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Abstract

The energy confinement time τE is a measure of how long energy remains in a

plasma. Multi-machine studies of τE have been used to derive a scaling law for

tokamak confinement based on engineering parameters. Comparing the measured

confinement time to the predicted confinement time results in the H-factor, which

is equal to one if the scaling is perfect. An H-factor of less than one describes a

scenario where the plasma does not perform as well as predicted.

The occurence of Edge Localised Modes (ELMs) in the high confinement

mode of a tokamak limits the height of the edge transport barrier, known as

the pedestal. A crash due to an ELM is associated with particle and energy

transport outwards of the confined region and occurs when a critical pedestal

pressure gradient is reached.

According to measurements and scalings, increasing the input power has a

negative effect on τE. But the effect of the power lost due to ELMs on the con-

finement time has so far not been taken into account for scalings of the energy

confinement time. In this thesis, the energy confinement time scaling is rechar-

acterised by including the power losses due to ELMs and it is shown, using data

from ASDEX Upgrade, that no improvement can be seen by doing so. A higher

deviation in the H-Factor for Preduced = Pheat−PELM compared with the H-factor

of the Pheat scaling attest to this finding. In order to be able to interpret the scal-

ings, parameter correlations, e.g. for the heating power and the ELM loss power,

have been computed. It was also tried to find scaling laws for ELM losses, which

were split into scalings for the ELM frequency and for the energy loss due to

ELMs. These scalings however were more difficult to interpret and were found to

be more inaccurate resulting in a high root-mean-square error. Indications will

be presented which show a positive trend between ELM losses and the pedestal

pressure.
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Zusammenfassung

Die Energie-Einschlusszeit τE ist eine Messgröße, die beschreibt, wie lange Energie

in einem Plasma eingeschlossen bleibt. Studien für die Tokamak-Einschlusszeit

mit mehreren Tokamaks wurden verwendet um Skalierungen abzuleiten, die auf

sogenannten Engineering-Parametern beruhen. Der Vergleich zwischen gemessener

und errechneter Einschlusszeit resultiert in dem sogenannten H-Faktor, welcher

den Wert eins annimmt, wenn die Skalierung perfekt ist. Ein H-Faktor, der

niedriger als eins ist beschreibt ein Szenario, in welchem das Plasma für den

Teilcheneinschluss schlechtere Eigenschaften aufweist als berechnet.

Das Auftreten von sogenannten Edge Localised Modes (ELMs), also von

lokalisierten Moden im Plasmarand, in der High Confinement Mode eines Toka-

maks beschränkt die Größe der Randtransportbarriere, welche auch Pedestal

(Podest) genannt wird. Ein Zusammenbruch wegen einer ELM ist mit Teilchen-

und Energietransport aus dem Plasma hinaus assoziiert und passiert, wenn ein

kritischer Pedestaldruckgradient erreicht wird.

Den Messungen und Skalierungen zufolge hat die Erhöhung der Heizleistung

einen negativen Effekt auf τE. Jedoch wurde bislang noch nicht evaluiert, in

welcher Form die durch ELMs verlorene Leistung Skalierungen der Einschlusszeit

beeinflusst. In dieser Masterarbeit wurde die Skalierung der Energie-Einschlusszeit

durch das Einbeziehen ebendieser Leistung recharakterisiert. Es wird mithilfe

von ASDEX-Upgrade Messungen gezeigt, dass keine Verbesserung der Skalierung

erreicht wird. Eine höhere Standardabweichung im H-Faktor für Preduced =

Pheat − PELM verglichen mit dem H-Faktor für die Pheat-Skalierung unterstützen

diese Beobachtung. Um die Skalierungen interpretieren zu können, wurden Pa-

rameterkorrelationen - zum Beispiel für Pheat oder die Verlustleistung durch ELMs

- berechnet. Des Weiteren wurde versucht Skalierungen für die ELM-Verluste,

welche in die Anteile der ELM-Frequenz und des Energieverlusts aufgeteilt wur-



den, zu finden. Jedoch war die Interpretation dieser Skalierungen problematisch,

da sie, wie durch einen hohen RMS-Fehlerwert beschrieben wird, unpräzise zu

sein scheinen. Hinweise für einen positiven Trend zwischen den ELM-Verlusten

und dem Pedestaldruck werden jedoch gezeigt.
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Chapter 1

Introduction

The supply of energy faces difficulties due to increasing population growth as

well as increasing per capita energy consumption. To overcome these challenges

the international community longs for efficient, clean and, ideally, cheap energy

production. In particular, European countries are currently trying to reduce the

consumption of fossil fuels, which still have a large share in the overall energy

production.

A candidate for a solution of this problem is nuclear fusion, which is a process

of nuclear rearrangement in which two light atoms merge to a heavier atom and

other reaction products which carry away excess energy in the form of kinetic

energy. This energy is of the order of the binding energy between the nuclei.

Like other stars, the sun produces energy using nuclear fusion. The process

reads:

p+ p→ D + e+ + νe (1.1)

D + p→ 3
2He+ γ (1.2)

3
2He+ 3

2He→ 4
2He+ 2p (1.3)

which corresponds to a resulting process of:

4p→ 4
2He+ 2e+ + 2νe + 26.7 MeV. (1.4)

In the above equations, the following abbreviations were used:
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• p . . . Proton

• e+ . . . Positron

• D . . . Deuterium nucleus

• νe . . . Electron neutrino

• γ . . . Photon

• 4
2He . . . Helium nucleus

Different reactions have different cross sections which is a measurement of how

likely a fusion process is with varying impact energy (kinetic energy of partici-

pants). The cross sections for fusion (see figure 1.1) suggest the use of Deuterium

and Tritium. This is because of the peak in the cross section for relatively low

energies. The corresponding reaction is

D + T →4
2 He+ n+ 17.59 MeV, (1.5)

where α represents a Helium nucleus and n represents a neutron. The excess

energy of 17.59 MeV results from a mass deficit of 0.01875 mp with mp being the

mass of a proton.

A low impact energy of the reaction participants leads to a small cross section

because the energy is insufficient to overcome the Coulomb barrier of the electro-

magnetic interaction. Only the effect of quantum mechanical tunneling makes it

possible to fuse atoms at lower impact energies.

The advantages of nuclear fusion are cheap and practically limitless fuel as

well as low radioactivity levels compared to nuclear fission. Research on the ef-

ficient use of nuclear fusion for civilian purposes has been carried out since the

1950s but a fusion reactor which produces more energy than it consumes has not

yet been built. Over the course of decades fusion devices have become more so-

phisticated and an internationally funded project currently under construction in

France is designed to facilitate ignition, which means that the energy produced in

the fusion process is enough to compensate the cooling due to energy losses and

to sustain the fusion process without external heating. This project was named

2



Figure 1.1: Cross-sections of the most commonly discussed fusion reactions plot-
ted against the impact energy on a logarithmic scale. Taken from [9].
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Introduction

ITER, which is an English acronym for ”international thermonuclear experimen-

tal reactor” and the Latin word for ”the way”. ITER will be the next step on

the way to an operating nuclear fusion power plant with an anticipated power

production of 500 MW for 400 seconds [28].

The power balance in a tokamak plasma is

Pheat + Pα = Ploss , (1.6)

where Pheat is the external heating power and Pα is the heating power due to

alpha particles which are produced in the fusion process (see equation 1.5) and

are confined by a magnetic field thus being able to further heat the plasma. Ploss

is the rate of energy lost from the plasma per time.

For ignition to be possible, certain conditions for the particle density n, the

temperature T and the energy confinement time τE, which is defined as

τE =
W

Pheat − dW/dt
, (1.7)

have to be met. In this equation, W is the stored plasma energy. The Lawson

criterion for ignition states that the triple product of n, T and τE has to overcome

a value of 3 to 5 × 1021m−3keV s, depending on the profiles of n and T [30].

Thus, one could naively assume that it would be best just to increase the three

parameters to their highest possible values. But raising all parameters turns out

to be a difficult task since the parameters are related to each other. As can be seen

in figure 1.2, the product of the density and the energy confinement time has a

global minimum at a temperature of about 30 keV. After fixing this temperature

the triple product can be reached by raising n or τE. For magnetic confinement

fusion devices it is difficult to raise the density to high levels without this leading

to plasma disruption and therefore the confinement time has to be as high as

possible whereas in inertial confinement fusion the density is increased as much

as possible, but only for short times.

Since the energy confinement time is also dependent on T, using the minimal

temperature value turns out not to be the optimum condition. The operational

4



Figure 1.2: The value of the product of n and τE required to obtain ignition as
a function of T . Taken from [30].

window for ITER is planned to be between 10 and 15 keV.

Confining a fusion plasma is a difficult task and several methods to do this

have been proposed. One method is the magnetic confinement, which uses strong

magnetic fields preventing the majority of the plasma particles from escaping.

