝑇(𝛺) = 𝑇𝑆 + 𝑇𝑆 2 (𝑇𝑂 − 1)(1 − 𝛺)

(4.7)

The magnetic field of the tokamak tends to push islands inwards, this is an effect that we want to
include as well. In order to do this we introduce a new parameter asym that is a measure for the
asymmetry of the island and ranges from -1 to 1; for asym = -1 the entire island lies to the left of the
island center, for asym = 1 the entire island lies to the right of the island center.
To implement asym, we assign new widths to the left and right side of the island. For a negative asym
the island will move to the center, so the width on the left side will increase while the width on the
right side is decreased. Mathematically this is given by:

𝑤 = 𝑤0 (1 ± 𝑎𝑠𝑦𝑚)

(4.8)

Where w0 is the original island width and depending on if the + or – is used, w is the new width for
the left or right part of the island respectively. Notice that the combined width of left and right is still
the same w0.
Inside the island the original width w remains unchanged, but the asym parameter affects the
position of the O-point. To implement this the radial position y is replaced by a new value, given by:

𝑦 = 𝑦0 − ½(𝑦𝑆+ + 𝑦𝑆− )

(4.9)

Here y is the new radial position compared to the asymmetric island center, y0 is the old radial
position compared to the normal island center, and yS+ and yS- are the separatrix positions given by
eqn. (4.4), but evaluated for the altered width given by eqn. (4.8).
To summarize the model, we have:

𝑇𝑆 + 𝑇𝑆 𝑐− √𝛺 − 1
𝑦 < 𝑦𝑆−
𝑇(𝛺) = �𝑇𝑆 + ½𝑇𝑆 (𝑇𝑂 − 1)(1 − 𝛺) 𝑦𝑆− ≤ 𝑦 < 𝑦𝑆+
𝑦 ≥ 𝑦𝑆+
𝑇𝑆 + 𝑇𝑆 𝑐+ √𝛺 − 1

(4.10)

And the Ω is evaluated differently for the different regions:
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𝛺( 𝑦 , 𝑤 ∙ [1 − 𝑎𝑠𝑦𝑚] )
𝛺(𝑦, 𝑤) = � 𝛺( 𝑦 − ½ ∙ [𝑦𝑆+ + 𝑦𝑆− ] , 𝑤 )
𝛺( 𝑦 , 𝑤 ∙ [1 + 𝑎𝑠𝑦𝑚])

𝑦 < 𝑦𝑆−
𝑦𝑆− ≤ 𝑦 < 𝑦𝑆+
𝑦 ≥ 𝑦𝑆+

(4.11)

The model is now characterized by nine different parameters. These have been defined as:

Helical Coordinate

Temperature (eV)

𝑤 = 𝐼𝑠𝑙𝑎𝑛𝑑 𝑤𝑖𝑑𝑡ℎ (𝑚)
⎧ 𝜑 = 𝐼𝑠𝑙𝑎𝑛𝑑 𝑝ℎ𝑎𝑠𝑒 (𝑟𝑎𝑑)
⎪
⎪ 𝜔 = 𝐼𝑠𝑙𝑎𝑛𝑑 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑟𝑎𝑑/𝑠)
⎪ 𝑟𝑠 = 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑞 − 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝑚)
𝒄 = 𝑇𝑆 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑎𝑡 𝑖𝑠𝑙𝑎𝑛𝑑 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑟𝑖𝑥 (𝑒𝑉)
⎨ 𝑇 = 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑎𝑡 𝑖𝑠𝑙𝑎𝑛𝑑 𝑝𝑒𝑎𝑘 (1)
𝑂
⎪ 𝑐 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑎𝑡 𝑡ℎ𝑒 𝑙𝑒𝑓𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑠𝑙𝑎𝑛𝑑 (𝑒𝑉/𝑚)
⎪ −
⎪ 𝑐+ = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑎𝑡 𝑡ℎ𝑒 𝑟𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑠𝑙𝑎𝑛𝑑 (𝑒𝑉/𝑚)
⎩ 𝑎𝑠𝑦𝑚 = 𝑀𝑒𝑎𝑠𝑢𝑟𝑒 𝑜𝑓 𝑎𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 [−1. .1] (1)

