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Abstract

For the development of a future fusion power plant the understanding of the power flux onto
the plasma facing components is mandatory, in order to predict and mitigate the thermal load
onto the divertor target. This work presents divertor heat load studies conducted at two of
the largest tokamaks currently in operation, ASDEX Upgrade and the Joint European Torus
(JET). For a long time in fusion research carbon has been used as material for the plasma
facing components. In recent years however the use of carbon has been deemed unacceptable
due to high tritium retention, therefore metals are studied for the use as wall material. In
2007 ASDEX Upgrade demonstrated the operation with an all tungsten wall [1] and from 2009
to 2011 JET has been equipped with the ITER-like wall (ILW) consisting of beryllium in the
main chamber and tungsten in the divertor region [2].

Using IR thermography the heat flux in L- and H-mode was measured. Various improvements
were implemented in the heat flux evaluation to enable the measurement on tungsten. The
thermal properties of the target materials were validated using the high heat flux test facility
GLADIS.

The distribution of the steady state heat flux profile on the target is commonly described by
a diffusive model containing the upstream power fall-off length A, and the divertor broadening
S. A commonly agreed empirical scaling for A\, in H-mode [3] obtained in carbon devices is
validated in JET with the ILW.

Using ASDEX Upgrade L-mode discharges with low to medium recycling divertor conditions
the divertor broadening S is studied. A comparison to theoretical and empirical models for
the heat transport perpendicular to the magnetic field lines is made. Bohm and Gyro-Bohm
like models are identified as possible candidates describing S.

Quantities for the assessment of the thermal load induced by transient heat loads are defined.
Most important for the description of the load onto the divertor target induced by edge localised
modes (ELM) are the energy fluency and the duration of the energy deposition. The pedestal
temperature and density for all presented discharges in JET with both carbon and ITER-like
wall was measured using the high resolution Thomson scattering(HRTS). Empirical scalings
using both upstream and target data are presented.

JET with the ILW exhibits an on average longer ELM duration of about 2 ms as compared
to 750 us with the carbon wall. For identical pedestal conditions the ELM durations in both
cases are found to be the same within error bars. An empirical scaling based on the pedestal
temperature and density is given permitting the extrapolation towards ITER.

It is found that the energy fluency parallel to the magnetic field lines in JET is the same for
both metal and carbon wall, despite the large difference in ELM duration. The energy fluency
is found to depend mainly on the pedestal pressure with a weak dependence on the relative
loss in stored energy. This is noteworthy since the current extrapolation to ITER assumes a
linear dependence on the relative ELM size.






Zusammenfassung

Um die thermische Belastung der Komponenten im Divertor von Fusionskraftwerken vorhersa-
gen und begrenzen zu konnen ist es unerlésslich den Leistungsfluss auf die plasmaexponierten
Bauteile besser zu verstehen. In diese Arbeit wird der Warmefluss auf den Divertor von zwei
der grossten derzeit im Betrieb befindlichen Tokamaks, dem Joint European Torus (JET) und
ASDEX Upgrade, untersucht. In der Fusionforschung wurde iiber einen langen Zeitraum hin-
weg Kohlenstoff als Material fiir die plasmaexponierten Bauteile verwendet. In den letzten
Jahren jedoch wurde der Einsatz von Kohlenstoff fiir zukiinftige Anlagen aufgrund des hohen
Riickhalts an Tritium als inakzeptabel eingestuft, weswegen die Verwendung von Metall als
Wandmaterial gepriift wird. 2007 zeigte ASDEX Upgrade erfolgreich den Betrieb mit Wolfram
als Wandmaterial |1] und 2011 wurde JET mit einer ITER-&hnlichen Wand (ILW), bestehend
aus Beryllium im Hauptraum und Wolfram im Divertor, ausgestattet |2].

Mit Hilfe von Infrarotthermographie (IR) wurde der Warmefluss in den Divertor mit bisher
nicht gekannter raum-zeitlicher Auflosung gemessen. Dazu wurden wesentliche Verbesserungen
zur Auswertung der Daten implementiert um die Messung auf Wolfram zu erméglichen. Die
thermischen Eigenschaften der verwendeten Materialien wurden mit Hilfe des Wéarmeflusstest-
standes GLADIS validiert.

Im Allgemeinen lésst sich die Verteilung des Warmeflusses auf die Divertorplatten mit einem
diffusiven Model beschreiben, welches die Abfalllinge der Leistung A\, und die Verbreiterung im
Divertor S enthélt. Eine allgemein anerkannte empirische Skalierung fiir A, |3|, welche Daten
von Experimenten mit Kohlenstoff als Wandmaterial benutzt, wurde in JET mit der ILW
bestétigt.

Die Verbreiterung des Leistungsflusses im Divertor S wurde in ASDEX Upgrade Entla-
dungen in verschiedenen Divertorzustanden untersucht. Ein Vergleich mit theoretischen und
empirischen Modellen fiir den Warmetransport senkrecht zum magnetischen Feld wurde an-
gestellt. Bohm- und Gyro-Bohm-artige Diffusionsmodelle werden als mogliche Kandidaten zur
Beschreibung der Verbreiterung S identifiziert.

Messgrofsen zur Bestimmung der durch transiente Warmelasten induzierten thermischen Be-
lastung werden eingefiithrt. Am wichtigsten fiir die Beschreibung der, durch sogenannten Fdge
Localised Modes oder kurz ELMs, auf die Divertorplatten induzierten Last sind die Energie
Fluenz und die Dauer der Energiedeposition. Aus Daten von JET mit verschiedenen Wand-
materialien wurden empirische Skalierungen fiir die Divertorbelastung in Abhéngigkeit der
Plasmarandparameter entwickelt.

In JET-ILW ist die Dauer der Energiedeposition durch ELMs in etwa dreimal so lang wie
mit der Kohlenstoffwand. Es konnte aber gezeigt werden, das fiir &hnliche Temperaturen und
Dichten am Plasmarand sich auch dhnliche ELM-Dauern einstellen. Eine empirische Skalierung
mit Hilfe der Temperatur und Dichte, welche eine Extrapolation zu ITER erlaubt, wurde
gefunden.

Trotz der sehr unterschiedlichen Dauer der Energiedeposition ergeben sich in JET, sowohl
mit Kohlenstoff als auch mit Metall als Wandmaterial, die selben Energiefliisse parallel zum
magnetischen Feld. Es wird gezeigt, dass der Energiefluss hauptsichlich vom Druck am Plas-
marand abhédngt und nur ein leichter Einfluss des relativen Energieverlustes des eingeschlos-
senen Plasmas existiert. Dies ist erwéhnenswert, da derzeitige Extrapolationen eine lineare
Abhéngigkeit zwischen dem relativen ELM-Energieverlust und der deponierten Energiedichte
annehmen.
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Chapter 1

Introduction

Due to the steady increase of the worlds power consumption and the simultaneous
depletion of fossil fuels, it is necessary to investigate new ways of providing energy. One
promising candidate, which has been researched since the early 1950’s, is thermonuclear
fusion. A commercial power plant based on thermonuclear fusion, would have many
advantages compared to todays power plants. Thermonuclear fusion does not release
greenhouse gases like CO,, which can harm the global environment. Secondly there
are no long lived nuclear wastes produced and the fuel supply is virtually unlimited
(some 10 million years). Thirdly the resources needed to build and operate fusion
power plants are more evenly spread on the earth’s surface as compared to e.g. fossil

fuels such as oil, mitigating one possible cause for conflicts.

1.1. Thermonuclear Fusion

The process of fusing two light nuclei into one heavier nucleus is called nuclear fusion.
If this process takes place in a thermalized environment it is called thermonuclear
fusion. There are many different fusion reactions, which have a positive energy balance,

meaning that the kinetic energy of the products is higher than that of the educts |4].

D? + D} — Hel + nj + 3.267 MeV
D? + D} — T9 + pj + 4.028 MeV
D? + Hej — He; + p; + 18.350 MeV
D? + T} — Hey + ng + 17.58 MeV

The reaction of deuterium and tritium (eq. [L4) has the largest fusion cross section
of all fusion reactions at the lowest fusion energy (about 64 keV). This reaction is

the foreseen fusion reaction for a power plant. Deuterium and tritium are isotopes of



2 1. INTRODUCTION

hydrogen. Deuterium is stable and is present in earths water to an amount of about
0.0156 % [4]. Tritium is radioactive and has a half-life of about 12.6 years and therefore
does not occur naturally on earth. However tritium can be bred directly in the fusion

reactor utilizing lithium and the neutron from the fusion process (eq. [L4) [4].

LiS + ny — Hey + T3 + 4.800 MeV (1.5)
Lij + ny — Hey + T3 + nj — 2.466 MeV (1.6)

The reaction with Lig is exotherm, the reaction with Lig is endotherm but in addition
releases one neutron, which in turn can react with another lithium nucleus. In order to
have a self sustained fuel cycle, every neutron released in the reaction of deuterium and
tritium has to produce at least one new tritium nucleus. Considering that not every
neutron will react with lithium but will be captured by other parts of the reactor which
are not designed to breed tritium and allowing for imperfections in the extraction of
the tritium out of the breeding blanket, every neutron in fact has to produce more than
one tritium nucleus on average. This can be achieved by adjusting the ratio between
Li§ and Li} in the breeding blanket, where Li can act as a neutron multiplier. Further

neutron multiplication will be done using other elements like beryllium.

Achieving ignition, which is the point where the fusion process can be self-sustainably
run without the need for further external heating, is an important goal in fusion re-
search. For this Lawson formulated a relationship for the minimum parameters to
reach ignition [4]. This criterion contains the ion density n;, the temperature 7; and

the energy confinement time 7.

keV s

n; Tymp > 5-10% —
m

(1.7)

Assuming a temperature of about 10 keV for a fusion plasma using deuterium and

3 an energy confinement

tritium, one can calculate that for a density of about 1-10% m~
time of 5 s is needed. These are typical values which will be present in fusion power

plants with magnetic confinement.

1.2. Confinement

Due to the high temperatures of about 10 keV, no wall material can sustain the direct
contact with a fusion plasma. Only three methods of confining a fusion plasma are

known.

Gravitational confinement is found in stars. The gravitational force induced by the

large mass of a star, counter acts the pressure induced by the fusion process,
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preventing the fusion plasma to expand until it becomes too cold. Due to the

large mass needed, this method cannot be reproduced on earth.

Inertial confinement utilizes the inertia of the plasma to obtain fusion. The fuel
is heated up very quickly by e.g. intense laser beams until the fusion process
starts. After this the fusion reaction runs until the expanding plasma has cooled
below the temperature needed for fusion. Although this confinement method is
also investigated for power plant usage, its main application is reported to be of

military nature.