The reason for this is the Lorentz force

m · dv
dt

= q(v ×B) , (1.8)

which acts upon charged particles and leads to a gyration around the magnetic

field lines with the frequency

ωc =
q ·B
m

, (1.9)

where v is the velocity of the particle, q is the electric charge of the particle, B

is the magnetic field strength and m is the mass of the particle.

The so-far most successful devices use toroidally bent and closed magnetic

field lines. Unfortunately, this simple arrangement of the magnetic field coils

comes along with some inconveniences, like drift phenomena that prevent good

confinement. Reasons for this are for example the decreasing magnetic field with

increasing radius or a pressure gradient. In the first case, the Lorentz force

5
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changes its magnitude over the tokamak radius and therefore is not constant over

the gyration orbit of the charged particles. This will lead to an orbit which has

a greater radius at the low field side and vice versa. In the second example one

finds that a ”diamagnetic” current will evolve in the vicinity of a pressure gradient

which will result in a magnetic field which mitigates the original magnetic field.

In the latter example no mass is being transported.

These drifts can be cancelled out using helically twisted field lines which are a

result of using a combination of a toroidal and a poloidal field. One device which

uses this phenomenon is a tokamak, which will be described in detail in chapter 2.

It has been shown that the confinement time for tokamaks (which until now

can only be operated in pulses) has a strong positive correlation with the machine

size. This explains that new experiments like ITER are designed to have larger

dimensions which are necessary for reaching the conditions needed to gain energy

from the fusion process. Unfortunately, we do not know whether the physics

used for simulations describing the impact of the high temperatures, high parti-

cle densities and large dimensions on the plasma behaviour for ITER is complete

and therefore it is not possible to make an accurate prediction using simulations.

Results from measurements carried out on present-day machines like JET in the

United Kingdom or ASDEX Upgrade in Germany can be extrapolated to predict

the effects of changing certain parameters, namely the pedestal top temperature

and the confinement time, in the operation onto a bigger machine. For this pur-

pose scaling laws have been evolved which try to describe these quantities using

either dimensionless ”physics” parameters or engineering parameters. Physics

parameters describe the plasma properties whereas engineering parameters are

determined by operational constraints and describe the machine properties.

ITER will operate in the so-called high confinement mode (or H-mode) regime

which will be described in section 3.1. In this regime instabilities occur that pe-

riodically expel particles and therefore reduce the energy stored in the plasma.

Those instabilities are called Edge Localised Modes or ELMs, occur on millisec-

ond time scales and have a repetition frequency from a few Hz up to several

hundred Hz. They will be discussed in section 3.2.

6



In this thesis the power lost due to these modes will be included into the

scalings for the confinement time and it will be shown whether it brings an im-

provement to the scaling or not. Furthermore co-dependencies of the parameters

included in the confinement time scaling will be determined. Using data from

ASDEX Upgrade, the H-factor, which is the confinement normalised to the pre-

diction, will be determined considering also the losses due to Edge Localised

Modes.
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Chapter 2

Tokamak

2.1 Overview

The word ”tokamak” is a Russian acronyme for ”toroidal chamber in magnetic

coils”. As has been stated in the introduction, the Tokamak is a promising concept

for magnetic confinement fusion. It was developed in the Soviet Union thanks to

theoretical ideas of Igor Yevgenyevich Tamm and Andrei Dmitrievich Sakharov.

The initial principles of confinement in a toroidal chamber using magnetic coils

were first formulated in October 1952 [26]. Figure 2.1 shows the concept of a

tokamak.

In a tokamak the toroidal field is created by the toroidally assembled mag-

netic field coils and the poloidal field is created by a toroidal plasma current Ip.

Ip is induced by increasing the current through a solenoid located in the cavity

in the center of the torus. Now the plasma acts as the secondary winding of a

transformer. The disadvantage of using a transformer is a temporally limited

operation since the current through the solenoid cannot be increased infinitely.

Steady-state operation is not limited to a short pulse since it does not need a

transformer to generate a current in the plasma but relies on a current which

is non-inductively driven. This feature makes it very attractive for the use in a

power plant and is therefore a topic of ongoing research [19] [20].

The position of the plasma volume and its shaping can be controlled using



Tokamak

Figure 2.1: Schematic view of a tokamak machine. Figure reproduced from AUG
database.

poloidal field coils which generate a vertical magnetic field. The shaping of a

tokamak plasma is mostly described by the triangularity δ, the elongation κ, the

geometrical minor radius am and the geometrical center of the plasma Rgeo, which

will be described in detail in section 4.4.2.

The helically twisted magnetic field lines form layers of constant flux. On

these layers, which are called magnetic surfaces, the pressure is constant and

therefore the pressure gradient is perpendicular to the surface. If one follows

one of these magnetic field lines, one is able to find the safety factor q, which is

defined as the gradient of the toroidal flux with poloidal flux or, more simply, as

the number of toroidal orbits of the magnetic field lines per poloidal orbit.

There are two common types of plasma oparation which are distinguished by

the use of a divertor in one case and that of a limiter in the other case. A limiter

is a device which intercepts the flux surfaces thereby creating the last closed flux

surface. The divertor is located underneath the so-called X-point, which is a point

in the poloidal projection in which Bp, which is the poloidal magnetic field, has

a null. In a device using a divertor, the last closed flux surface, or ”separatrix”,

10



ASDEX Upgrade

is only influenced by the magnetic field. The region of plasma which is located

outside of the last closed magnetic flux surface is called scrape-off layer (SOL).

This thesis uses experimental data from the tokamak ”ASDEX Upgrade” in

Garching, Germany.

2.2 ASDEX Upgrade

ASDEX1 Upgrade (AUG) is a tokamak equipped with a tungsten divertor, which

protects the walls of the reactor vessel from erosion. This is important to ensure

the durability of the plasma facing components (PFCs). Tungsten is the material

of choice because of its low erosion rate and its low tritium retention ([15] [16]),

the latter being relevant for research for a fusion reactor. Interactions with the

tungsten surface take place outside of the confined plasma.

The following table gives an overview of ASDEX Upgrade’s engineering pa-

rameters.

Plasma current (Ip) 0.4-1.6 MA

Maximum magnetic field (BT ) 3.1 T

Heating power (Pheat) up to 30 MW

Major plasma radius (R0) 1.65 m

Minor horizontal plasma radius (a) 0.5 m

Minor vertical plasma radius (b) 0.8 m

Triangularity (δ) up to 0.4

Plasma volume (V ) 14 m3

Table 2.1: Engineering parameters of ASDEX Upgrade.

2.2.1 Heating mechanisms

The simplest form of heating the plasma is Ohmic heating. On a microscopic

scale, Ohmic heating takes place because of Coulomb interactions between elec-

trons and ions. Scattering of charged particles leads to thermal motion. Due

1Acronym for axial symmetric divertor experiment.

11
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to the fact that the dissipation of the plasma current depends on the plasma

temperature (decreasing resistance with increasing temperature), temperatures

higher than a few keV are impossible to reach [8]. The amount of heat produced

is described in Joule’s first law:

H ∝ I2 ·R · t , (2.1)

where H is the heat produced, I is the flowing current, R is the resistance and t

denotes the time.

Heating the plasma in addition to Ohmic heating is crucial to reach the ener-

gies required to start the fusion reaction. At ASDEX Upgrade the heating power

Pheat is mainly applied via radio waves and microwaves as well as through injec-

tion of high energy particles. The total additional heating power is about 30 MW

of which

• the electron cyclotron resonance heating (ECRH), which uses microwaves,

contributes with 4 MW,

• the ion cyclotron resonance heating (ICRH), which uses radio waves, con-

tributes with 6 MW and the

• neutral beam injection contributes with 20 MW.

With these heating methods (but mainly via high energy particles) an ion

temperature of more than 108 K can be realised [5].

12



Chapter 3

Theory

This chapter will give an overview over the most relevant theoretical aspects in

tokamak-related plasma edge physics which are essential for this work.

3.1 H-mode

Plasma parameters like the electron density and the electron temperature are

constant on a flux surface but vary strongly along the radius in the plasma edge

region. If their values are plotted against the tokamak radius in a poloidal cross

section, characteristic profiles can be identified. For reasons of convenience, the

normalised poloidal radius of the tokamak ρpol can be introduced:

ρpol =

√
ψaxis − ψ

ψaxis − ψseperatrix
, (3.1)

ψ being the poloidal magnetic flux, ψaxis being the flux at the magnetic axis

which is also the plasma center and ψseparatrix being the flux at the separatrix.

On the ρpol-abscissa, 1 indicates the radial position of the separatrix.