Major Radius (m)
Figure 4.2a: Temperature profile of the island model

Major Radius (m)
Figure 4.2b: Topology of the island model

After this, the elliptic shape of the of the vessel is taken into account and corrections are made for the
asymmetry of the magnetic field by use of so called ‘Straight Field Coordinates’ [14].
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4.2 – Fitting of the Model
Now that we have defined the island model in the previous section, we will make an attempt to fit it
to the data measured by the ECE-Imaging diagnostic. To fit the model to the data, a 3D nonlinear
curve fit is needed which is implemented in Matlab as c=lsqcurvefit(fitfun,c0,x,T).
Lsqcurvefit() needs a fit-function fitfun() for which we take the model from Section 4.1, a
starting guess for the parameter vector c0, the independent input coordinates stored in array x and T
the data to fit to. The function output is the fitted parameter vector c. The dataset that is fitted is
8 x 16 channels, over a time interval of 50 to 100 frames.

1/f

φ

670

660

Intensity (counts)

Because the model includes nine different
parameters, the fit is likely to reach a local
minimum and will not converge to a ‘best
approximation’ for the island parameters. For this
reason, in order to achieve good fit results an
accurate first guess is important. In practice the best
way to fit the data is to first vary the parameters ‘by
hand’ and try to match them as close as possible,
then use these values as a first guess.

650

640

630

620

To ease this process of selecting a starting guess ‘by
hand’, the frequency and phase are calculated
automatically beforehand. A few of the channels
on the midplane are averaged and plotted, shown
in Figure 4.3. The program will try to find peaks and
converts this into frequency and phase. Figure 4.4a is an
example of such a fit.
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Figure 4.3: Auto-guessing phase offset and
frequency

Although the overall agreement between data and fit looks well, if we look at the time traces of one
Line Of Sight (horizontal line of eight channels) in Figure 4.5, there are some channels (1st 2nd and 3rd
from above) that differ with the fitted data. This anomalously big difference is due to calibration
errors of the signal.
Because we are only interested in island widths, we do not need absolute profiles. Therefore instead
of absolutely calibrating the ECEI, it is enough to normalize the raw data with its time average which
is plotted in Figure 4.4b. This way any (cross-) calibration errors will be eliminated. In Figure 4.5b
the normalized LOS’s are plotted and show much better accordance with the model.
In addition to eliminating calibration errors, the range of normalized data values is much smaller.
Typically the range is between 0.5 – 1.5 (without units because data is normalized), so that a contour
plot of the data will show much more details and it is easier to estimate how accurate the fit really is,
as can be seen in Figure 4.4b.
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Upon close inspection it becomes visible from Figure 4.4b (especially 3rd and 4th plot from above), that
the data seems to be ‘vertically compressed’ or ‘pinched’ compared to the island model, because the
top and bottom of the data window don’t connect continuously with the contour plot of the fit. Two
possible causes for this effect are discussed here.
One possibility for the discrepancy is that the z-values calculated for the ECE-channels are
underestimated. This could be explained by the fact that the density gradient acts like a lens. The lens
effect will diverge the microwave beams so they end up higher or lower than an unrefracted wave
would, this underestimates the vertical coordinate of the ECE.
Although this is an actual possibility, calculations have shown that this effect can account for a
mismatch of a maximum of 3 cm’s in the vertical component. This is not enough to account for the
observed discrepancy alone.

Intensity (eV)

Intensity (norm.)