Magnetic confinement uses magnetic fields to confine the fusion plasma. In the
course of fusion research there has been a multitude of different concepts for this

method. The most advanced concepts are the tokamak and the stellarator.

1.3. Tokamak

In the 1950s the tokamak concept was developed in the former Soviet Union B] A
tokamak mainly consists of three sets of magnetic field coils (fig. [L.1]).

Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer Poloidal field coils
(for plasma positioning and shaping)

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1.1: Sketch of the tokamaks magnetic coil system. Blue: toroidal field coils,
grey: poloidal field coils and green: central solenoid ﬂa]

The toroidal field coils (blue) produce a toroidal magnetic field By,.. Because the
field coils are closer together on the inside of the machine compared to the outside,

the magnetic field is higher on the inside than on the outside. This gradient of the
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magnetic field induces a particle drift in the plasma.

WLBXVB

= — 1.
UvB 7 B3 (1.8)

Where B is the magnetic field, ¢ the electric charge and W, the perpendicular kinetic
energy of the particle. The direction of this drift dependents on the sign of the electric
charge of the particles, leading to a vertical charge separation in the plasma. This
charge separation in turn induces an electric field E which causes an additional drift
velocity.

ExB
VExB — 7 (19)

Since the direction of this drift is independent on the electric charge of the particles,
it causes a net drift of the plasma. In the case of a purely toroidal magnetic field
geometry, the plasma drifts horizontally outwards eventually touching the wall of the

machine extinguishing the plasma.

To eliminate the vgyp drift, the parts of the plasma with positive charge have to
be connected to the parts with negative charge, balancing the charge separation and
erasing the vertical electric field. This is done by the central solenoid (green) which
together with the plasma acts as a transformer, inducing a toroidal electric current in
the plasma. This current creates a poloidal magnetic field B,,, which together with

the toroidal magnetic field B, leads to helically wound magnetic field lines.

The current in the plasma forms a toroidal ring in which the opposite sides repel each
other. To compensate this force the polodial field coils (gray) form a Helmholtz coil
pair creating a homogeneous vertical magnetic field B,, which prevents the plasma

from expanding horizontally outward.

1.3.1. Magnetic Flux Surfaces

For an axisymmetric magnetic equilibrium, that is an equilibrium which is independent
of the toroidal angle ¢, the magnetic field lines lie in nested poloidal magnetic flux
surfaces. The requirement for an equilibrium is that no net force acts on the plasma in

all points. Therefore the magnetic field has to compensate the force due to the plasma



1.3 TOKAMAK 5

pressure (eq. [LI0).

jxB=Vp (1.10)
B-Vp=0 (1.11)
j-Vp=0 (1.12)

Equation [LT0l shows that a pressure gradient in the plasma can be sustained by an
electric current j perpendicular to the magnetic field B. From equation [L.I0l it also

follows, that there is no pressure gradient along the magnetic field lines (eq. [LIT]).

In a tokamak it is useful to define the poloidal magnetic flux function . This function
is given by the poloidal flux contained within each magnetic surface and is thereby
constant on that surface. The pressure p and the current density j are constant on

those magnetic flux surfaces.

1.3.2. Limiter

Without further engagement there exists one poloidal magnetic flux surface that touches
the wall of the tokamak, limiting the extend of the plasma. This part of the wall is
called limiter (Figure . The plasma inside the flux surface touching the limiter
is confined, the plasma outside of it quickly reaches the wall recombining to neutral
gas. Due to the proximity of the center of the plasma and the tokamak wall, impurities
released from the wall can easily reach the confined plasma. For a long time most of
the tokamaks were build with limiters (e.g. JET, TFTF, Tore Supra ... ).

1.3.3. Divertor

To increase the distance between the wall touching the plasma and the confined plasma
a different magnetic configuration has been thought of. Additional poloidal field coils
are placed above and below the plasma. The electric current in these coils is parallel
to the plasma current inducing an additional poloidal magnetic field. This leads to
a reduction of the poloidal magnetic flux between the plasma and the coils. If the
current is strong enough to reduce the poloidal magnetic flux to zero, a new magnetic
topology is created (Figure . The point where there is no poloidal magnetic flux,
is called the X-point. A further increase of the current in the divertor coils moves
the X-point closer to the confined plasma. Eventually the confined plasma does not
touch the limiter anymore (fig. . This magnetic configuration is the so called

divertor configuration. The flux surface containing this X-point is called the separatriz.
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Plasma outside the separatrix follows the magnetic field lines and reaches the wall in
the divertor region. Due to the localised energy deposition, the divertor region must
be designed to handle high heat loads in the range of 10 MWm 2.

a) Limiter configuration. b) Limiter configuration with ¢) Divertor configuration.
divertor coils.

Figure 1.2: Poloidal cross section of typical magnetic flux surfaces in ASDEX Upgrade
in(l.2a)|limiter configuration, [L.2b)|limiter configuration with divertor coil
currents and divertor configuration.

Tokamaks with a divertor configuration achieve better confinement than those with
a limiter configuration, making the divertor essential for a power plant. The divertor
concept has been tested in various devices (e.g. ASDEX, ASDEX Upgrade, D3D, JET,
JT-60).

Looking at the geometry of the divertor target, one can distinguish two types, the
open and the closed divertor configuration (Figure [[3]). In operation the different
divertor closure results in a different divertor density for a given averaged plasma
density. A divertor with a higher closure is able to hold/create a higher neutral gas
pressure, which is favourable for helium pumping and divertor detachment, which
means that the plasma energy and momentum is dissipated by atomic processes prior
to reaching the divertor target plates. For future fusion devices (e.g. ITER, DEMO) a
closed divertor configuration is foreseen to be able to efficiently remove the helium ash
released by the fusion process. The measurements conducted during this thesis were
performed in a closed divertor configuration (Divertor IIb) in ASDEX Upgrade and
an open configuration at the Joint European Torus (JET in Culham, England) with a
bulk tungsten target (fig. B.3).

The power going into the divertor arrives at the target in a very narrow (~ mm)

toroidal ring, the so called strike line. Due to the small area the power is deposited
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a) Open divertor. b) Closed divertor.

Figure 1.3: Poloidal cross section of the ASDEX Upgrade tokamak with open and
closed divertor configuration.

onto the heat flux density [MWm™2] on the target is very high. For future fusion
devices such as ITER and DEMO the resulting heat flux would be to high for steady

state operation.

Therefore the power flux into the divertor has to be reduced. In order to be able to
effectively mitigate the heat flux onto the divertor the underlying transport processes
need to be understood. The aim of this work is to study the heat transport in the SOL
using heat flux measurements at the outer divertor target. The heat flux is measured

using fast high resolution IR thermography.

1.4. ITER and DEMO

The next step fusion devices are ITER and DEMO. ITER is short for International
Thermonuclear Experimental Reactor. The goal of this device is to show the possibility
to gain more thermal power by fusion than is needed to sustain the fusion process. It

is planned that ITER will have a fusion power of 500 MW with an external heating
power of 50 MW.

After ITER the next step is to demonstrate the generation of electric power. For this
the DEMOnstration Power Plant is envisioned which will be only slightly larger than
ITER in terms of the machine size. However, DEMO will have a considerably higher
fusion gain of around 2 GW, depending on the design. The DEMO design used in this
work is the conventional tokamak design DEMO1 of the European Union [7].

With 6.2 m the device will have twice as large major radius than the currently largest
device JET. Although the increase in size is comparable to the increase from ASDEX
Upgrade to JET, the fusion process itself drastically changes the requirements. With

a total power of around 550 MW the thermal load on the wall of the reactor becomes
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a serious issue.

Current predictions for the expected loads and life times of the plasma exposed com-
ponents are based on devices with carbon as wall material. Due to the high tritium
retention of carbon it is not suitable for the use in future fusion devices. Therefor the
use of metal as wall material is investigated. The wall of ITER will consist of beryllium

in the main chamber and tungsten in the divertor.

To test this material composition JET was equipped with the so called ITER-like
wall. During this work a database exploiting the technical capabilities of JET was
created. For all discharges in the database the target heat fluxes as measured by IR
thermography are available, as well as the plasma temperature and density at the edge

of the confinement region are available.

In addition discharges at ASDEX Upgrade with the all tungsten wall were conducted
to study the heat transport in the divertor.

This data enables the comparison of the energy transport in the SOL with previous

studies conducted in carbon devices.



Chapter 2

Thermography

In order to measure the heat flux distribution onto the divertor components the surface
temperature evolution is required. In this chapter the measurement of the surface
temperature of the divertor target plates using infrared (IR) thermography is described.
In the experimental setup the IR emission of the plasma facing components inside the
vacuum vessel is measured using IR cameras. From the measured photon flux the
surface temperature is determined using Planck’s Law (eq. 2]). The heat flux onto the
target plates is derived by solving the heat diffusion equation. As input the measured
surface temperature evolution is used. We summaries in this chapter the basics of this

method frequently used in fusion devices.

2.1. Planck Radiation

The photon emission of an ideal black body, that is a body that absorbs all incoming
electromagnetic radiation, is described by Planck’s Law |8, 9]. The spectral radiance
which is the emitted power MY(\,T) per area dA and wavelength interval d is given

as follows.

Mg()\, T)dAdN = = dAd)
A exp (AIZ;T) -1

Where X is the wavelength of the emitted photons and 7' the temperature of the black

(2.1)

2mhe? 1 [ W }

m2 nm

body. Figure.Ilshows the spectral radiance for a black body of different temperatures.

The plasma facing components are not ideal black bodies. The ratio between the
surface emission and that of an ideal black body is defined as the emissivity e. If € is

one, then the emission is that of a black body, if it is zero the surface emits no power.
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Figure 2.1: Spectral radiance of an ideal black body for different temperatures in
dependence on the wavelength.

With this the emission of a surface IY(\,T') can be written as.

I\, T)dAd)\ = T A
SO T)dAdN = € (A T) = - _ld dx
CXP \ XepT

Note here, that the emissivity € depends on the surface temperature 7" and the wave-

2whe? 1 [ W }

length \. The IR cameras used in the experiments count photons and therefore it is
convenient to calculate the photon flux I' by dividing the emitted power by the energy
of a photon .

he
T0(\, T)dAdA = € (A, T) 27 ! dAdA _ (2.4)
AT W M ox (hc)_l s m? nm ’
P XkpT

Equation 2.4] describes the number of photons emitted by a surface with the tempera-

ture T per surface area dA and wavelength intervall d\ of the photons.