The main operational regimes of a tokamak are primarily controlled by the

power injected into the plasma Pheat. If a certain power threshold is reached, the

L-mode or low confinement mode will undergo a transition to the H-mode or high

confinement mode, which shows distinct properties like an almost twice as large

value of the energy confinement time [28]. The H-mode was discovered at ASDEX

in 1982 [29]. The reason for this transition in confinement properties is not yet

fully understood but it is agreed upon that if a certain heating power threshold
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Figure 3.1: Electron temperature and electron density in H-mode (blue) and
in L-mode (red) plotted against the normalised radius for the AUG discharge
#17741. Taken from [2].

is reached, an edge transport barrier evolves which hinders radial transport and

therefore also particle and energy losses. This transport barrier is defined by an

increased pressure gradient compared to L-mode in the outermost ∼ 2 cm of the

region of closed magnetic surface lines (inside of the separatrix). Increased gradi-

ents in the electron temperature Te and density ne lead to significantly increased

total values of these parameters across the whole plasma. The slim region de-

scribed above is called the edge pedestal, because the profiles of the core plasma

lie on top of it. Figure 3.1 shows the raised Te and ne levels in H-mode compared

to L-mode. It is believed that the L-H transition is a result of suppressed tur-

bulence due to the evolution of a radial electric field and corresponding E × B
shearing [27] [2].

3.2 Edge Localised Modes

Edge Localised Modes (ELMs) are plasma instabilities linked to the high pressure

gradient in H-mode. They periodically expel particles and energy of the order

14



Edge Localised Modes

Figure 3.2: Signature of an ELM in the signals of the inner scrape-off layer
divertor current Ipolsoli, the magnetic pick-up coils and the soft X-ray radiation in
a time interval of 0.04 s. Shot #23418 was used for this plot.

of a few percent up to 30 % of the stored energy from the magnetically confined

plasma volume which are then guided to the divertor or other PFCs via open

magnetic field lines. During an ELM the pressure gradient drops significantly

due to the drop of the density and the temperature gradients as can be seen in

figures 3.3 and 3.4. The energy lost due to the reduction of the plasma pressure

is

∆W pe
MHD =

3

2

∫
∆pdV, (3.2)

causing high heat loads on the PFCs that can even melt because of ELMs.

The ELM duration as well as the recovery time after an ELM crash is very

variable. An ELM can last for a few milliseconds and may occur with a fre-

quency between a few Hertz and up to more than 1000 Hertz [22], depending on

the ELM type. The traditional method of measuring ELMs is detecting Hα radi-

ation, which is not reliable in a tokamak equipped with tungsten coated divertor

tiles. Alternatively, ELMs can for example be detected via the observation of the

poloidal divertor current, the magnetic equilibrium measured by pick-up coils or

soft x-ray radiation (see figure 3.2).

ELMs are usually classified into three different types:

• Type-I ELMs

• Type-II ELMs

15
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Figure 3.3: Electron temperature and density profiles before (pre) and after
(post) an ELM. The data used is taken from shot #34332. It can be seen that
the pedestal values drastically decrease immediately after the crash takes place.
ρpoloidal is the normalised radius and the value of 1 corredsponds to the separatrix
at the outer midplane. The fits have been performed using a modified tanh-
function.

Figure 3.4: Electron temperature (red), electron density (blue) and electron
pressure (pink) at the pedestal top relative to an ELM crash. Taken from [2]

16
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• Type-III ELMs

In this thesis only Type-I ELMs were taken into account. They take place

in operational regimes which have the best confinement times. They are char-

acterised by the large loads of particles and energy which are lost due to these

ELMs. The frequency of Type-I ELMs increases with increasing heating power.

The instability occurs, when the critical limit αcrit of the normalised pressure

gradient, which varies as a function of the pedestal width [2], is reached. Type-I

ELMs usually define a reproducible regime [25]. Type-II and Type-III ELMs

generally have a higher frequency than Type-I ELMs but a smaller energy loss.

Thus plasma facing components will not be affected by the heat loads as strongly

as in Type-I ELMs.

Although a complete theory of ELMs is still the subject of ongoing research,

it is believed that ELMs can be described as peeling-ballooning modes, which are

magnetohydrodynamic instabilities. The pressure gradient at the plasma edge

causes an oppositely directed force to the magnetic field line tension. At the

low field side the unfavourable addition of decreasing magnetic field strength and

decreasing pressure with increasing radius are destabilising and lead to ballooning

MHD modes. A current driven instability, the peeling mode was added to the

theory because of the inability of the ballooning mode theory to describe why the

pressure gradient stays constant a few milliseconds before the ELM crash occurs

[25].

The pedestal density recovers at a different speed than the pedestal temper-

ature, which can be seen in figure 3.4. As stated above, a phase of constant

pressure gradient after the recovery can be observed and of which the temporal

length cannot be predicted. This means that the last phase of ELMs seems to be

determined by a yet unknown parameter.

Mitigation techniques for ELMs are areas of current research but in spite of

the negative effects mentioned before, ELMs are very useful when it comes to

decreasing the amount of impurities in the plasma which is important for a re-

duction of the energy lost due to impurity radiation [3].

Since the occurrance of an ELM places a limitation on the pedestal, and the

pedestal is one of the factors which dominates global confinement, understanding

17



Theory

the ELM trigger is important to model future devices. The fact that high energy

loads to the divertor could cause serious damage in tokamak operation using

larger devices underlines the importance of understanding ELMs.

3.2.1 Particle and Energy Losses due to ELMs

To understand the mechanisms which cause Type I ELM energy losses, dependen-

cies on plasma parameters have to be found. The normalised energy lost during

an ELM event ∆WELM/∆Wped decreases with increasing pedestal density [13].

The reason for this seems to be a reduction in the temperature drop rather than

a reduction in the density drop. This implies that the mechanism which governs

the energy loss also changes with increasing pedestal density. A parameter which

fits the normalised ELM energy loss more accurately over a range of different

experiments is the collisionality ν∗ped of the pedestal plasma, which can be seen

in the comparison of figures 3.5 and 3.6. [13] uses the following definition for the

evaluation of ν∗ped:

ν∗ped =
R · q95

ε3/2 · λe,e
. (3.3)

In the above equation, R is the major tokamak radius, q95 is the safety factor,

which gives the number of poloidal orbits of a magnetic field line per toroidal

orbit measured at 95% of the flux, ε is the inverse aspect ratio (a/R) with a

being the minor radius. λe,e is the electron-electron Coulomb collision mean free

path and is defined in this calculation as

λe,e = 1.7 · 1017
T 2
e,ped

ne,ped · ln(Λe)
. (3.4)

For the calculations in this thesis the definition of Λe was obtained from [23]

and reads

ln(Λe) = 31.3− ln(

√
ne
Te

) . (3.5)

Figure 3.6 was reconstructed with the data used in this thesis and the result

is shown in figure 3.7. It shows that due to the high scatter and the small range

available it is not useful to choose the collisionality as a parameter to describe

ELM losses in this thesis.

The collisionality is a measure of how many collisions an electron undergoes
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Figure 3.5: The normalised ELM energy loss is plotted against the pedestal
density normalised to the Greenwald density limit for data points gathered from
AUG, DIII-D, JT-60U and JET. Taken from [13].

Figure 3.6: The normalised ELM energy loss is plotted against the pedestal
plasma collisionality for data points gathered from AUG, DIII-D, JT-60U and
JET. Taken from [13].
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Figure 3.7: The normalised energy loss due to ELMs is plotted versus the di-
mensionless collisionality ν∗ped.

whilst covering a banana orbit1. The energy drop during an ELM may be linked

to both a drop in temperature as well as a drop in density. As for the case of den-

sitiy, higher collisionality leads to a smaller drop in temperature during an ELM

whereas the density drop seems to stay constant with increasing collisionality

[12].

Despite the fact that energy losses depend on plasma parameters, this seems

not to be the case for particle losses [13].

It has been shown [13] that the ELM power flux pulse onto the divertor plates

is not associated with the duration of the MHD activity, as it was believed earlier,

but with the ion parallel transport duration along the magnetic field lines.

3.2.2 Extrapolation to ITER

The fact that there is no valid physical model which is able to fully describe ELMs

or the energy transport to the divertor plates during the ELM yet, leads to a

1Describes the trajectory of the movement of plasma particles, which are trapped in the
outer plasma region due to the magnetic mirroring effect.
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problem for extrapolation of the experimental results to ITER. Two approaches

are proposed in [13]:

• As shown in figure 3.6, ν∗ped correlates with the ELM energy loss and it is

assumed that extrapolation to ITER is legitimate.

• The parallel ion transport time of the ELM loss energy to the divertor τFront‖

is observed to vary with pedestal plasma parameters. [7] assumes that the

energy losses are determined by τFront‖ and the time of enhanced cross field

transport τELM . In this model the relation τFront‖ >> τELM is valid. The

MHD activity during an ELM leads to a connection of the magnetic field

lines with the divertor target plates. A variation of ν∗ped leaves the duration

of this connection τMHD
ELM unchanged [12]. This is not the case for τFront‖ ,

where we can see a positive correlation, which leaves us with problems in

interpreting the results.