Another possibility is that the plasma center is not accurately calculated in the equilibrium. In an
attempt to correct the plasma centre position, the value was varied until the curvature of the
measurements coincided with those of the model that was fit. It turned out that a correction of up to
10 cm was needed to correct for the curving of the model, which is much higher than is possible from
equilibrium uncertainties. The fact that the discrepancy can’t be explained by these factors points in
the direction of approximation errors or over-simplifications in the island model.

t (s)
Figure 4.5a: Time-traces of one LOS of the
calibrated signals (blue) and fit (green)

t (s)
Figure 4.5b: Time-traces of one LOS of the
normalized signals (blue) and fit (green)
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To measure small islands with the fit-routine, an accurate first guess is needed. Because it is easier to
fit large islands, we will start with a large island and follow it back in time so that it gets smaller and
smaller (See Figure 4.6). The outcome of the fit of the previous time frame will then be used as a first
guess for the current time frame. The phase is corrected according to the current frequency and
amount of frames going back in time via:

∆𝜑 =

2𝜋𝑓∆𝑛

(4.12)

𝑓𝑠

Where f is the current island frequency, fs the sample rate and
∆𝑛 the amount of frames shifted into the past.
Using this procedure a classical island was followed and its fit
parameters were recorded, as shown in Figure 4.7. With this
automatic procedure the island size can be measured down to
about 8 cm, after that the fit does not converge anymore. The
details limiting the fit performance will be discussed in the
discussion section of Chapter 5.

Figure 4.6: Graphical representation of the
fit procedure
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Figure 4.7: Island size (m) against time (s). The islands are followed
back in time down to about 8 cm.
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Although this limit is much higher than the desired 1-2 cm regime, we should note that the model
was principally made to evaluate and benchmark the Fourier method. Because of this, not much
effort has been done to optimize this fitting procedure. By re-entering initial guesses by hand in
situations where the automatic fit starts to fail, it may be possible to get below the achieved limit of
about 8 cm with this fitting procedure.
We conclude this section by remarking that due to the relative long fitting time and the need to start
with big islands and work all the way down to small ones, this method is too slow for any real time
measurements.
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4.3 - Fourier Transform Analysis of the Model
As already mentioned in the introduction of this chapter, the islands spin around in the plasma at
great speeds, which generates the periodic ECE-signal. If we look at the channels in Figure 4.5b from
top to bottom, we see that when the island enters the detector (which happens starting from the 3rd
channel from above), additional peaks start to appear in the time-traces which is a sign of the island
region shifting through line of sight of that detector. It is expected that these extra peaks will show
up in Fourier transforms of these signals, this is why we are interested in inspecting the Fourier
transform and try to relate the Fourier transform to the island width.
Because the model profile is well defined – all parameters can be chosen freely after all, it is possible
to look for correlations between island parameters and features in the Fourier spectrum; this way it is
possible to find strategies that allow us to find island parameters directly from the Fouriertransformed data. The transform that was used is a 1D-fourier transform over the time dimension,
applied to all of the channels.

Intensity

For the purpose of finding indicating features, a high resolution 32 x 64 profile was investigated.
With this high spatial resolution, features are pronounced and easy to see in the spectrum, making it
possible to make some general remarks on Fourier-transformed islands.

Frequency (1/frames)
Figure 4.8: Selection of the harmonics
First the center channels are averaged and the Fourier spectrum of this average is plotted. Peaks in
the spectrum indicate harmonics of the signal, which will be the subject of our investigation. The
specific frequency at which peaks occur is selected and the amplitudes of the Fourier transforms at
this frequency are plotted for the entire 32 x 64 grid.
After selecting the harmonic, a 2D image is plotted of the amplitude and phase of the island shown in
Figure 4.9. This is done for the first to fourth harmonic. After the fourth harmonic the we don’t see
any new behavior in the spectra, and therefore we truncate the list here. The white solid lines in
Figure 4.9 indicate the island edge and the white dashed line indicates the path of the O-point.
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Some observations can be made:
-

The peaks of the first harmonics indicate the edge of the island

Because the first order peaks are well aligned with the edges of the island model, this could be used to
detect island edges. In practice it turns out that in the lower resolution of the data, the first harmonic
peak deviates somewhat from the island edge (as seen in Figure 4.12a in the next section).
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Figure 4.9a: Amplitude spectrum of 32x64 model
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Figure 4.9b: Phase spectrum of 32x64 model
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The phase-jumps only occur in the island region, and the higher the harmonic the more jumps there
appear. The presence of pi-jumps would therefore be a very good indicator for the magnetic island.
The problem with the phase-jumps is that they are hard to observe in the actual data. The actual data
grid is only eight channels in width, so the thin pi-jumps will overlap and obscure one another so
that individual phase-jumps cannot be distinguished anymore.
-