2.2. IR Thermography

Using equation (2.4]) one can calculate the photon emission of a surface for a given
temperature 7. In the experiment the IR camera is equipped with spectral filters,

to reduce the amount of photons reaching the detector preventing saturation and to
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narrow down the spectral range d\ to reduce aberration effects of the optics. In
addition to the transmission curve of the filter, the transmission curves of the vacuum
windows and the lens system have to be taken into account. Together with the spectral
sensitivity of the detector one can calculate the spectral response function R(\) of the
camera system. Using this function the expected photon flux I'(T")dA from the surface

is calculated:

o0

[(T)dA = O/R()\)e()\’ T) 2)7;6 - (/\;CT) - 1dAd)\ [mQ—lnm} (2.5)

In order to calculate the photon flux I'(T') to the detector, one has to know the solid

angle dA of the camera system. This has been obtained by comparing the expected
photon flux with the measured photon flux of a hot source with known emissivity e.

In this case a cavity radiator was used.

2.2.1. Temperature Sensitivity

In the experiments conducted in this thesis the wavelength range used for the mea-

surement of the surface temperature was chosen to be between 4 — 4.5 pm.

Photon Flux

- 1pum

— 4 um

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, — 8 pum

1017 1 1
500 1000 1500 2000 2500

Temperature [K]

Figure 2.2: Photon flux for an ideal black body in dependence of the temperature of
different photon wavelengths.

Figure shows the photons flux of an ideal black body as function of the temperature
for three different wavelengths (1, 4 and 8 wm). The photon flux exhibits a different

behaviour depending on the wavelength range. For 1 um (blue) the photon flux is low
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at low temperatures but increases strongly for high temperatures (7' > 1000 K). It is
obvious that this wavelength is not suited for the measurement at low temperatures
but is usable at high temperatures. IR systems measuring in this wavelength region
are used, however, for machine protection where only high temperatures have to be

detected. Typically relatively cheap uncooled near infrared (NIR) detectors are used.

For a wavelength of 4 um (green) the photon flux has a relatively strong increase
over the whole temperature range between 300 — 2500 K. This wavelength region
was chosen for the measurements to have a good coverage over the whole divertor
temperature range expected in ASDEX Upgrade and JET (400 — 2500 K). Medium
wavelength IR (MWIR) detectors measuring in this wavelength range require active
cooling to temperatures of around 70 K which increases the complexity of the detector
system and the vulnerability against external perturbations such as strong magnetic

fields. These factors increase the costs of the IR systems.

At long wavelengths (LWIR) of around 8 pm (red) the photon flux increases stronger
than for the MWIR measurement (green) for low temperatures. At higher tempera-
tures (7" > 700 K) this trend is reversed and the photon flux increases slower than for
4 um. An IR system measuring in this wavelength region is well suited to measure at
comparably low temperatures. This wavelength region can be used for the measure-
ment of low heat fluxes which induce only a small temperature increase. On small
devices (e.g. MAST, Compass-D, ...) where a short pulse length (¢t < 1s) limits the
expected temperature increase to < 500 K such a system would be more suited than a

system measuring at 4 pum.

2.2.2. Observational Error

In this section sources for errors in the IR measurement are discussed. IR thermography
derives the surface temperature 7' from a measured photon flux I'. Any external source
contributing to this photon flux will result in an overestimated surface temperature, any
process reducing the photon flux results in an underestimated temperature. Assuming
that the transmissions of the optical path are well known, only contributions increasing

the photon flux will be discussed.
Reflections

One source for an additional photon flux is the reflection of photons originating from
other regions from the observed target surface. The influence of reflection is especially

large for metallic surfaces which have a low emissivity and a high reflectivity.

Figure 2.3l shows the influence of reflections on a typical temperature profile observed
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Figure 2.3: Evaluated temperature profiles using synthetic IR data with different lev-
els of an assumed background photon flux due to reflections.

on the divertor target in tokamak devices. The unperturbed temperature profile is
shown in blue. From this the expected photon flux is calculated for an IR system
measuring at 4 pm as used in ASDEX Upgrade and JET. To this photon flux profile a
constant photon flux of 1, 5 and 10 % of the peak photon flux of the profile are added.

From the resulting photon flux profiles the surface temperature is derived.

For high temperatures the error induced by reflections is small. For low temperatures
where the measured photon flux is low the impact of reflections is large. The surface

temperature is overestimated significantly by a moderate excessive signal of 10 % only.

One method to quantify the degree of reflections in the experiment is a global energy
balance. Here the injected energy W, is balanced against the energy emitted by
the plasma W,,;. The injected energy is calculated by integrating the heating power
Phreat over the discharge. The radiated energy W,,; can be measured by bolometers
or thermocouples in the tiles of the first wall. Together with the measurement of the
divertor losses from the IR thermography. Wjg, those energies have to balance each
other.

I/Vin - Wrad + WIR [MJ] (26)

Subtracting a constant fraction of the measured photon flux changes the derived tem-

perature and therefore the measured deposited energy W;g. With this the influence of
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reflections can be quantified in the experiment.

For ASDEX Upgrade and JET with carbon plasma facing components it was found
that reflections do not influence the measurement significantly. A slight increase of
the measured surface temperature due to reflections was only found for the far SOL
and private flux region where the surface temperature remains comparably low during
the discharge. For the studies conducted in this thesis the influence of reflections is

neglected.
Volume Radiation

In the experiment the IR systems observe the divertor target where the plasma touches
the wall. The plasma and excited neutral particles in the divertor are emitting photons.
In case of the JET IR system the divertor target at the bottom of the machine is

observed from the top of the machine through the confined plasma.

If the density of the plasma/neutrals is high enough the emitted photons can contribute
significantly to the measured photon flux. The influence on the measured profile is

similar to the influence by reflections described in the previous section.

The optimal way to handle the influence of radiation is to choose the observed wave-
length region in such a way to avoid line radiation and reduce bremsstrahlung. For
the measurement at 4 pwm no influence of line radiation was observed in either ASDEX
Upgrade or JET except for detached conditions. In case of bremsstrahlung a low ad-
ditional photon flux has been observed for discharges with very high divertor density.
Those discharges are not part of the discussions in this thesis and therefore radiation

is not considered in the evaluation of the surface temperature.

2.3. Heat Flux Measurement

Having measured the surface temperature evolution T'(s,t), where s is the coordinate
along the surface of the target, the heat flux density ¢(s, t) onto the target is calculated.
This is done using the THEODOR code |10, 11], which solves the 2D heat diffusion

equation in the poloidal cross-section of the divertor target tiles:
oT
Per g = VeVT (2.7)

Where « is the heat diffusivity, p the material density and c, the specific heat capacity.
The THEODOR code solves the heat diffusion equation using the measured surface

temperature evolution 7'(s,t) as boundary condition. This is done to obtain informa-



2.4 HEAT TRANSFER COEFFICIENT 15

tion about the temperature distribution inside the tile. Which is necessary to obtain
the correct heat flux. The THEODOR code uses an explicit solving scheme, for further
details refer to appendix [Bl

2.4. Heat Transfer Coefficient

In the calculation of the heat flux onto the target, the heat diffusion equation is solved
for every time step of the measurement, using the measured surface temperature Ty, ¢
as a boundary condition. The heat flux onto the target can be obtained using the heat

transfer coefficient v using the following equation.

q = (Toury — Tourr) [g] (2.8)
W
o] = —— (2.9)

Where Ty, is the temperature of the tile below the surface, estimated by the solution
of the heat diffusion equation. Any error in the value of the heat transfer coefficient «

is directly influencing the estimated heat flux on the target.

Figure 2.4] illustrates the influence of the heat transfer coefficient o on the evaluation
of the heat flux using a transient heat flux event measured in JET on the outer target
made of bulk tungsten(fig. B:3]). In phases where the heat flux onto the target changes
quickly, e.g. the onset of the ELM, the measured heat flux increases with the value of
a used for the evaluation. After the ELM the heat flux drops faster for larger o values.
In order to draw conclusions about the heat flux on the target, the value of the heat
transfer coefficient o needs to be known. The experimental determination of « for the
targets of the ASDEX Upgrade and JET divertors at the high heat flux test facility
GLADIS is presented in section 2.5

Possible imperfections in the surface morphology can lead to an overestimation of the
surface temperature by IR thermography [12]. For the calculation of the heat flux, the

surface temperature can be corrected using the following relation:

q

sy f

Tours = Tig — K] (2.10)

If the target plate consists of bulk material which is coated with a surface layer (e.g.

tungsten coated CFC), then the heat transfer coefficient acoaring 0f the coating is cal-
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Figure 2.4: Example of the influence of the heat transfer coefficient o on the measured
target heat flux using the example of a discharge in JET with a bulk
tungsten outer target.

culated as follows.

m?2 K

Qcoating :g |i W :| (211)

Where k is the heat conductivity and d the thickness of the coating, while the contact
of the coating with the bulk is assumed to be perfect.

2.5. Experimental Determination of «

For the experimental determination of the heat transfer coefficient a of the divertor
targets, observed in ASDEX Upgrade and JET, the high heat flux test facility GLADIS
was used (Chapter B.3]). The different divertor target plates were exposed to short well
defined heat flux pulses and the temporal response of the surface temperature was
measured using pyrometers and IR cameras. The measurements were conducted for
different target plates. For JET the bulk tungsten target and two CFC targets with 11
and 20 um tungsten coating were used. For ASDEX Upgrade a tungsten coated fine
grain tile and a bulk tungsten target [13| was used.

Figure shows the heat flux density on the target for a GLADIS pulse with 5 ms
duration. The two spikes at the beginning and the end of the pulse are not real but
artifacts from the measurement caused by the neutral beam extraction voltage on the
earthing for the experiment hall. The optimum preset pulse form would be rectangular,
but here the heat flux takes some time to build up in the beginning of the pulse. This
delay is caused by the electrical setup of the neutral beams power supply and accounts
to about 1 ms. The typical ELM duration observed in JET with the ITER-like wall is
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Figure 2.5: Temporal evolution of the target heat flux for a GLADIS pulse with 5 ms
duration.

around 2 ms. For the experiments, pulse durations of 5, 10, 25 and 50 ms have been
used. Shorter time durations of 2 ms have been attempted but were not successful.

The shortest pulses used for this experiment are comparable to ELMs observed in JET.