There are crucial differences to ITER between those models:

If τFront‖ were to govern the ELM energy loss, the divertor plates would have

to withstand energies of about 5-11MJ, which leads to an acceptable lifetime.

Whereas if ν∗ped controlled the ELM energy loss, 22 MJ would have to be expected

which would lead to unacceptable lifetimes [13].

3.3 Scaling Laws

The physics behind parameters like ELM losses or the ELM frequency is not yet

fully understood. Approximations of the dependencies of these parameters are

one important step of getting to the bottom of the physical processes.

Empirically found scaling laws are crucial for the prediction of the performance

and limits of new fusion devices. They also allow comparisions of the performance

of different machines. Scaling laws are produced using large amounts of exper-

imental data preferably from different devices. In this thesis, the generation of

scaling laws was performed using a database approach which will be explained

in section 4.4. The range of data was limited to results from ASDEX Upgrade
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discharges.

Due to its impact on the ignition in the Lawson criterion, the scaling of the

energy confinement is of great importance. The ITER physics basis IPB98(y,2)

scaling of the energy confinement time in engineering parameters, which is widely

accepted, reads as follows [17]:

τE,IPB(y,2) = 0.0562 · I0.93
p ·B0.15

t · P−0.69
loss · n

0.41 ·R1.97 · κ0.78 · ε0.58 ·M0.19 . (3.6)

Ip is the plasma current, Bt is the toroidal magnetic field at the major radius R,

Ploss is the input power minus the power lost due to radiation and conduction,

n is the line averaged density, R is the major radius, κ is the elongation (b/a,

where b is the height of the plasma measured from the equatorial plane), ε is the

inverse aspect ratio (a/R) and M is the average ion mass.

Ryter et al. ([21]) find interesting scaling relations for the thermal confinement

time

τth =
Wth

Pheat − dW/dt
, (3.7)

Wth being the plasma energy without the contribution of NBI fast ions. Contrary

to equation 3.6, the scaling shows a negative dependence of the line averaged

electron density n̄e and reads

τth ∝ I1.32
p P−0.72

heat δ
0.31n̄−0.18

e (3.8)

with δ being the triangularity which describes the shaping of a tokamak plasma

(see subsection 4.4.2). [21] mentions the often observed case of increasing natural

density with an increase of τth and a reduction of the ELM frequency in the low

density range without gas puffing. This low density range is indicated with a

ratio between the electron density n̄e and the Greenwald density limit ([6])

nGW =
Ip
πa2

(3.9)

of roughly 0.6. In this density range one therefore finds a positive correlation

between n̄e and τth.
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A second scaling in Ryter et al., which includes the central electron density

ne(0) and the electron density in the scrape-off layer, which was averaged over 6

cm starting from the separatrix outwards and which indicates gas puffing, reads

as follows [21]:

τth ∝ I1.0
p P−0.56

heat δ
0.2ne(0)0.3n−0.17

e,SOL . (3.10)

It shows the impact the SOL density has on the confinement time as well as

on the core density and for this reason nSOL is included in the scalings in chapter

5.

3.4 High Field Side High Density Front

The high field side high density front (HFSHD) is a region of increased density

in the lower scrape-off layer on the inner, high field side of the tokamak vessel. It

is an important parameter when it comes to linking fuelling and seeding effects

on SOL parameters like the density. Dunne et al. present findings at ASDEX

Upgrade which show the impacts of the HFSHD on the pedestal density ([1]).

Neutral fuelling increases the HFSHD density which then causes the radial

position of the pedestal density top to radially shift outwards due to an ”increase

of diffusive and drift driven fuelling of the plasma” ([1]). Nitrogen seeding coun-

teracts this effect shifting the density profile inwards again.

This shows the importance of including the SOL density in the energy con-

finement time scalings due to its effect on pedestal top parameters.
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Chapter 4

Analysis Method

4.1 Diagnostics

During operation of the tokamak, the accessibility of the plasma region with

diagnostics is very limited. High magnetic fields and high temperatures make it

impossible to install diagnostics inside of the SOL. This makes it a difficult task

to measure the plasma parameters. Measurement positions can generally not be

varied during a discharge and the diagnostics can therefore only measure along a

line of sight. Especially in the edge region, where ELMs occur, a high spatial as

well as temporal resolution is needed in order to get satisfying results.

At ASDEX Upgrade a broad range of diagnostic devices is installed to mea-

sure the electron temperature and density. Figures 4.1 and 4.2 show where the

measurement devices are located in the reactor vessel.

4.1.1 Electron Cyclotron Emission (ECE) Radiometry

ECE radiometry is a method to find the temperature of electrons in a plasma.

Electrons, which travel perpendicularly to the magnetic field lines are forced

onto a gyration orbit by the Lorentz force. This acceleration leads to a cyclotron

radiation which can be measured optically from outside of the plasma. The

gyrofrequency is

ω =
neB

me

, (4.1)

where n is the integer which denotes harmonics, e is the elementary charge, B is

the absolute value of the magnetic field and me is the electron mass. In a Tokamak
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Figure 4.1: Poloidal cross section of the ASDEX Upgrade tokamak vessel and
the location of the relevant diagnostics for discharge #33724. The lithium beam is
displayed in green, the ECE Radiometer is displayed as blue crosses, the Vertical
Thomson Scattering is displayed in pink, the lithium beam is displayed in green
and the DCN Interferometer is displayed in light blue. Also, the separatrix (dark
blue) and the magnetic flux surfaces (red) are displayed.
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Figure 4.2: Location of the relevant diagnostics in the toroidal cross section view
of ASDEX Upgrade for discharge #33724. The ECE Radiometer is displayed as
blue crosses, the Vertical Thomson Scattering is displayed in pink, the lithium
beam is displayed in red and the DCN Interferometer is displayed in light blue.

the magnetic field (and therefore the gyrofrequency) is inversely proportional

to the radius. This relation makes it possible to evaluate the location of the

radiation emitted at a particular frequency whose intensity relates to the electron

temperature. The B-fields which are typically used in Tokamak devices lead to

cyclotron emission wavelenghts at the millimeter scale at which the Rayleigh-

Jeans law1 applies [30]. In the case of an optically thick2 harmonic the intensity

of the radiation is:

In(ω) =
ω2Te(R)

8π3c2
. (4.2)

Combinding equation 4.2 and the relation between ω and R makes it possible to

measure and localise Te. One has to be careful analysing data points measured

with the ECE radiometry close to the separatrix because of the shine-through

effect. In the low density region the measured emission of radiation artificially

rises again. This radiation may have contributions from several plasma regions

[18].

1The Rayleigh-Jeans law gives a relation between the spectral radiance M, the temperature
T and the wavelength of the radiation λ: M · dλ = 2πckBT

λ4 · dλ
2sufficiently high density and temperature
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4.1.2 Thomson Scattering

This method uses the scattering of photons (laser beam) from electrons (plasma)

to measure the electron temperature. The broadening of the laser spectrum is an

indicator for increasing electron temperature. The electron density can also be

quantified from an intensity analysis since a high density leads to more scattering

and thus a higher intensity of scattered light. The Nd:YAG laser’s energy at

ASDEX Upgrade is about 1 J, the pulse length is 15 ns and it can be operated in

100 µs intervals [25].

4.1.3 Lithium-Beam Diagnostic

This active diagnostic using a high energy beam of Lithium atoms can be used to

measure the electron density in a Tokamak plasma. The neutral atoms are being

raised into an excited state or are ionized due to the interaction with the plasma.

Relaxation into lower energy states leads to characteristic radiation. This line

radiation’s intensity depends on the electron density.

If the electron densities are low (up to 4× 1019 m−3) an acceptable measure-

ment can be performed up to ∼ 10 cm from the separatrix which corresponds to

ρ ∼ 0.85 [25].

4.1.4 Interferometry

The phase of a laser beam shifts with increasing distance travelled in plasma with

respect to vacuum. From this phase shift the line integrated electron density along

the ”line of sight” of the laser beam can be evaluated. At ASDEX Upgrade this

task is performed by a deuterium cyanide (DCN) laser. The sampling rate of this

measurement device is up to 20 kHz [25].

4.2 Equilibrium Reconstruction

In ideal magnetohydrodynamics(MHD), the equilibrium equation for a two di-

mensional plasma is called the Grad-Shafranov equation. This nonlinear, el-

liptic partial differential equation can be used to compute the two dimensional
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plasma equilibrium in a tokamak assuming toroidal symmetry. For profile analy-

sis, ”generic” equilibria are used which are based on magnetic measurements but

more sophisticated equilibria exist which include kinetic profiles.

It is crucial to know the exact location of the magnetic flux surfaces in the

vessel to be able to combine measurements from diagnostics which are located at

different points in the machine. Codes that are able to reconstruct equilibria are

for example CLISTE [14] or EFIT [10].