Features on the left of the island centre are much more pronounced than features to the right
of the island centre

This can be explained by the fact that the gradient at the left edge is larger than at the right edge. If
the ‘flat region’ is little peaked, the left side will have a kink, while the right side edge is more smooth
as can be seen clearly in Figure 4.1a. Though this effect should get smaller when the peakedness
reduces, the effect will still remain because the slope from the linear part is bigger on the left than on
the right.
-

The distance between 1st and 2nd harmonic peak are a measure for the island width

Both the peak in the 1st and 2nd harmonic are clearly present and little other features are present that
could obscure those peaks in the 8x16 spectrum. The peaks are on a different position and the
difference is proportional to the island width. In this report we will use this relation to find island
widths from the Fourier transformed data, following [15].
By comparing the island width of the model and harmonic peak distance of the Fourier transform, a
linear relation was found as depicted in Figure 4.10:
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Figure 4.10: Linear fit of the distance between peaks in the
1st and 2nd harmonic against the fitted island width
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Inverting this relation, the equation to calculate island widths from peak distance data was found to
be:
𝑤 = 3.52 ∙ ∆𝑥
(4.14)

We will use this relation in the next section to find the width of small islands. It should be stressed
that this is just one of all possible relations. By further investigating the relation of the model and its
Fourier transform, smarter and more accurate relations might be found.

4.4 – Fourier Transform Comparison of Model and Data
In Section 4.3 we’ve shown that there are relations between the island width and features of the
Fourier transform of the model. In this section we will use the relation found in to calculate the
island width directly from the data.
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The Fourier transform of the data (Figure 4.11) in principle shows the same details as the Fourier
transform of the fit (Figure 4.9a), but there are some important differences. Although the first two
harmonics look identical, the smaller bands in the N = 3 and N = 4 harmonic disappear in the plots of
the data. This means that whatever relation is used, it cannot make use of these smaller bands as they
don’t appear in the data.

N=3

R (m)
Figure 4.11: Amplitude spectrum of the Fourier transformed data

N=4
R (m)
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As islands get smaller, their signatures get less and less pronounced in time traces of the signal. As a
consequence of this, they lose their higher order harmonic components in a Fourier transform. From
Figure 4.12 it becomes clear that the further you go back in time (and the further the island size is
decreased) the less harmonics are visible in the spectrum. This limits the use of the relation described
in Section 4.3 to islands where the 2nd harmonic component is still present.

Figure 4.12: While going back in time, islands get smaller and
higher order harmonics begin to disappear. The black bar
indicates the timeframe where the 2nd harmonic vanishes.
Measuring the positions of both 1st and 2nd harmonic peaks and using relation (4.14) the island sizes of
Section 4.2 were reproduced down to the earliest frames that still had 2nd harmonic components. This
plot is shown in Figure 4.13:
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Figure 4.13: The islands width, calculated from the Fourier peak
distance using the relation found in Section 4.3. As a reference the
results from Section 4.2 are plotted as well.
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The island width calculated from peak data compare very well with the values acquired from the fit
in Section 4.2. This means that instead of having to fit every island over and over again, the island
width can be calculated directly from the Fourier transform of the data, so that speed of evaluation is
greatly increased. Apart from this increase in speed, unfortunately this method didn’t result in a
smaller range of islands that can be measured.
Because the islands spin at high speeds through the tokamak, the multiple vertical channels of the
2D-ECEI are essentially redundant, as the radial peak positions could easily have been determined
from a 1D-signal. This leads to the question if it is possible to use the 2D-signal in a way that it can
help improve the 1D measurements.
One possibility is to make use the fact that the Fourier peaks are symmetric around the plasma center
(figure 4.9 and figure 4.11). All channels can be mapped to the midplane by rotating them, effectively
resulting in a 1D-ECE signal with 16 · 8 = 128 channels in the horizontal plane. In practice this is
extremely hard to do, because the plasma center as well as the island radial position have to be
known very accurately. If either of these is not accurate enough, the mapping mixes up the order in
which the channels should appear and it becomes impossible to extract the temperature profile. Even
if the plasma center and island radial position were determined with the accuracy needed, the
exercise would still not result in a much better resolution because every channel of the 2D-ECEI
already implicitly averages over a region of about 1 cm (See Section 2.3, Figure 2.4)
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5. Conclusion & Discussion
5.1 - Conclusion
In this chapter we will review the conclusions of this report. We will do this by answering the
research questions that were asked in the first chapter:
-