In the evaluation of the heat flux ¢(s,t), the heat transfer coefficient a acts as a
dampening term. This can be understood if one looks at the effective temperature
response Ty resulting from a finite o (Equation 210). The observed temperature 77
for a given heat flux ¢ is increased in presence of a finite heat transfer coefficient o. In
the deduction of the heat flux from the temperature time series, o has the opposing

effect. For a rising (falling) heat flux, the estimated heat flux is reduced(increased).
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Figure 2.6: Evaluated heat flux for a 25 MW GLADIS pulse of 25 ms duration on a
CFC target with a 20 um tungsten coating, using different assumptions
for the heat transfer coefficient a.
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Figure shows the evaluated heat flux of a CFC target with a 20 um tungsten
coating. In this example three different heat transfer coefficients have been assumed.
The theoretical model o = Ky /d (eq. ZI1]), where Ky is the heat conductivity and
d the thickness of the tungsten layer, and the assumption that no layer is existent
(v = 00) show little difference. This is expected because for the specified pulse the
temperature correction is less than 2 percent of the temperature rise during the pulse.
This is found to be true also for the tungsten coated fine graphite tiles used in ASDEX
Upgrade. For the bulk tungsten tiles used in JET and for the new bulk tungsten
divertor in ASDEX Upgrade no correction of the measured surface temperature was

necessary to reproduce the heat flux pulses.

20

= 10 pm

o 250 500 750 1000 1250 1500
Temperature [° C]

Figure 2.7: Heat transfer coefficient « for a tungsten coating with 10 and 20 pum.

The case with o = 333 kW/m? has been included in figure to show the influence
of an underestimated o on the evaluation of the heat flux density. The rise and fall of
the peak are not reproduced if « is too small. Furthermore it can be seen, that the
absolute value of the peak heat flux is underestimated. This plays an important role if

transient heat loads between discharges with different target materials are compared.

Note here that independent on the choice of o, the THEODOR code is energy con-
serving. This can be seen in the case with underestimated heat transfer coefficient a
in figure (red). During the pulse, the energy input is underestimated and after the
pulse, the heat flux only gradually approaches zero and the missing energy is deposited
on the target. For the comparison of transient heat loads between different machines
this fact can be utilised if the exact « is unknown, by comparing the deposited energy

fluency e and choosing the integration interval sufficiently long to extent beyond the
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transient event.

t1

(s) = / o(s.1)dt [%1 (2.12)
to

Where t; is the beginning and ¢; the end of the integration interval. In the experiment
the integration times are chosen in a way that the power load in the time interval is
above 1/e of the peak power load of the transient event. In this section the validation
of the heat flux evaluation using GLADIS pulses has been shown. Using the results for
bulk tungsten and tungsten coated CFC and graphite, one is able to evaluate the peak
heat flux of transient heat fluxes. Note that this validation does not cover deposited
layers as observed on carbon surfaces [14]. Those layers are more difficult to asses
because they develop and change during tokamak operation near the strike line, where

no calibrated heat flux source is available.






Chapter 3

Experiments

In this chapter the experiments and diagnostics used for this thesis will be described.
The measurements were obtained at the divertor tokamaks ASDEX Upgrade and JET.
In addition experiments at the high heat flux test facility GLADIS were performed to

validate the heat flux measurements obtained in both tokamaks.

ASDEX JET ITER
Upgrade
R [m] 1.65 3.2 6.2
a [m] 0.5 1.0 2.0
Bior [T] 3.2 4.0 5.6
I, [MA] 1.2 3.5 15

Table 3.1.: Major, minor radius, maximum toroidal magnetic field at the torus axis
and maximum plasma current for ASDEX Upgrade, JET and ITER.

3.1. ASDEX Upgrade

ASDEX Upgrade (Axial Symetric Divertor Experiment Upgrade) is a divertor toka-
mak in Garching, Germany, which is operated by the Max-Planck Institute for Plasma
Physics since 1991. The plasma torus has a major radius of 1.65 m and a minor radius
of 0.5 m. The plasma pulse length is around 10 s with a maximum external heating
power of about 30 MW. The device has different heating systems available, the main
contribution of 20 MW is held by neutral beam injection (NBI). In addition two wave
heating systems are installed. Ion cyclotron resonance heating (ICRH) delivers up to

6 MW to the plasma and 4 MW of electron cyclotron resonance heating are installed.

ASDEX Upgrade started operation with carbon plasma facing components. Then

it was successively changed into a tungsten device [15] and was the first tokamak to
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demonstrate operation with a full tungsten wall in 2007 [Eh The possibility to operate a
fusion device with a metal plasma facing components is important for the development
of a fusion power plant. Tritium is a radioactive isotope of hydrogen which due to
the short half-life of around 12.6 years has a high activity. Relatively small amounts
of tritium (~ 700 g) are sufficient to exceed the safety limit set for the operation of a
nuclear site |16, [17]. Since hydrogen and therefore also tritium chemically react with
carbon, carbon plasma facing components are deemed inapplicable for the use in large
fusion devices as they form hydrocarbon molecules deposited in the vessel and pumping

systems.
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Figure 3.1: Cut away drawing of the ASDEX Upgrade tokamak [@]

3.1.1. Thermography

ASDEX Upgrade is equipped with several infrared (IR) diagnostics to observe the
heat flux onto various parts of the divertor and first wall. The main diagnostics used
are a fast 1D system observing the lower inner and outer divertor target and a fast
2D system observing the lower outer divertor target. For a detailed description of IR

thermography refer to chapter 2
1D System

The fast 1D IR system observes the lower inner and outer divertor target through a
relay optic mounted at the bottom of the device. The detector is a 256 pixel line array

with 12 bit resolution measuring in a wavelength range of 4 — 5.5 um. The smallest
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achievable readout time for one line is 130 ps resulting in an effective sample rate of
about 7.7 kHz. The integration time and the readout time are the same for this system

meaning that the chosen sample rate sets the integration time.
2D System

The fast 2D IR system used in this thesis observes the outer divertor target from the
outer mid plane using a mirror inside the vacuum vessel. The IR detector has an image
format of 320x240 pixels with 14 bit resolution and a maximum achievable frame rate
of up to 25 kHz for a small subframe. For the operation at ASDEX Upgrade with
a spatial resolution on the target of about 1.3 mm per pixel the usable frame rate is
reduced to about 7.3 kHz.

In contrast to the 1D system the integration time can be chosen independent of the
frame rate. This adds flexibility to the system especially for discharges with high
surface temperatures where a too long integration time would result in saturation of
the detector.

3.1.2. Langmuir Probes

ASDEX Upgrade is equipped with a multitude of Langmuir probes for the measurement
of the plasma density and temperature in front of the target tiles. Langmuir probes
measure the current I which is drawn from the plasma in dependence on the voltage
V' that is applied to the probe |19]. For the measurement of the characteristic curve

of the current a voltage ramp is used.

From the measurement of the I — U characteristic several quantities can be deduced.
In the boundary volume where the plasma touches the wall the so called sheath forms.
Due to the higher mobility of the electrons compared to the ions the electrons induce
a negative charge on the target. This charge creates a potential difference between the

plasma and the wall which is called the plasma potential.

A strong negative voltage on the probe will repel the electrons and if the voltage is
high enough only ions will be able to reach the probe. The ions will satisfy the Bohm

criterion so that their velocity will be equal to the ion sound speed at the sheath edge.

[ ZT. + T
oy = o) Zie T it [E} (3.1)
m; S

Where T, the electron temperature, 7; the ion temperature, m; the ion mass and ~;

the adiabatic coefficient for the ions. Assuming quasi-neutrality the charge density is
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given as en, and the ion current density is given as:
A
-sat __
]z‘ = €NeCs |:_m2:| (32)

Knowing the surface area of the probe S the current on the probe is calculated as:

7% = S5 = Sen.c, [A] (3.3)
A further increase of the voltage will not increase the measured current. Therefore the

current 7% is called the ion saturation current.

Applying a strong positive voltage to the probe will lead to a similar behaviour but now
the ions are repelled and the electrons carry the current. The corresponding electron

saturation current in the probe is again calculated using the probe surface S.

Te

sat
I3 = Sen,
2mm,

[A] (3.4)

When the voltage applied to the probe is changed from strong negative to positive,
then the current in the probe is a superposition of the current carried by the ions and

the electrons. For the electron current the following relation was found.

B T. e(®,—-U)
I.(U) = —Sen, py— exp (T) [A] (3.5)
Where ®,, is the plasma potential. The total current I;,; on the probe is the sum of the

ion saturation I7* current and the electron current I.(U).
Lo (U) = [ + 1. (U) [A] (3.6)

On the characteristic curve there exists one point where there is no current in the

probe.
1(Up) =0 A] (3.7)

The potential at which this point lies is called the floating potential. For the mea-
surement of the electron temperature 7, and electron density n. three points on the
characteristic are needed. Further assumptions are that the electron and ion temper-
ature at the sheath edge are equal T, = T; and the adiabatic coefficients are assumed

to be v; = 3 and v, = 1.
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For the first point a voltage is chosen to measure the ion saturation current.
Il<U1) - [fat [A] (38)

The voltage of the second point is chosen in a way that the current in the probe is the

negative ion saturation current.
I (Uy) = [ + I (Uy) = =L [A] (3.9)
The third point is at the floating potential where the probe measures no current.
I (Up) = I + I, (Un) = 0 A) (3.10)

Using the expressions for the ion saturation current (eq. B3) and the electron current

(eq. BH) the electron temperature and the electron density are derived.

T, = % V] (3.11)
n =L [é] (3.12)

eS . /3LitTe
mi
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3.2. JET

JET (Joint European Torus) is a tokamak in Culham, UK. Since 2000 it is operated
by the Culham Center for Fusion Energy (CCFE). It has a major radius of 3.2 m and
minor radius of 1.0 m. JET started as a limiter tokamak in 1983 and was converted to a
divertor tokamak in 1993. From 2009 - 2011 the inner wall of the machine was changed
from CFC plasma facing components to an I'TER-like design, with beryllium in the
main chamber and tungsten in the divertor. For the heating of the plasma several
external heating systems are installed with a total heating power of up to 49 MW.
The main heating system is NBI heating with 32 MW of installed heating power. In
addition 10 MW of ICRH and 7 MW of lower hybrid (LH) heating are installed. For
the wave heating systems the effective heating power is reduced due to reduced coupling

efficiency especially in H-mode discharges.

Figure 3.2: Cut away drawing of the Joint European Torus (JET) tokamak ﬂa]

3.2.1. Divertor

Originally JET had been designed as a limiter tokamak. In contrast to other tokamaks
at that time the toroidal field coils were not circular but D shaped. After ten years
of operation with limited plasmas, JET has been equipped with a divertor. Opera-
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tion with the divertor started in 1993. In the progress a variety of different divertor

geometries have been tested in JET leading to the current design (fig. B3).

IIUIIIIIIIII

%

i

[¢]

J O

NS\_-;

3 v

RS

o N

2.4 2.6 2.8 3.0
Major radius [m]
Figure 3.3: Sectional view of the divertor in JET-ILW, with tungsten coated CFC
(light gray) and bulk tungsten (dark gray) plasma facing components.
Open (green) and closed (blue) divertor configurations are indicated by
exemplified magnetic equilibria.