4.3 AUG Pedestal Fitting

The data from each shot at ASDEX Upgrade including the measurements of all

diagnostics are written into so called shotfiles. This raw data can be displayed

and analysed with a software called AUG Pedestal Fitting or short: augped. For

the data analysis in this thesis, version 2.10 was used.

The region of interest - the pedestal region - is small compared to the dimen-

sions of the total plasma region. Due to limited radial measurement locations

only few data points are available which leads to measurement uncertainties. A

solution to this problem is to move the plasma slightly outwards in order to create

virtual lines of sight. This plasma shift is called an Raus scan. Using different

diagnostics results in a large amount of data which will be combined to reduce

uncertainties.

Looking at temporal restrictions, gathering data is possible according to a

measurement rate which differs from instrument to instrument. In order to in-

crease the amount of data, the quasi-periodicity of ELMs can be used. Over a

time period in which the main plasma and engineering parameters are constant

it is possible to look at many ELM crashes at a time. Assembling these data

points requires averaging over similar events, which has to be done with respect

to a certain benchmark. This is done in the ELM synchronisation process (see

subsection 4.3.1), which finds the starting time values of each ELM crash through

the measurement of the divertor current peaks (see figure 3.2) and reduces the

uncertainties in the data.
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The next step after synchronising all the data is fitting the data with one

of several functions offered by augped (see subsection 4.3.2). The fitted values

describe the temperature and density profiles and will play a major role in the

construction of the pedestal database.

Depending on the shotnumber, different diagnostics are available to perform

the fits. Amongst these are (see section 4.1):

• Core Thomson scattering (Te+ne)

• Edge Thomson scattering (Te+ne)

• ECE Radiometer (Te)

• New Lithium beam (ne)

• Interferometers (ne)

In order for the measurements to overlap and thus to give accurate datapoints

for the fit, shifts have to be performed manually (see subsection 4.3.3).

4.3.1 ELM Synchronisation

Seperating pre-ELM profiles from post-ELM profiles is essential for this thesis.

In order to compare measurements with respect to an ELM and to increase the

amount of available data in the pedestal building process, ELM synchronisation

has to be performed. As the name anticipates, this action synchronises data with

respect to the starting times of ELMs.

Large uncertainties for a single ELM would give rise to large uncertainties in

the derived pedestal properties. Without ELM synchronisation those uncertain-

ties in the data would make it impossible to determine accurate pedestal values

from the profile. Data points which do not lie within a certain time interval with

respect to the corresponding ELM are not taken into account and therefore a

construction of pre and post-ELM pedestal profiles is possible. In this thesis,

the time intervals out of which data was taken from were chosen manually. For

generating pre-ELM electron temperature and density profiles the intervals had

a magnitude of 2 ms. The interval for post-ELM profiles was 1.25 ms.
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Using the ELM synchronisation method, one has to make sure that the profiles

have to be recurrent, so they do not vary strongly from ELM to ELM. This

behaviour can be expected when, for unvaried global plasma parameters, the

ELM characteristics do not change significantly [25].

4.3.2 Fit Functions/Fitting Procedure

A pedestal can be described by its top value, its gradient and the radial width

of the region between top value and the pedestal minimum. Since there is no

universally valid definition of the pedestal top, one has to choose a definition

which is consistent with all other data used as well as with the definition in the

used literature. A more practical description says that the pedestal top value is

in the transition region from steep gradient to flat gradient.

There are different mathematical models that can be used to find the differ-

ent pedestal values. The two-line-method for example defines the pedestal top

as intersection between two lines that are fitted to the data points. This bilinear

fit represents the region of a steep gradient and the region with a flat gradient

inside the pedestal top, which holds only in the region close to the pedestal top

value.

In this thesis the mtanh3-method was used to find the pedestal values. The

advantage over the two-line-method is its smoothness and flexibility. A hyperbolic

tangent is used which has been modified using polynomials in order to meet

the needs of connecting the core region with the edge region. The function is

plotted in figure 4.3. Similarly to the two-line-method, the result is deteriorated

if the data is fitted over the whole normalized radius. In this thesis, fits have

mostly been performed across a range between ρ = 0.8 and 1.1. The quality

and suitability of the different fitting methods were tested in [25]. Both methods

can be used for fitting the pedestal top, but large errors would result in the

computation of the ELM affected area using a two-line fit.

3Modified hyperbolic tangent
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Figure 4.3: Modified hyperbolic tangent representing a typical plasma parameter
(e.g. electron temperature) profile in H-mode. a0 represents the offset, a1 the
pedestal top value, a2 the symmetry radius and a3 the half width. Taken from
[25].

4.3.3 Shifting the Data

One diagnostic is insufficient to build a pedestal profile and therefore a combina-

tion of measurement points from different diagnostics has to be used (see section

4.3). As shown in figures 4.1 and 4.2, the diagnostics are located at different

toroidal and poloidal locations in the torus. When the results are mapped onto

a common axis using the normalised radius ρ as a radial coordinate, a radial

displacement of the data points can occur. In order to remove this error in the

conversion from raw measurement data to the displayed values, a shift of up

to 2 cm has to be performed manually. Otherwise the displayed measurements

would not correspond to the real data values which have been measured by the

instruments. Possible sources for this error are [25]:

• ”Uncertainties in the determination of the observation volumes in machine

coordinates.”

• Deviation of the toroidal symmetry. The data might be accurate but due to

toroidally non-symmetric profiles the data does not overlap. It is not very

probable that this error source is able to describe shifts of this magnitude,

but a shift of about 5 mm has been measured at AUG [4].
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Figure 4.4: Alignment of ECE and TS. A TS diagnostic shift of 9mm was
performed in (b) contrary to (a).

• Inaccuracy in the equilibrium reconstruction. An uncertainty of the sepa-

ratrix position above the midplane hinders an accurate combination of the

data points.

Under the assumption that the heat flux which is coming out of the plasma

does not dissipate, the temperature at the divertor target plates will determine the

temperature of the separatrix. The separatrix temperature at ASDEX Upgrade is

approximately 100 eV and gives the absolute location of the TS diagnostic shift.

After the TS shift, the ECE will be shifted correspondingly. For the electron

density, the same TS shift is performed and the lithium beam shift is adjusted to

the TS values.

A shift of the TS diagnostic for better alignment is shown in figure 4.4.

4.3.4 Pedestal Top Values

Since the evaluation of the pedestal top values using the mtanh-fit and the

read pedestal routine, which finds all relevant pedestal parameters from the fitted

functions, is empirically inaccurate and computes a non-intuitive pedestal top, a

modification to these values had to be performed.

In order to counteract the tendency of the modified tanh to fit the pedestal

top too far in the steep pedestal gradient region, the radial value of the pedestal

center (a2 in figure 4.3) was subtracted with 1.5 times the half width (a3) of

the pedestal resulting in the radial value of the new pedestal top. The new

pedestal top is now in a region of a flat gradient leading to less uncertainties. It

is important that these calculations are performed consistently in all fits.
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4.4 Database

It is important to determine physical dependencies between parameters that are

used in a scaling. Finding such correlations can be done in several ways. The

most direct approach is to vary one specific parameter whilst keeping all other

parameters unchanged. Especially at tokamak experiments these parameter scans

require an enourmous amount of experimental time which increases significantly

if one wants to add more parameters to the process of finding parameter cor-

relations. Using this method, the relations between the remaining unchanged

parameters stay unknown.

In this thesis a database was built in order to find dependencies between

a large number of parameters, namely discharge settings, plasma properties and

dimensionless parameters. This approach has the advantage of using the available

data very efficiently. Including more shots to the database provides a broader data

range. Excluding shots from the database may lead to better understanding of

relations between a smaller set of parameters if a reduction of variation of certain

parameters is achieved. For example, one parameter can be left constant over all

shots.

But the database approach also comes along with disadvantages. There might

be no physical reason to include a parameter from the database in a scaling lead-

ing to a distortion of the exponents. Another problem arises if a parameter which

is constant in the database is included in the scaling. Not all shots have to follow

the trend given by the correlation values. Statistical effects or incomplete models

can affect the results in a negative way and thus, a lot of data has to be used in

order to reduce these errors.

4.4.1 Used Data

Table 4.1 lists all the shots and time intervals that were used in this thesis.