With which techniques can we measure the width of magnetic islands?

In addition to the techniques found in literature, we have found two techniques to determine the
width of a magnetic island in this report: 1) By fitting the mathematical model devised in this report,
2) By finding a relation between island width and the 1st and 2nd harmonic peak distance, and
consecutively calculating the width directly from the Fourier transformed data.
-

What is the smallest size we can measure using these techniques?

The smallest islands to be measured were about ~8 𝑐𝑚 in both cases. For the fitting method this was
limited because the fit got stuck in local minima. For the Fourier method the limit is the disappearing
2nd harmonics.
In the following sections we will try to suggest some possible improvements that might help to get
below the ~8 𝑐𝑚 limit.

5.2 - Fitting
The fact that the fitting procedure can determine sizes of large islands, confirms that the model is an
adequate description of the magnetic islands. Although the fitting routine works, it would be too slow
for any practical real time applications, as already remarked at the end of Section 4.2. There are some
issues to consider that could limit the fitting procedure which we will present here.
One possibility is that the signal to noise ration becomes too low. This can be solved by averaging
over multiple periods or taking a larger time interval to fit. However, this is only possible as long as
the frequency doesn’t change too much in the interval which is fitted. For smaller islands, the
frequency increases a lot and over a very short interval (shorter than one period) which makes
averaging impossible.
This problem is bigger than just that we’re left with a bad signal-to-noise ratio, the model assumes a
constant frequency over the interval. If it changes too much, which we already concluded it did, it is
not possible to fit the data correctly anymore. A changing frequency could of course be implemented
in the fit, but this increases the amount of parameters even further, which is not desirable for the fit
performance.
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Another issue that could limit fit performance is that the temperature trend is not a constant over the
fit interval. The model assumes the trend to stay constant (i.e., not to rise or fall), but in the early
stages of island formation the temperature is changing very rapidly. As with the changing frequency
it is possible to incorporate this in the model, but this again increases the number of fit parameters.
Solving the mismatch between data and model, as mentioned half-way in Section 4.2 might also
prove to improve the fitting performance, either by correcting for the effects or adding more detail to
the model.
Finally, to better see what’s going on at the moment the fitting routine fails, it might prove insightful
to look at the Jacobian matrix at this moment, to see where exactly the fit goes wrong. It is possible to
fix some parameters that prove to be hard to fit, to some credible values.

5.3 - Fourier Method
We have shown that it is possible to make an estimate of island sizes by interpreting the Fourier
transform of the data. In general this method the relation presented here works for islands that have
at least a 1st and 2nd harmonic component in their spectrum.
This relation was an easy first guess for the island width. By comparing the model with its Fourier
transform it should be possible to come up with smarter relations to find a more accurate description
of island widths that is less dependent of higher harmonics. For instance, in this report we didn’t use
the height of the peaks, width of the peaks, absolute position of the peaks or any features from the
phase spectra. After some investigation it is conceivable that by using all this information a more
robust tactic can be found.
The techniques reviewed in this report were done with 2D-ECE-Imaging, but could equally well be
done using 1D-ECE. Because the islands rotate in a poloidal motion, one line of sight still records all
the data necessary for either the fit or the Fourier transform. As mentioned in Section 4.4 it is not
straightforward to use the redundancy of data for a more accurate description of the magnetic islands.
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