The current divertor design allows the operation in two different configurations. Using
the vertical inner and outer target a closed divertor configuration can be established
(blue). An open configuration can be achieved using the inner vertical and outer

horizontal target (green).

Since 2011 JET is equipped with the so called ITER-like wall (JET-ILW), which uses
beryllium in the main chamber and tungsten coated CFC (light gray) and bulk tungsten
(dark grey) in the divertor.

The change from CFC plasma facing components to the full metal wall was done to
test this particular material mix for [ITER which will also use beryllium in the main
chamber and tungsten in the divertor. The bulk tungsten target in JET-ILW is not
designed as one solid tungsten tile, but consists of four stacks of 24 separate lamellae.
To span the whole toroidal circumference 96 tiles are installed. The temperature and
heat flux measurements from JET-ILW shown in this thesis were taken on this bulk

tungsten target.
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3.2.2. Thermography

For thermography four 2D IR detectors @] are installed at JET. Two detectors are
installed in the mid plane, one observing the inner and outer vertical divertor targets

and the other giving an overview of the main chamber. The other two detectors are

0

0 50 100 150 200 250
Pixel

Figure 3.4: View of the IR system from the top of the machine. The castellated bulk
tungsten target (fig. B.3) is clearly visible.

positioned on top of the machine observing the horizontal bulk tungsten target on
the bottom of the machine. The systems observing the horizontal divertor target are
positioned at a toroidal angle of 135° in respect to each other. For the discussion in
this thesis only the two top mounted cameras are used which have an image format of
320 x 256 pixel with a resolution of 14 bit. Both systems have a spatial resolution of

about 1.6 mm on the target and can achieve frame rates of up to 20 kHz.

3.2.3. Thomson Scattering

For the measurement of the electron temperature and electron density in the plasma
a High Resolution Thomson Scattering (HRTS) system is installed at JET . The
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elastic scattering of light on free electrons is called Thomson scattering. In the diag-
nostic a high energy laser beam is passed through the plasma and the scattered light
is detected. The high laser energy is needed because the scattering efficiency is very

small.

The spatial resolution of the system is 15 mm over a radial range from R = 2.9 — 3.9 m.

The laser source is a 5 Joule Nd:YAG laser with a repetition rate of 20 Hz.
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3.3. GLADIS

GLADIS (Garching Large Divertor Sample Test Facility) is a high heat flux (HHF)
test facility in Garching, Germany, which is operated by the Max-Planck Institute
for Plasma Physics. It is capable of exposing large divertor samples with a heat flux
between 3 and 55 MW /m? with steady state or pulsed operation [22]. GLADIS consists
of a cylindrical vacuum vessel in which the sample is positioned. The heat flux source
consists of two neutral beam injectors similar to the heating beams used at ASDEX
Upgrade and JET. A picture of GLADIS is shown in figure .
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Figure 3.5: Picture of the HHF test facility GLADIS and examples of achievable heat
flux density profiles on the target [@]

Figure [3.5b)| shows examples of heat flux densities achievable in GLADIS. The heat

flux profiles have a Gaussian shape with a profile with of around 70 mm.

For the measurements conducted during this thesis only one ion source was used giving
a peak heat flux of about 25 MW /m? corresponding to the red profile in figure [3.5b)]
The goal of the experiments at GLADIS was to determine the heat transfer coefficient
a for different divertor target materials. Therefore the targets were exposed to short
well defined periodic heat flux pulses. The surface temperature response was measured

using both pyrometers and a fast IR camera. The IR camera used is the same as used
at ASDEX Upgrade (Section B1.T]).

Figure shows two JET-ILW bulk tungsten lamellae before and after heat flux ex-
posure in GLADIS. The lamellae were mounted in a tungsten coated CFC mounting.
It is seen that the beam also deposits energy onto the mounting. The pyrometers were
aligned in a way only to measure on the surface of the lamellae. For the evaluation of

the fast IR camera only regions observing the lamellae were used.
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a) Before b) After

Figure 3.6: Visible-light images of two JET-ILW bulk tungsten lamellae in a tungsten
coating CFC mounting before and after heat flux exposure in GLADIS.






Chapter 4

Power Exhaust

In this chapter a general overview over tokamak power exhaust is given. The power
balance for steady state operation of a fusion device is discussed. A model for the
measured heat flux profile on the target is presented. Using ITER as an example the
critical quantities for the power exhaust are shown. The power load onto the first wall
is estimated and limits for the mitigation of the divertor power load are elaborated.
The two point model (Section E.4)) is introduced and used to discuss the influence of
the heat diffusion in the divertor on the temperature distribution in the SOL. The

necessary heat diffusion in the divertor for safe steady state operation is estimated.

4.1. Power Balance

During operation of a fusion device the plasma constantly loses energy. This energy
loss has to be compensated to assure continuous plasma operation. The heating in a
large fusion device like ITER or DEMO consists of two main contributions. The first
one is heating by external heat sources such as neutral beam injection (NBI), electron
cyclotron resonance (ECRH) and ion cyclotron resonance (ICRH) heating. For the
following consideration the source of external heating is irrelevant and all heating
methods are combined to the auxiliary heating power P,,,. The second contribution
to the plasma heating is the fusion process itself. 20 % of the energy released by fusing
deuterium and tritium are transfered to the resulting helium nucleus, also called a-
particle. The a-particles interact with the plasma by collisions, transferring energy
to the plasma. This contribution to the heating of the plasma is denominated with
P,. The remaining 80 % of the fusion energy are transfered to the neutrons. Since
neutrons carry no electric charge they don’t interact with the magnetic field inside the
tokamak and can exit the confined plasma unhindered. The neutrons hit the wall of

the tokamak an are stopped in the so called blanket, inducing a uniform power load



34 4. POWER EXHAUST

P,.

Another power loss channel of the plasma is radia-

tion. The radiation has a variety of contributions

like line radiation, Bremsstrahlung or synchrotron

radiation. The power loss by radiation is denomi-
nated as P,.qy. A further power loss channel is the
energy transport of the plasma itself. Important
here is the power P, crossing over the separa-
triz from the confined plasma into the scrape-off
layer. The power is carried by the plasma itself
and flows along the field lines into the divertor
region. This mechanism deposits the energy in a

very narrow band (~ 1 cm) onto the divertor tar-

get plates. The resulting target power deposition

process is the main focus of this thesis.

Summing up all these contributions the total

power balance is written as:

Paux+Pfus:Pn+Prad+Psep (41)
Figure 4.1: Depiction of the

power fluxes inside a

Where Py, is the total fusion power. Removing
tokamak.

the neutron contribution from the power balance

the plasma power balance can be formulated as:
Paux+Pa:Prad+Psep (42)

For large fusion devices the « particle heating P, will be the main contribution to this
power balance. For ITER with a fusion power of 500 MW the a-particle heating will
amount to 100 MW compared to the envisioned external heating power of 50 MW.
With 50 MW DEMO is foreseen to have the same auxiliary heating power as ITER
while having a significantly higher fusion power of 1790 MW resulting in about 360 MW
of a-particle heating. The auxiliary heating power in DEMO is to both ignite the
plasma and control the fusion gain during the ignited phase. Table 1] shows the
heating power envisioned for ITER and DEMO.

| Prus MW]  Peye [MW] P, [MW] P, /Py
ITER 500 50 100 2
DEMO 1790 50 358 ~ 7.2

Table 4.1.: Comparison of the fusion and heating power for ITER and DEMO.
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4.2. First Wall Power Load

Considering the power balance (eq. F.IJ) the heat load onto the first wall can be
estimated. Although the neutrons have no influence on the power balance of the
plasma they cannot be neglected in the design of the devices. For a device like ITER
where 500 MW of fusion power are envisioned, the neutrons carry 400 MW of power.
This power is distributed onto the first wall. Assuming a first wall area of 660 m?
the resulting heat flux density amounts to about 0.6 MWm™2. In this discussion the
additional heat generation in the blanket due to neutron activation and the power
deposition of the neutrons in the volume of the first wall are neglected. Especially
for future power plants (e.g. DEMO) that have both a large neutron flux and a long

phases of continuous plasma operation this contribution might not be negligible.

4.3. Divertor Power Load

The remaining 150 MW of loss power are carried by both P, and P,,. Since the
radiative power exhaust also distributes the power about evenly onto the plasma facing
components, it would be convenient to have radiative cooling only thus eliminating
P, to mitigate the localised power deposition in the divertor. In reality this is not
possible. The foreseen operational scenario for large fusion devices is the so called
high confinement mode (H-mode). To reach H-mode an empirical threshold of the
transition from L- to H-mode Ppy has been found which is based on the power crossing
the separatrix Pj, [23].

Py = 0.049 B8 07 509 [MW] (4.3)

tor

Where By, is the toroidal field in T, n. the line averaged electron density in 10 m=3
and S the surface of the confined plasma in m. For the foreseen operational point of
ITER this results in an LH threshold of about 86 MW [23|. In order to have reliable
H-mode operation a safety margin has to be considered for P.,. Here a safety margin

of 20 % for stable type I ELMy H-mode operation is assumed.
Py, =12P.y MW] (4.4)

Hence the power crossing the separatrix amounts to about 100 MW, assuming that
50 MW of power is radiated within the confined plasma, the net power in the core
plasma needs to be 150 MW. Adding the radiated power to the neutron load on the
first wall results in a heat flux density of about 0.7 MWm™2. A reduction of the
LH threshold was recently reported in ASDEX Upgrade with tungsten plasma facing
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components [24] and JET with the ITER-like wall [25]. A reduced LH threshold power
would allow for a higher radiated power in the confined plasma, further mitigating the

heat flux into the divertor.

4.3.1. Heat Flux Model

For the steady state heat flux in L-mode and in H-mode in between ELMs without ex-
ternal magnetic perturbation, a model is used to describe the heat flux profile onto the
outer divertor target plates [26]. The model assumes an exponentially decaying power
profile at the divertor entrance (eq. [£.5]) and diffusive heat transport perpendicular to

the flux surfaces in the divertor region.

B s — S MW
exp(8) = qo exp ( T ) fors > s [ — ] (4.5)

Where ¢ is the upstream peak heat flux, s the position on the target, sy the position
of the separatrix on the target, A\, is the upstream power fall-off length and f, is the
poloidal flux expansion. To get the target heat flux profile, this function is convolved

with a Gaussian which models the diffusive process.

2
qo S s — Sp S s — Sp MW
_ 40 i R fo [ — — 4.6
) 2 P ((2)‘11) Agfa ) o (2)‘q Sfe ) { m? (46)
Here S is the width of the Gaussian. This function is fitted to the measured heat fluxes
to get the power fall-off length A, and the divertor broadening S. An illustration of

the heat flux profile with different values for the divertor broadening S is shown in
fig. 1.2 Note here that this model does not include dissipative processes reducing the
total power load on the divertor. Although no dissipation is included the peak heat

flux density is decreasing with increasing divertor broadening S.