34



Database

shot number time interval [s]

23418 2.700 - 2.850
23418 2.285 - 3.000
23418 3.150 - 3.300
23418 3.000 - 3.150
24148 2.200 - 2.350
24148 2.350 - 2.500
24148 2.500 - 2.650
26313 2.600 - 3.400
26313 6.000 - 6.600
26466 2.000 - 2.400
30411 4.500 - 4.700
30411 2.800 - 3.000
30889 3.200 - 3.500
30889 4.300 - 4.500
30890 3.300 - 3.500
30890 4.300 - 4.500
30891 3.300 - 3.500
30891 4.300 - 4.500
30891 5.300 - 5.500
30892 3.300 - 3.500
30892 4.300 - 4.500
30892 5.300 - 5.500
30899 3.100 - 3.400
30899 4.100 - 4.400
30900 3.300 - 3.600
30900 4.900 - 5.200
30901 2.800 - 3.000
30901 4.300 - 4.600
32201 2.800 - 3.000
32201 3.600 - 3.800
32201 4.800 - 5.000
32201 5.600 - 5.800
32930 2.650 - 2.850
32931 2.800 - 3.000
32932 2.750 - 2.950
32950 2.750 - 2.950
32953 2.800 - 3.000
32953 3.800 - 4.000

Table 4.1: Table listing all shots and time intervals included in the database.
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Figure 4.5: Analysed data range of Pheat versus the abundance of the values.

4.4.2 Used Parameters

ELM energy losses depend on the edge pedestal plasma parameters before the

start of the ELM. As shown in 3.2.1, the plasma collisionality, for example, is

believed to be a very important one but we have already shown that this depen-

dence was not found in the ASDEX Upgrade data used in this thesis (figure 3.7).

Yet, it seems to be a good ordering parameter when comparing data across many

different Tokamaks [13].

According to the literature (e.g. [12], [13]), many parameters seem to have a

direct or an indirect impact on ELM losses. Some of them are listed below:

• heating power Pheat (see figure 4.5).

• plasma current Ip. Discharges with 0.6, 0.8, 1.0 and 1.1 MA were analysed

(see figure 4.6).

• toroidal magnetic field Bt. Values between 1.94 T and 2.78 T were anal-

ysed(see figure 4.7).

• electron pedestal temperature Tped

• electron pedestal density nped

• electron SOL density nSOL
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Figure 4.6: Analysed data range of Ip versus the abundance of the values.

Figure 4.7: Analysed data range of Btor versus the abundance of the values.
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Figure 4.8: Parameters which determine the triangularity in the poloidal cross
section of the vessel. Taken from [25].

• divertor density ndiv

• collisionality ν∗ped

• parallel transport time τFront‖ , which is defined as

τFront‖ = (1 +
√

3/2 · ν∗ped)
2π ·R · q95

csound
. (4.3)

• safety factor q95, which gives the number of poloidal orbits of a magnetic

field line per toroidal orbit measured at 95% of the flux.

• electron density normalised to Greenwald limit n/nGW

• ELM frequency fELM

[12] shows that ELM losses have a strong dependence on the triangularity δ,

which is computed as δlow+δup
2

, where δlow and δup are normalised deviations from
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an ellipse, s. The upper and lower triangularity (see figure 4.8) are defined as

δlow,up =
rlow,up
am

. (4.4)

Inspite of this, the triangularity was not used in this thesis due to the fact

that it was not varied in the data set and is therefore not includable.

Many of them have been chosen for comparison but have been dropped in this

thesis due to insufficient gain. These include τFront‖ , n/nGW .

Parameters which have also not been looked at in this thesis are for example

the gas fuelling rate, the parameter for plasma performance

β =
pped

(〈Bp〉2 +B2
t )/(2µ0)

(4.5)

or the ratio of the Larmor radius to a normalizing length scale

ρ∗ =
ρi,L
a

=
miv⊥
aqiBt

. (4.6)

4.4.3 Computing W pe
MHD

It is possible to compute the value of WMHD by integrating the pressure, which

is the product of the density and the temperature, over the volume:

W pe
MHD =

3

2

∫
pdV (4.7)

Using these values for the pedestal stored energy, the size of the stored energy

losses in the pedestal due to ELMs were calculated and compared to the overall

losses.

It is important to notice that in this calculation only electron values were used.

High scatter can be seen (figure 4.9) comparing ∆W pe
MHD and ∆WGQH

MHD, the latter

being obtained using WMHD values from the GQH equilibrium reconstruction.

Due to these uncertainties which result from large variations in the ELM-affected

area of the fitted profiles, ∆WGQH
MHD was used throughout this thesis being a more

reliable measurement.
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Figure 4.9: Energy loss due to ELMs obtained from the equilibrium reconstruc-
tion plotted against the same value obtained from computing equation 4.7.

4.4.4 Data Regression

Due to the chosen database approach in this thesis uncertainties concerning which

parameters influence a specific variable arise. Getting rid of unnecessary parame-

ters is therefore essential for the creation of a scaling law. In this thesis a log-linear

data regression was used to find correlations between the energy confinement time

τE and the other parameters included in the database.

A power law approach for the set of equations

qi = c ·
n∏
j=0

p
aj
i,j, (4.8)

where c is a constant, p is a parameter and a the corresponding exponent. Using

the logarithmic function on equation 4.8 gives a set of linear equations, namely:

ln qi = ln c+
n∑
j=0

aj ln pi,j, (4.9)

which are now solvable using a regression algorithm.

The root mean squared error (RMSE) is a useful quantity when it comes to

evaluating the quality of a scaling law since it shows how much the experimental
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results t
(exp)
i differ from the modelled values of the scaling law t

(scal)
i .

RMSE(%) := 100 ·

√√√√ 1

N − 1

m∑
i=1

(ln q
(exp)
i − ln q

(scal)
i )2 (4.10)

The smaller the value of RMSE the more accurate is the model. If an additional

parameter does not change the RMSE or increases it, it should be neglected

for the model. Correlated parameters can be a problem for the accuracy of the

exponentials. If a parameter is added and the exponentials change significantly

even though the RMSE does not, the parameter is probably strongly correlated

to another one. To find these dependencies the use of parameters should be

alternated in the regression [25].

4.4.5 Parameter Correlations

Prior to constructing scaling laws using a regression method, one should evaluate

dependencies between the parameters which are included in the database (see

section 4.4.5). As previously discussed, the parameters can be divided in sub-

groups (see section 4.4.2). The discharge settings and the plasma parameters can

be combined under the term engineering parameters, which we will look at now.

The plasma current Ip is rather strongly correlated to both heating power

Pheat and toroidal field Btor as can be seen in table 5.1. However the highest

correlation of Ip is the one it has to the electron density nped
4. These high

positive correlations can have two origins. Either they are due to a physical

interdependence or due to operational limits of the Tokamak. An example for

the latter would be a case in which a parameter can only be raised to a certain

level in an experiment if another (non-physically) dependent parameter has a

minimal value. Since the analysis convers many shots over a broad range of

parameter values in the database approach such dependencies are inevitable.

It is crucial to figure out whether some correlations are only given because

certain parameter variations were omitted in the process of selecting data. Thus,

shots from different parameter scans were included into the database. Correla-

4In chapter 5, where the results are presented this dependence will be adressed again.
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tions will be discussed in the next chapter, where also examples will be shown.
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Chapter 5

Results

Using a regression function scaling laws were computed for the energy confinement

time as well as for the power loss due to ELMs. It was checked whether the

substitution of Pheat with Preduced leads to better scalings or not. In this context,

the reduced heating power is defined as

Preduced = Pheat − PELM , (5.1)

with PELM being the power lost due to ELMs. This parameter is defined as

PELM = ∆WGQH
MHD · fELM . (5.2)

In this equation fELM is the ELM frequency. For better readability ”GQH” will

be omitted from ∆WGQH
MHD in all following equations.

The results of this endeavour will be presented in this chapter.

5.1 Parameter Correlations

As mentioned in subsection 4.4.5, strongly correlating parameters are tricky for

scaling laws. Those parameters scale similarly and if they are included in the

same scaling they will influence each other so that it remains unclear which pa-

rameter is the most physically relevant.

In order to get an overview over the parameter correlations, a correlation
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matrix (see table 5.1) was created using linear Pearson correlation coefficients

(PCC).

The PCC values have the following meaning:

PCC =


1→ total positive correlation

0→ no correlation

−1→ total negative correlation

(5.3)

Ip Bt Pheat PELM Preduced nped ndiv nSOL

Ip 1 0.709 0.675 0.566 0.610 0.826 0.627 0.415
Bt 0.709 1 0.495 0.344 0.528 0.491 0.300 0.469
Pheat 0.675 0.495 1 0.887 0.847 0.528 0.549 0.589
PELM 0.566 0.344 0.887 1 0.507 0.402 0.533 0.568
Preduced 0.610 0.528 0.847 0.507 1 0.523 0.412 0.447
nped 0.826 0.491 0.528 0.402 0.523 1 0.813 0.587
ndiv 0.627 0.300 0.549 0.533 0.412 0.813 1 0.704
nSOL 0.415 0.469 0.589 0.568 0.447 0.587 0.704 1

Table 5.1: Correlation Matrix computed using an IDL routine.

Strong correlations are found between ndiv and the pedestal density nped,

Preduced and Pheat, PELM and Pheat, nped and Ip as well as Bt and Ip. At this point

it has to be mentioned that the correlations do not necessarily indicate a physical

dependence since one also has to take into account operational constraints on

engineering parameters.

5.2 Scaling Laws for τE

Equation 3.6 showed the IPB98(y,2) scaling for the energy confinement time. In

order to verify this equation for ASDEX Upgrade data the same parameters ought

to be used in the new scaling law. The major radius R and the inverse aspect

ratio ε cannot be varied at ASDEX Upgrade and the elongation κ as well as the

fuel mass M were not changed in the used data set. A scaling for the leftover

parameters Ip, Bt, Pheat and nped is shown below:

τE = const. · I1.04(±0.35)
p ·B−0.36(±0.39)

t · P−0.52(±0.09)
heat · n−0.09(±0.14)

ped , (5.4)
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with a RMSE of 7.96. If compared to equation 3.6, one finds a similar dependence

of τE on the plasma current and on the input power. The other two parameters

do not seem to fit the energy confinement time well and are therefore omitted

from the scaling step by step to see how the RMSE changes. The scalings below

use all data which was included in the database. The obtained equations read

τE = const. · I0.87(±0.23)
p ·B−0.22(±0.33)

t · P−0.52(±0.09)
heat (RMSE = 7.77), (5.5)

τE = const. · I0.83(±0.26)
p · P−0.54(±0.08)

heat · n−0.03(±0.12)
ped (RMSE = 7.65) (5.6)

and

τE = const. · I0.79(±0.20)
p · P−0.54(±0.08)

heat (RMSE = 7.65). (5.7)

The scaling law 5.7 will from now on be denoted as the τMM -scaling in this thesis.

Using the ELM-reduced heating power Preduced instead of Pheat results in

τE = const. · I0.30(±0.22)
p · P−0.40(±0.07)

reduced · n0.11(±0.12)
ped (RMSE = 11.79) (5.8)

and

τE = const. · I0.42(±0.18)
p · P−0.40(±0.07)

reduced (RMSE = 11.75), (5.9)

where one is able to see a big drop in the Ip exponent and an increased RMSE.

This leads to the result that the new scaling is worse than the original one.

We have seen in section 5.1 that Ip and nped are rather strongly correlated and

it is therefore not adviseable to use both parameters in the same scaling. Using

the SOL density instead of the pedestal density results in

τE = const. · I0.82(±0.20)
p · P−0.45(±0.09)

heat · n−0.11(±0.07)
SOL (RMSE = 7.24), (5.10)

and

τE = const. · I0.49(±0.18)
p · P−0.28(±0.09)

reduced · n−0.16(±0.07)
SOL (RMSE = 10.21), (5.11)

which also shows the negative influence of using Preduced on the scaling’s perfor-

mance. Equations 5.6 and 5.10 have both very low RMSE values but exchanging
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Figure 5.1: Correlation of the confinement time τMM using the scaling law from
equation 5.7 and the actual confinement time from the shotfile τE .

the pedestal density for the SOL density seems to alter the heating power’s expo-

nent. The RMSE of equation 5.10 is a little lower than the one of the τMM -scaling

but it also has an additional parameter which in addition has only a small impact

on the scaling due to its low exponent.

In order to find more information about the large differences of the Ip expo-

nents between the scalings using Pheat and Preduced respectively, a smaller data set

of 24 timeslices was used in which neither Ip nor Btor was varied. The resulting

scalings are shown below.

τE = const. · P−0.31(±0.11)
heat (RMSE = 14.12) (5.12)

τE = const. · P−0.14(±0.06)
reduced (RMSE = 15.08) (5.13)

τE = const. · P−0.22(±0.11)
heat · n−0.16(±0.05)

SOL (RMSE = 10.26) (5.14)

τE = const. · P−0.08(±0.06)
reduced · n−0.16(±0.05)

SOL (RMSE = 12.01) (5.15)

These scalings show that in contrast to the scalings resulting from the whole

dataset nSOL is important to describe the energy confinement time at constant

values of Ip and Btor.
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HIPB(y,2) HMM Hreduced

mean: 0.909 1.012 1.021
standard deviation: 0.105 0.082 0.124

used scaling law: eq. 3.6 eq. 5.7 eq. 5.9

Table 5.2: Results for the calculations of different H-factors.

To conclude the energy confinement time seems to be dominated by the heat-

ing power and the poloidal plasma current.

5.3 H-Factor

The quality of the fit can be seen in figure 5.1. This plot leads us to the calculation

of the H-factor, which is an important quantity when it comes to valuing the

scaling. It is defined as

H =
τE

τE,scaling
. (5.16)

The H-factor which is normalised to the ITER physics basis IPB98(y,2) scaling

will be referred to as HIPB(y,2) in this thesis.

The calculation of the energy confinement time normalised to the scaling τMM

resulted in an H-factor which has a mean of (averaged over all shots) which is

closer to 1 than the mean of HIPB(y,2) (see figure 5.2). Of course, a value close

to one was expected for the new scalings since the H-factor is now the fraction of

the measured τE data over the scaling of the fit of the same data. The standard

deviation of the data set using the new scaling law is smaller than the standard

deviation using the τE,IPB(y,2) scaling. In the case of including the losses due to

ELMs one gets a higher standard deviation which represents the worse quality of

the scaling obtained (see figure 5.3). The results are displayed in table 5.2.

One may divide figure 5.3 into three bands at Hreduced values of 0.8, 1.0 and 1.2

which could be interpreted as a indicator for a missing leading ordering parameter

in scaling 5.9. This may be either Bt, or nSOL or some other parameter as neither

of these significantly reduced the RMSE.
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Figure 5.2: Comparision of the H-factor HMM , computed using equation 5.7 to
H98(y,2). Both magnitudes are plotted against Pheat.

Figure 5.3: Comparision of the H-factor HMM , computed using equation 5.7
and plotted against Pheat to the H-factor Hreduced, computed using equation 5.9
and plotted against Preduced.
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Figure 5.4: Strong correlation between Pheat and PELM

5.4 Ordering Parameter for ELM losses

The power PELM which gets expelled from the plasma onto the plasma facing

components (PFCs) and the divertor due to ELMs cannot easily be described by

a scaling law. The reason for this are the components PELM is made of, namely

being the energy lost per ELM ∆WMHD and the ELM frequency fELM . The ELM

frequency is proportional to Pheat whereas the dependence of ∆WMHD on Pheat

is not fully understood yet. [11] observe that there is no dependence between the

two latter parameters. For low triangularities the relation

fELM ×∆WMHD ∼ const.× Pheat (5.17)

holds for most discharge settings [12].

Because of the reasons stated above, one has to be careful when creating

scaling laws for ELM losses and thus two separate scaling laws for the factors of

PELM were produced.
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5.4.1 Scaling for ELM Energy Losses ∆WMHD

In terms of using engineering parameters, plasma current and toroidal magnetic

field do not seem to be good parameters to describe ∆WMHD on their own. Figure

5.4 shows the strong correlation between Pheat and PELM which explains why it is

problematic to scale ∆WMHD using Pheat. A selection of the calculated scalings

for the full data set are compactly shown in table 5.3.

∆WMHD

Tped nped ndiv nSOL Btor Ip q95 ν∗ped ∆tELM
RMSE

0.61
±0.26

0.87
±0.24

33.50

0.66
±0.26

1.10
±0.32

0.71
±0.69

32.98

0.57
±0.22

0.36
±0.07

29.87

0.62
±0.21

0.63
±0.12

29.25

0.50
±0.26

0.36
±0.25

0.52
±0.14

28.39

1.75
±0.76

1.07
±0.39

31.16

0.70
±0.77

0.35
±0.10

0.07
±0.39

29.85

1.93
±0.75

0.83
±0.41

-0.21
±0.12

29.84

0.42
±0.22

0.39
±0.07

-0.44
±0.19

27.74

0.48
±0.19

0.24
±0.07

1.84
±0.51

25.34

0.54
±0.21

0.31
±0.10

1.64
±0.56

0.49
±0.57

26.80

0.38
±0.20

0.28
±0.07

1.64
±0.50

-0.32
±0.17

24.06

0.38
±0.20

0.21
±0.10

0.17
±0.17

1.46
±0.53

-0.31
±0.17

23.72

Table 5.3: Scaling parameters and corresponding exponents. Each row represents
a seperate scaling where the parameters have to be multiplied.

Unsatisfactory RMSE values lead to believe that either

• more data samples have to be used to find a satisfactory scaling for the
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ELM energy losses or

• the physical process cannot be understood using the parameters shown

above.

At low densities, the density pedestal can be described by neutral penetra-

tion, which is determined by the divertor density in a first order approximation.

More neutral particles and therefore a higher ndiv value lead to a higher density

pedestal. A strong correlation for these parameters was shown in table 5.1. But

this relation does not always hold because for higher densities the distribution of

neutrals throughout the vacuum vessel also plays a role in the theory. Gas can

get trapped in the SOL in which case the density pedestal top does not change.

This is the reason for including nSOL in table 5.3.