The divertor broadening S is interpreted as a competition between the heat transport

parallel and perpendicular to the magnetic field lines.

X—L mim .
S~ Ly [mm)] (4.7)

Where L is the connection length between the X-point and the divertor target, x, the
heat diffusivity perpendicular and x| parallel to the magnetic field lines.

For the power load distribution on the target, a universal quantity is defined as the

integral power fall-off length \;,;, which is independent of the shape of the measured
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Figure 4.2: Illustration of the heat flux profile evolution from the divertor entrance
towards the target plates.

heat flux profile g(s).

Aint = M [mm] (4.8)

Qmax

Where @4, is the maximum of the heat flux profile ¢(s) on target.

Using the heat flux model (eq. 6) one can approximate \;,; using the power fall-off
length A\, and the divertor broadening S [27].

Aint = Ay +1.64 5 [mm] (4.9)

For the divertor design in large fusion devices \A;,;; is an important quantity. With
it the peak heat flux density ¢,.q. is estimated for a given total power flux into the
divertor P.

P [MW]

- 4.10
q 27TRdiU (Sq:qmm) >\mtfm ( )

m?2

Where Ry, is the major radius of the divertor target. To be able to predict A;,;, both
the power fall-off length A, and the divertor broadening S need to be known.
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4.3.2. Flux Expansion

The width of the heat flux profile on target is given by three independent mechanisms.
The first mechanism is the heat transport in the SOL, this is the mechanism mainly

forming the shape of the profile. The second mechanism is the magnetic flux expansion
fm,mag [28]

mp

f - Rmp Bpol
x,mag — i

I Rdiv dev

pol

(4.11)

Where R is the major radius and B, the poloidal magnetic field at the outer mid
plane (mp) and the divertor target (div) respectively. The magnetic flux expansion
widens the heat flux profile perpendicular to the magnetic field lines. A schematic
representation is shown in figure Looking at the magnetic equilibrium (fig.
, it gets clear that the poloidal magnetic field decreases from the outer mid plane
towards the X-point. Therefore the distance between a magnetic field line and the
separatrix is larger near the X-point (green) compared to the outer mid plane (magenta,
red). Between the X-point and the divertor target the poloidal magnetic field increases
again due to the proximity of the (toroidal) divertor coil. This in turn again decreases
the distance between the magnetic field line and the separatrix (blue). Since the
divertor target is closer to the X-point than the outer mid plane, the distance between
magnetic field line and separatrix is effectively increased on the target compared to

the outer mid plane (magenta — blue).

In addition to the magnetic flux expansion the target geometry of the divertor itself
influences the width of the measured heat flux profile (fig. [4.3b)|). The target plate can
have a poloidal inclination a,, with respect to the magnetic field line, further increasing

the distance between field lines. The geometric flux expansion f; 4, is calculated as:

1

SIN gy

fa,geo = (4.12)
Where a,,,; is the angle between the target surface and the poloidal projection of the
magnetic field line. Figure shows an illustration of the geometric flux expansion
for different target inclinations. In the case where the poloidal projection of the field
line is perpendicular to the target (black), the geometric flux expansion f; 4, is one.
With decreasing target inclination angle (blue and green) the distance of two adjoined

field lines (solid and dashed) increases on the target.

The total flux expansion f, on the divertor target is the product of the magnetic and
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a) Magnetic flux expansion of b) Geometric flux expansion for different target inclination an-
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Figure 4.3: Illustration of the magnetic and geometrix flux expansion.

the geometric flux expansion.

fx = fx,mag : f:ageo (413)
R,.,B)"Y 1

pol

Rdiv Bdiv

pol

SIn Qrpgy

For typical discharges in ASDEX Upgrade and JET the flux expansion is of the order
of 4-6. In order to make statements about the heat transport in the SOL and to be
able to compare data between different devices and divertor geometries, the measured

target heat flux widths have to be divided by the flux expansion f,.

For any device it is beneficial to increase the flux expansion in order to spread the
power load onto a wider area. The magnetic flux expansion is mainly given by the
ratio between the poloidal magnetic field at the outer mid plane and the divertor
target. This gain in magnetic flux expansion is limited. Decreasing the inclination ay
between the magnetic field lines and the divertor target can increase the geometric flux
expansion. However the smaller the inclination becomes the longer the divertor target
needs to be, calling for a larger poloidal cross section of the device. The size of the

machine in turn is limited by the size of the toroidal field coils.

Taking those limitations into account the flux expansion in future devices like ITER
and DEMO cannot be larger than those achieved in present devices and will lie around
5.5-6.
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Assuming a power distribution of one third to the inner divertor and two thirds to
the outer divertor, the outer divertor has to be able to handle a heat flux of about
67 MW. This reasoning is assuming no radiative power losses in the scrape-off layer.
In order to reduce the heat flux density on the target to 10 MWm™2 the power has to

be distributed onto an area of 6.7 m?2.

The divertor of ITER will have a major radius of 5.5 m. In order to prevent leading
edges, which would receive a higher thermal load, the castellated tiles of the divertor
are toroidally inclined in order to hide the neighbouring edge from the plasma. This
so called shadowing reduces the effective area in the divertor which is exposed to the
plasma. Due to manufacturing tolerances only 75 % of toroidal circumference will be
exposed to the heat flux [29]. This fraction is the so called toroidal wetted fraction fi,,

which has to be taken into account for the calculation of the peak heat flux.

Using this the resulting power deposition width \;,; would be about 26 cm in order to
achieve 10 MWm™2 on the target.

This deposition width is incompatible with recent studies suggesting a power fall-
off length A, of around 1 mm for ITER in the outer mid plane |3, 30]. Taking into
account the geometry of the magnetic field lines in the divertor and assuming no further
broadening this would result in a target profile width of around 5.5 mm. Without
radiative cooling in the scrape-off layer this would induce a heat flux density of nearly
470 MWm ™2 on the target. From this it becomes clear that power needs to be radiated
in the scrape-off layer and in the divertor in order to reduce the heat load onto the

divertor target.

A point that will not be discussed in this work is the power load induced on the first
wall by scrape-off layer radiation. Due to localised radiation close to the wall a high
heat load can be induced. Weather or not this poses a possible threat for large devices

needs to be assessed in further studies.

Assuming a power into the divertor of 8 MW which corresponds to a radiation of about
90 % in the scrape-off layer the target heat flux density would result in 56 MWm™2.
From this it is clear that even with a high radiative power in the SOL a further profile

broadening is needed to reduce the heat flux density on the target.

4.4. Two Point Model

For the description of the temperature and density distribution along field lines in the

SOL, a successful approach is the so called two point model. In the two point model,
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the SOL is assumed to be stretched between the upstream stagnation point, where
there is no net particle flux, and the divertor target plates. For the parallel heat flux

g in the SOL classical heat conduction is assumed:

(4.14)

q = —K —

dT MW
dx

m2
Where & is the heat conductivity. Assuming Spitzer-Harm conductivity [31] this equa-

tion is written as:

q = —F&oTﬁd— (4.15)

T m2

5 dT [MW]
Where kg has a numerical value of about 2000 Wm~!(eV)*°. Under the assumption,
that all the heat enters the SOL plasma at the upstream position (x = 0) the equation
can be integrated along the SOL. With the knowledge of the target temperature T,

the upstream temperature 7), is calculated as,

2
T 2quL\7
T, — (Tj + 7‘1—%> [eV] (4.16)

For low target temperatures Ty the following approximation is often used.

2
T, ~ T, + (2q”L> 7 [eV] (4.17)
Tko
For T; = 0 the approximation is correct. So far this is the classic calculation of the
two point model, where the heat flux density ¢ is assumed to be constant along field
lines. For the divertor geometry this is not a valid approximation. In the divertor
region between the X-point and the divertor target, the heat flux density is decreased
by a diffusive process perpendicular to the magnetic field lines. This has an influence
on the temperature profile along the magnetic field line. Starting from equation
the temperature distribution along the field line is calculated for arbitrary heat flux

density distributions.

()= |T; + 2—20 / g (1)l (V] (4.18)

To show the influence of the reduced heat flux density in the divertor region a model
calculation using ITER parameters is performed. It is assumed that 8 MW enter the
SOL upstream, this is equivalent to a radiative cooling of about 90 % of the total power
and two thirds of the power flowing towards the outer target. The effect of radiative

cooling along the field lines is neglected. For the divertor broadening between the
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X-point and the divertor target a linear increase is assumed. The \;,; profiles along
the field lines used for the calculation are shown in figure 4l With this the peak heat

14
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E gl — S=7mm
é !
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Connection Length [m]

Figure 4.4: Assumed )\;,; for different magnitudes of divertor broadening S in an
ITER test case.

flux density (along the hottest field line) is calculated:

P [MW]

= 4.19
QWR)\int ( )

q 2
Figure shows the resulting heat flux density. The absolute value shown resembles
the target heat flux including the flux expansion, the parallel heat flux needed to
calculate the temperature profile along the field line is considerably higher. It is seen
that the profile broadening in the divertor volume strongly decreases the heat flux
density. A profile width of about 6 mm (about 3.3 cm on the target) is sufficient to
reduce the target heat flux density to about 10 MWm™2. The green highlighted area
indicates the material limit for steady state operation in ITER. A more detailed study
of the heat transport in the SOL and the heat flux profile broadening in the divertor
is presented in chapter [l

Using these heat flux density distributions the temperature along the field line is calcu-
lated using equation .18 For the target temperature 10 eV is assumed. The resulting
temperature distributions are shown in figure 4.6l For the case without broadening
the upstream temperature reaches about 200 eV. The wider the broadening is the
smaller is the temperature gradient in the divertor region becomes. Due to the high
heat flux in the SOL outside the divertor the temperature gradient increases again and
the upstream temperature is mostly recovered. For the temperature distribution in the

divertor region it is seen that although the heat flux density is reduced it still reaches
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Figure 4.5: Heat flux density along the hottest field line in ITER assuming 8 MW of
power entering the divertor. The heat flux shown resembles the target
heat flux.

relatively high values of about 50 eV close to the divertor target. Due to these high
temperatures it is questionable whether such a case is realistic. The area in which the
plasma can efficiently lose momentum and pressure (7" < 15 eV) would be close to the
divertor target and the gain for the target heat flux due to radiation would be small.
The black temperature distribution in figure equals the result from equation .10
In the divertor region this result deviates significantly from the more realistic case with
profile broadening.

Therefore it is concluded that the heat flux distribution along the field line needs to

be taken into account in order to calculate the temperature distribution.

Using equation [A.15] the temperature gradient along the field line is calculated as:

_ 4.20
dZL' /{OT% ( )

m

ar _ __a [ﬂ}

From this it results that for low temperatures a comparably small heat flux density
is sufficient to sustain a large temperature gradient. This is the reason for the steep
temperature increase near the target in figure 4.6l In order to sustain low temperature
conditions in a large volume of the divertor the power arriving in the divertor has
to be reduced as far away from the target as possible. To achieve this under real
operational conditions, radiators have to be found that can efficiently radiate power at

temperatures between about 10 and 100 eV.
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Figure 4.6: Temperature distribution along the hottest field line assuming a target
temperature of 10 eV.

These considerations assumed steady state power loads and are not applicable to large
transient heat loads as they are present during ELMs. For those the high heat flux
will lead to a strong increase of the divertor temperature. Even for detached divertor
conditions it is unlikely that the divertor will be able to radiate a large fraction of the
ELMs energy. Therefore the ELM will deposit energy onto the divertor target. A more
detailed analysis of the ELM heat load deposition is shown in chapter [0



Chapter 5

Steady State Divertor Power Load

In this chapter the steady state heat load on the divertor target is reviewed. The data
shown here was obtained at ASDEX Upgrade and JET in L-mode and in H-mode
discharges. The power fall-off length A, in JET-ILW H-mode discharges is compared
to a widely agreed scaling obtained in carbon devices. Using ASDEX Upgrade L-mode
discharges the influence of the divertor conditions on the divertor broadening S is
studied. An empirical scaling for S based on the divertor temperature is derived. In
addition the measured S is compared to theoretical and empirical transport models.
An extrapolation of the divertor heat flux towards ITER and DEMO is presented based

on the empirical scalings of both A, and S.

5.1. Power Fall-Off Length

In the following section, the power fall-off length A, is discussed. The L-mode results

shown in this section were partly obtained in the work of A.Scarabosio |32].

In figure 6.1 the heat flux profile on the outer divertor target in JET-ILW is shown
before and after the LH-transition. It is seen that the L-mode profile (black) has a
larger radial extend compared to H-mode (red). The heat flux model (Equation [A.0])
was fitted to both profiles (solid lines), being able to match the profile shape of the

measured heat flux in L- and H-mode.

5.1.1. L-mode

For the power fall-off length )\, in L-mode an empirical scaling based on data from
ASDEX Upgrade and JET with carbon plasma facing components was found, using
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Figure 5.1: Heat load profiles on the outer divertor target in JET-ILW before and
after the LH-transition. The solid lines show the fit of the heat flux
model to the data.

the model described in section E3.1] [32].

)\q,scal —=1.44 + 0.67 B- 0.80£0.32 qé 1440.67 PO 22:i:O 10 R—O 03+£0.28

tor

[mm] (5.1)

In the scaling A\, decreases with increasing toroidal magnetic field By, and increases
with increasing safety factor qo5. The safety factor q is defined as the number of toroidal

turns a field line performs for one poloidal turn and can be expressed as follows.

r- Btor
R- By

q= (5.2)
Where r and R are the minor and major radii of the flux surface containing the
magnetic field line. qo5 is the safety factor of the field line on the magnetic flux surface
containing 95 % of the poloidal magnetic flux in the confined region. Most notably
the upstream power fall-off length A, shows no dependence on the major radius R.
Furthermore the L-mode scaling for the power fall-off length A\, shows no dependence

on the power crossing the separatrix into the SOL Psop.

This result is interesting to keep in mind, since it has similar parametric dependencies
as the power fall-off length in H-mode (eq. £3). The main difference to the H-mode
scaling is the prefactor of the scaling whose value is about twice as large for L-mode.

'For the scaling By, in T, Pgor, in MW and R in m was used.
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5.1.2. H-mode

In H-mode the steady state heat flux is interrupted by periodically occurring transient
heat loads, which are induced by ELMs. The evaluation of the power fall-off length
is conducted in-between the ELMs where the power load is stationary. A separate

discussion of the ELM induced divertor power load is given in chapter [6l

Using data from ASDEX Upgrade and JET with carbon plasma facing components an
empirical scaling has been found [3] for H-mode discharges.

)\q,scal =0.73+0.38 B;8.78i0.25 qiy%0i0.27 Pgé%ﬁﬂ.ll R0.02i0.20 [mm] (53)

ey 1s the cylindrical safety factor, which is similar to the generic safety factor (5.2))
but takes the poloidal shape of the plasma into account:

21aeBio, (1 + K?)

eyl =
! MOIp 2

(5.4)

Where a is the minor radius, € the aspect ratio R/a, I, the plasma current and x the
elongation of the plasma. Similar to the L-mode case, in the scaling the power fall-off
length A, decreases with increasing toroidal magnetic field B;,, and increases with the
cylindrical safety factor ¢.,;. The power crossing the separatrix into the SOL widens
the power fall-off length, however, the exponent is not very large with a value of about
0.1. Notably the scaling does not exhibit a dependence on the major radius R. This is
important because it implies that no beneficial widening of the upstream power fall-off

length occurs when increasing the machine size.

The scaling (eq. [B.3]) has been obtained in devices with carbon plasma facing com-
ponents. Since carbon is deemed inapplicable for the use in fusion reactors, the use
of metals for plasma facing components has been studied, especially in all tungsten
ASDEX Upgrade and JET with the ITER-like wall. In this context it is important to
study the power fall-off length in an all metal environment. The following results were
obtained in JET-ILW on the bulk tungsten outer divertor target (fig. B.3]).

Figure 5.2] shows the measured power fall-off length A\, in JET-ILW compared to the
empirical scaling (eq. [£.3]) in H-mode discharges with toroidal magnetic fields between
1.0 and 3.1 T and plasma currents ranging from 1.0 to 3.5 MA. It is found, that the
power fall-off length in JET-ILW for attached divertor conditions, can be described
by the empirical scaling (eq. B3) found in carbon ASDEX Upgrade and JET. The
measured values for )\, span a range between 0.7 and 3.3 mm. For ITER the predicted
value for )\, is about 1 mm. This is notable since the predicted value for ITER lies
within the range of the values measured in JET-ILW.
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Figure 5.2: Comparison of the measured power fall-off length A, [33] in JET-ILW
with the empirical scaling obtained in JET and ASDEX Upgrade with
carbon plasma facing components (eq. [(.3]).

The results from a nonlinear regression analysis using JET-ILW data alone gives a

similar scaling as found in JET and ASDEX Upgrade with carbon plasma facing com-
ponents (eq. [B.3)).

)\q =0.42 + 0.22 B—1.17:|:0.24 q1.29:|:0.28 Pgéi:l:o.lél [mm] (55)

tor cyl

Since JET-ILW data alone was used for this regression, the major radius R is not
included in the evaluation and no statement can be made on its influence on the power
fall-off length A,. In the scaling the power fall-off length decreases with increasing
toroidal magnetic field By, and increases with the cylindrical safety factor ¢.,. For
the power entering the SOL (Psoy) a positive value for the exponent has been found

which is close to a square root dependence.

Within the uncertainties the scaling obtained in JET-ILW confirms the scaling found
in the carbon devices (eq. [B.3]). The only difference is the slightly higher exponent of
the power in JET-ILW compared to the data set from machines with carbon plasma

facing components.

Note here that the difference in the exponent of Psoy in the scaling for the power

fall-off length A, has a significant effect on the divertor power load due to the large
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change in Psor, when comparing JET and ITER.

PI5E ~ 10 MW (5.6)
PLTER ~ 100 MW (5.7)

Psop in ITER is about 10 times higher than in JET. Using both the scaling obtained
in carbon ASDEX Upgrade and JET (eq. £.3) and in JET with the ITER-like wall
(eq. BH) the following power fall-off lengths are predicted for ITER:

The power fall-off length predicted by the scaling obtained in JET-ILW is about 70 %
larger compared to the prediction made with the scaling from ASDEX Upgrade and
JET with carbon plasma facing components. No conclusion is drawn whether the
higher dependence on Pspy, is a direct result from the metal wall in JET-ILW or a
result of the higher gas fueling rate JET-ILW needs to be operated with compared to

JET-C in order to prevent impurity accumulation.

5.2. Divertor Broadening S

The divertor broadening S is the width of the Gaussian resulting from the heat diffusion
process in the divertor. A point source at the X-point would result in a Gaussian shaped
profile on the divertor target with a width of S f,, where f, is the flux expansion of

the divertor with respect to the outer mid plane (eq. [LI3]).

5.2.1. Results from ASDEX Upgrade L-mode discharges

For the study of the divertor broadening, dedicated discharges with low to medium
recycling divertor conditions [34] have been conducted in L-mode at ASDEX Upgrade
with tungsten plasma facing components. L-mode discharges were chosen for this study
to obtain stable divertor conditions which are not influenced by transient events such
as ELMs. Values for the divertor broadening S reaching from 0.3 to 1.1 mm have been

observed. An overview of the global parameters covered in the data set is shown in

table .11
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‘ Min Max Unit

I, 0.6 1.0 MA
Bior 1.4 2.5
Bpot 0.2 0.3
Biot 1.4 2.7
95 3.1 6.8
Piot 0.6 1.7 MW

Ne ped 85 21.9 10¥m™3
Ng div 42 11.8 102 'm™3
Tetar | 10 45 eV

N tar 1.5 47 10¥m™3

=38

Table 5.1.: Overview of the parameter range for the ASDEX Upgrade L-mode dis-
charges. The indices ped, div and tar indicate the measurement regions
pedestal, divertor volume and target respectively.

Dependence on Machine Parameters

As a first step the dependence of the divertor broadening S on global discharge param-
eters is investigated. Therefore nonlinear regressions using various plasma parameters

are conducted.

Cgp

g — CSO nCne,ped [1019m—3} . B pol [T] . noc::lg;}dw [1022m—3} [mm] (5‘10)

e,ped pol

To show the influence of the different quantities on .S different parameter combinations

were analysed. The result of the regression analysis is shown in (tab. (£.2).

‘ CSO Cne ped CBpol Cno,div R2
Set 1] 0.036(07) 1.015(97) —1.025(30) —0.067(71) 0.89
Set 2 | 0.090 (07) 1.018(07) —1.012(32) 0.93
Set 3 | 0.062 (05) ~1.632(50)  0.556(05) 0.83
Set 4 | 0.217(09) 1.947(09) —0.559 (75) 0.76

Table 5.2.: Regression results of the divertor broadening S in low recycling L-modes
in all tungsten ASDEX Upgrade. The numbers in parenthesis give the
uncertainty of the least significant figures.

One important quantity for the characterisation of the upstream conditions is the
electron density at the separatrix n. s,. Due to the steep gradients at the separatrix
and the limited resolution of the diagnostics the determination of n. s, is difficult. The
pedestal electron density n. peq is used instead of n. ., since it is more accessible for

the diagnostics.