For a full description the SOL plasma distribution has to be taken into ac-

count, but this is still work in progress.

In contrast to [13], where they looked at the dependence of ∆WMHD

Wped
no satis-

factory collisionality dependence was found in the ∆WMHD scalings. This might

be due to fact that the collisionality range was rather low in the used data set or

that another parameter governs the collisionality dependence which has not been

included.

It was found that the best scalings can be achieved using the pedestal tem-

perature, the divertor or SOL density and the toroidal magnetic field strength.

This shows that the pedestal top and anything connected to Btor seems to be

important to describe ELM losses. In addition SOL parameters seem to play a

role and should not be omitted in further research as was also shown in [24].

5.4.2 Scaling for ELM Frequency fELM

The ELM frequency decreases with increasing density, no matter which density is

taken into account. It also increases with increasing heating power in any combi-

nation of parameters. This is expected since only Type-I ELMs were considered

in this thesis. Furthermore, it can be seen clearly that Preduced is not a good scal-

ing parameter for the ELM frequency. The proportionality of the ELM frequency
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and the ELM duration ∆tELM is non intuitive and the scaling laws using ∆tELM

lead to believe that there could be a physical process linking the two parameters.

The exponent of the plasma current changes dramatically with changing den-

sity parameter and was eliminated from the scaling. The exponent of the toroidal

magnetic field also does not seem to represent the scaling well since excluding it

does not change the RMSE significantly. q95 is proportional to Bt

Ip
and is therefore

a possible source for large changes in the exponents. It seems to be a good scal-

ing parameter if combined with Pheat and nped though, since it lowers the RMSE

significantly if added to the scaling law.
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fELM

Tped nped ndiv nSOL Pheat Pred Btor Ip q95 ∆tELM RMSE

0.03
±0.25

-0.12
±0.11

-1.54
±0.66

32.21

0.48
±0.21

-0.01
±0.07

0.88
±0.18

26.62

-0.27
±0.08

0.97
±0.13

-2.06
±0.56

0.27
±0.38

21.09

-1.05
±0.21

0.80
±0.11

-2.37
±0.49

1.05
±0.38

18.17

-0.40
±0.12

1.04
±0.14

-1.06
±0.58

-0.58
±0.33

20.95

-0.94
±0.28

0.67
±0.10

-1.89
±0.44

1.04
±0.34

0.42
±0.11

15.20

-1.15
±0.21

0.70
±0.12

-0.66
±1.08

-0.10
±0.76

-1.60
±0.91

17.35

-0.66
±0.16

0.90
±0.11

-1.70
±0.45

19.98

-0.37
±0.12

0.90
±0.12

-1.58
±0.51

21.93

-0.55
±0.16

-0.22
±0.12

0.98
±0.11

-1.49
±0.45

18.93

-0.55
±0.14

0.77
±0.10

-1.22
±0.42

0.42
±0.13

17.30

-1.15
±0.20

0.70
±0.11

-0.79
±0.49

-1.50
±0.46

17.35

-0.04
±0.20

0.47
±0.19

-0.99
±0.72

32.06

-0.44
±0.24

0.56
±0.17

-0.83
±0.69

30.71

-0.10
±0.17

0.47
±0.18

-0.90
±0.76

31.98

-0.26
±0.08

0.74
±0.13

25.53

-0.76
±0.18

0.69
±0.10

23.73

-0.47
±0.13

0.74
±0.12

24.78

-0.58
±0.16

0.59
±0.09

0.54
±0.13

19.36

-1.32
±0.18

0.58
±0.08

-1.92
±0.38

18.03

Table 5.4: Scaling parameters and corresponding exponents. Each row represents
a seperate scaling where the parameters have to be multiplied.
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Chapter 6

Conclusion and Outlook

In this thesis, scaling laws for the energy confinement time were computed using

ASDEX Upgrade data. It was found that using Preduced instead of Pheat has

no positive effect on the RMSE of the scaling laws for τE, ∆WMHD and fELM .

This observation holds for a number of various data sets and additional scaling

parameters. The findings were supported by the calculation of the H-factors

which show the same trend. Comparing the IPB98(y,2) scaling

τE,IPB(y,2) = 0.0562 · I0.93
p ·B0.15

t · P−0.69
loss · n

0.41 ·R1.97 · κ0.78 · ε0.58 ·M0.19 (6.1)

to the computed scaling

τE = const. · I0.79(±0.20)
p · P−0.54(±0.08)

heat (6.2)

shows that similar exponents are obtained for the heating power and the poloidal

plasma current.

The effects of the pedestal density, the SOL density and the divertor density

on the scalings were presented. They have to be treated carefully due to the high

RMSE values in the scalings for ∆WMHD as well as fELM . Yet, it was shown

that the SOL density should not be ignored in future scalings.

It is not obvious from the obtained scalings which parameters ELM losses de-

pend on but trends show that the best scaling parameters for the ELM frequency

are Tped, ndiv and q95. The ELM frequency decreases with any increasing density
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parameter. For the electron pedestal density this effect could be due to the fact

that a higher nped value is associated with a longer plasma heating time. fELM

increases with increasing heating power which was expected. There might be

more parameters like maybe q95 influencing the ELM frequency but no more in-

formation can be extracted from the current database. The scalings also indicate

that the energy lost due to an ELM can be described using Tped, ndiv, Btor and

∆tELM . In order to get a better understanding of the phenomena which govern

ELM losses, more profiles will have to be fitted and analysed, so that more vari-

ations in the dataset’s parameters can be evaluated and parameter correlations

can be avoided.

Future experiments should collect more data in order to reduce the errors of

the scaling parameters’ exponents. Those experiments should be performed at

a wide range of q95 values. A better understanding of the ELM length and the

influence of q95 on fELM and ∆WMHD will be helpful to understanding the physics

which describe ELM Losses. Parameter scans for those parameters could be

performed and more investigations on whether more data leads to a collisionality

dependence at ASDEX Upgrade or not would be interesting.
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möchte ich an dieser Stelle Daniel Hulme, Vimal Kunnumel, Sebastian Mair, John

McCann, Yannick Ulrich, Stefan Wampl und Martin Windisch erwähnen.
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[21] F. Ryter, J. Stober, A. Stäbler, G. Tardini, H.-U. Fahrbach, O. Gru-

ber, A. Herrmann, A. Kallenbach, M. Kaufmann, B. Kurzan, F. Leuterer,

M. Maraschek, H. Meister, A.G. Peeters, G. Pereverzev, A.C.C. Sips, W. Sut-

trop, W. Treutterer, H. Zohm, and ASDEX Upgrade Team. Confinement

and transport studies of conventional scenarios in asdex upgrade. Nuclear

Fusion, 41(5):537, 2001.

[22] R Sartori, G Saibene, L D Horton, M Becoulet, R Budny, D Borba,

A Chankin, G D Conway, G Cordey, D McDonald, K Guenther, M G

von Hellermann, Yu Igithkanov, A Loarte, P J Lomas, O Pogutse, and

J Rapp. Study of type iii elms in jet. Plasma Physics and Controlled Fusion,

46(5):723, 2004.

[23] O. Sauter, C. Angioni, and Y. R. Lin-Liu. Neoclassical conductivity and

bootstrap current formulas for general axisymmetric equilibria and arbitrary

collisionality regime. Physics of Plasmas, 6(7), 1999.

62



Bibliography

[24] P A Schneider, L Barrera Orte, A Burckhart, M G Dunne, C Fuchs, A Gude,

B Kurzan, W Suttrop, E Wolfrum, and the ASDEX Upgrade Team. Pedestal

and edge localized mode characteristics with different first wall materials and

nitrogen seeding in asdex upgrade. Plasma Physics and Controlled Fusion,

57(1):014029, 2015.

[25] P.A. Schneider. Characterization and scaling of the tokamak edge transport

barrier. PhD thesis, 2012.

[26] V.P. Smirnov. Tokamak foundation in ussr/russia 1950–1990. Nuclear Fu-

sion, 50(1):014003, 2010.

[27] E. Viezzer, T. Pütterich, G.D. Conway, R. Dux, T. Happel, J.C. Fuchs, R.M.

McDermott, F. Ryter, B. Sieglin, W. Suttrop, M. Willensdorfer, E. Wolfrum,

and the ASDEX Upgrade Team. High-accuracy characterization of the edge

radial electric field at asdex upgrade. Nuclear Fusion, 53(5):053005, 2013.

[28] F. Wagner. The physics basis of iter confinement. AIP Conference Proceed-

ings, 1095(1):31–53, 2009.

[29] F. Wagner, G. Becker, K. Behringer, D. Campbell, A. Eberhagen, W. En-

gelhardt, G. Fussmann, O. Gehre, J. Gernhardt, G. v. Gierke, G. Haas,

M. Huang, F. Karger, M. Keilhacker, O. Klüber, M. Kornherr, K. Lackner,
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