The regression results, using different combinations of the parameters, all indicate a

strong dependence of the divertor broadening on the pedestal electron density 7 peq
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and the averaged poloidal magnetic field B, which is defined as follows.

Ho ]p
1+kK2
2may ) 5=

The divertor broadening S is increasing with the pedestal electron density 7 peq and

Bpor = [T] (5.11)

decreasing with the poloidal magnetic field B, in all cases. The absolute value of the
exponent of the poloidal magnetic field B, and the pedestal electron density 7. peq
alone increase in combination with the neutral pressure ng 4, in the divertor (Set 3,4).
At the same time the exponent of the neutral density is positive in the case of the
poloidal magnetic field B, (Set 3) and negative in the case with the pedestal electron
density e peq (Set 4).

For the case where all three quantities n¢ peq, n0,div and Bpe are included in the evalua-
tion, the neutral density in the divertor ng 4;,, shows no influence on the divertor broad-
ening having an exponent close to zero. The divertor broadening S increases about
linear with the pedestal density n.,.s and decreases about linear with the poloidal
magnetic field B,,.

The coefficient of determination R? gives a quantity to qualify the ability of a given
model Y to describe the available data y;.

Z (Yi - yz‘)Z
> (i — 9)°

Where y; is the measured data, Y; is the estimated data of the model and 7 is the mean

R*=10- (5.12)

average of the measured data.

Set 2 in table has been found to describe the measured divertor broadening S
best, giving a coefficient of determination of R? = 0.93. The regression results of set
2 are shown in figure 5.3 Note that no isotope dependence has been observed in this
data set. Given that only three discharges in hydrogen were conducted for this study,
no conclusions are drawn from this data set regarding the isotope dependence of the

divertor broadening S.
Perpendicular Heat Diffusion

Using the measured divertor broadening S the perpendicular heat diffusivity y, in the
SOL is deduced. Assuming the heat transport along the field lines is governed by a

diffusive process the divertor broadening is interpreted as follows:

XL
Xl

S =1 [mm] (5.13)
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Figure 5.3: Regression result for the divertor broadening S in low density L-modes
in ASDEX Upgrade [33].

Where L is the connection length in the SOL and | the parallel heat diffusivity in
the SOL. This relation is easy to understand given the underlying transport geometry.
The diffusion width S is expressed in terms of the perpendicular diffusivity x, and the

parallel diffusion time 7.

S = /TXL [mm)] (5.14)

The parallel diffusion time 7, is estimated using the parallel heat diffusivity x| and

the connection length L.

L2

v 5] (5.15)

=

Inserting this relation into equation [5.14] for the divertor broadening S results in equa-
tion [B.I3l For both the ions and the electrons the parallel heat diffusion coefficient is

estimated:
Te5/2 m?2
Xe,|| = Ko {—} (5.16)
Ne S
Tel/2 m?
my S

Where T, is the electron temperature, n, the electron density, m, the proton mass, L
the connection length, xq is about 2000 Wm ™" (eV)™*® and ¢, is the ion sound speed.

For the ion heat diffusivity, a pure deuterium plasma has been assumed with T, = T;.
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Under these assumptions the ratio of electron and ion heat diffusivity follows as:

1/2 T2
Xell _ Roe Ze (5.18)
Xl L ne

The ratio of parallel electron and ion heat diffusivity for the deuterium discharges in
ASDEX Upgrade L-mode are shown in figure 5.4l It is seen that for all cases the
parallel electron heat diffusivity is larger then the ion heat diffusivity. The smallest

ratio observed in this dataset corresponds to the largest divertor broadening S.
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Figure 5.4: Ratio of parallel electron and ion heat diffusivity in dependence of the
divertor broadening S for low recycling deuterium L-mode discharges in

ASDEX Upgrade.

In the following the parallel heat diffusion in the SOL is assumed to be carried mainly
by the electrons. Using parallel electron heat diffusivity for the parallel transport in

equation [5.13] the perpendicular heat diffusivity y, is estimated as:

XL = Xe|| (%)2 {ET (5.19)

S
Note that due to the changing flux expansion along a field line in the SOL, it is difficult
to answer whether the measured target profile broadening or a mapped quantity should
be used for the calculation of the perpendicular heat diffusivity. Since the assumption
of the diffusive heat transport model is that the broadening of the heat flux profile only
takes place in the region between the X-point and the target, the following method of
mapping is used, as illustrated in figure .5

The measured target electron temperature and density (blue dots) are mapped to half

the poloidal distance between the X-point and the strike line position on the target (red
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— Temperature
¢ — Density

a) Geometric mapping of the target (blue) b) Schematic temperature and density evolution along a
and divertor (red) positions. magnetic field line from the target to the X-point.

Figure 5.5: Geometric mapping used for the evaluation of the divertor broadening.

dots) along the field lines using the measured parallel heat flux ¢y and the assumption
that the two point model is valid (Section [£4]). For the connection length L, the
distance between the X-point and the divertor target [, is used for a field line starting
close to the separatrix (distance d =5 mm at the outer mid plane). This is done to
identify any artificial temperature dependence of the perpendicular heat diffusivity
which could result from different parallel temperature gradients close to the target.
Figure shows the electron temperature distribution along a field line in the divertor
region for different discharges calculated from the two point model (eq. EI0]).
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Figure 5.6: Electron temperature distribution along a field line between the target
and the X-point for the discharges with the lowest (red), highest (blue)
and median (green) electron temperature at the divertor target.
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As a first step the influence of the divertor conditions, namely the electron temperature
and density, on S is investigated. Therefor a nonlinear regression for the divertor

broadening has been performed.

S = Sy TE" n&r [mm)] (5.20)

3 and

Where T, is the electron temperature in eV, n. the electron density in 10! m~
C,, Cr are the corresponding exponents. It is found that the electron density in the

divertor has no significant influence on S. This is illustrated in figure (.71
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Figure 5.7: Results of the nonlinear regression of the divertor broadening S using the
divertor temperature and density.

Here three cases are shown. The results shown in red are obtained by fitting both
exponents (), and C'r. In the other two cases the exponent of the density was set to
0.5 (blue) and 0 (green). The case with C;, = 0.5 corresponds to a perpendicular heat
diffusivity x, which is independent of the density. Assuming no density dependence

of S (C,, = 0) corresponds to a linear decrease of x; with the density.

All three cases have the same coefficient of determination R? and the dependence on
the temperature does not change withing the error bars. From this it is concluded that

for the available data the density has no influence on the divertor broadening.

Knowing this, an elegant way to study the influence of the divertor temperature on S

is to assume a dependence of x| on the electron temperature and the electron density
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similar to the parallel electron heat diffusivity x.:

(5.21)

TeCT"”“ m?
XL = X1,0 { }

e S

Where Cr, ,, is the unknown exponent of the temperature dependence. Using this
parametrisation the density dependence in the parallel and perpendicular heat diffu-

sivity chancel each other in the calculation of S.

Generic heat conduction gives one possible explanation for the density dependence of
x.. For the heat conductivity x and the heat diffusivity x the following relation is
given [35].

X = picp {m;} (5.22)

Where p is the density and ¢, is the specific heat capacity. For a plasma the heat

capacity pc, is proportional to the electron density n. resulting in:

K m?
= — — 5.23
= = (5.23)
If the heat conductivity x is independent of the electron density then y would decrease
linearly with n.. Having exploited this no conclusion is drawn about the density

dependence of S.

Due to a strong correlation between the total magnetic field and the target electron
temperature in this data set (fig. £.§), no attempt is made to obtain the dependence
of the perpendicular diffusivity on the magnetic field. A discussion of the dependence
on the magnetic field is made in section 53] where SOL heat transport models are

compared to the measured divertor broadening S.

Under the assumption expressed in equation [5.2T] the model for the divertor broadening

S is written as follows using equation [5.13l

[mm] (5.24)

(5.25)

(5.26)

The exponent Cp, ¢ for the temperature dependence of the divertor broadening S is
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Figure 5.8: Target electron temperature T, and total magnetic field B;,; in ASDEX
Upgrade for the available data set.

the result of the difference between the exponent of the temperature dependence of

the perpendicular and parallel heat diffusivities.

5
CTe XL - 5

- (5.27)

Cr.s =

Using the described models for the perpendicular heat diffusivity (eq. [5.21]) and the
divertor broadening S (eq. (.24 the sensitivity of the temperature dependence has
been studied. The exponent of the temperature dependence Cr,,, has been varied
between 0 and 5/2 corresponding to a change of C7, ¢ between -1.25 and 0. For every
value of Cr, , the prefactor x, o has been adapted to give the best fit to the data.
The results of this study are shown in figure for both target (black) and divertor
(red) mapping.

For both the target and the divertor data set, the parametrisation of the perpendicular
heat diffusivity x, (eq. B.21]) is able to describe the measurement to a good extend,
having values for the coefficient of determination R? close to one. For the perpendic-
ular heat diffusivity (fig. the R? profiles are broad and it is difficult to draw
conclusions about the value of Cr, . For the divertor broadening S (fig. the
R? profiles are narrower compared to the profiles of the perpendicular heat diffusion.
For both evaluations (S, x ) the maximum of the R? profiles are shifted between the
target (black) and divertor (red) data.
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Figure 5.9: Coefficient of determination R? in dependence on the exponent of the
electron temperature dependence in the respective model for the divertor
broadening S and the perpendicular heat diffusivity y .

Flux Expansion

For the comparison with different machines, the geometric factors of the divertor and
the magnetic equilibrium have to be taken into account. Identical to the procedure for
the power fall-off length A, (Section .3.2)) the measured divertor broadening is divided
by the flux expansion f, (eq. EI3]). Since the division by the flux expansion maps the
divertor broadening S at the target and in the divertor to the outer mid plane, the
values will now be the same for both data sets. The electron temperature and density,
however, still differ for both data sets since they are not affected by this geometric
mapping. The same sensitivity study shown in figure has been conducted for these
data sets, the results are shown in figure .10l
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a) Divertor Broadening. b) Perpendicular heat diffusivity.

Figure 5.10: Coefficient of determination R? in dependence on the exponent of the
electron temperature dependence in the respective model. Solid lines
show the data where the measured divertor broadening has been divided
by the flux expansion, dashed lines show the values obtained before (fig.
[£.9) at the target and in the divertor.
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The numerical value of the exponent Cr, ,, for the temperature dependence of the
perpendicular heat diffusivity changes by roughly 0.5. For the divertor broadening
the exponent changes accordingly, following equation 5271 Furthermore the value of
R? for the best fit of the divertor broadening increases for both the divertor and the
target data when divided by the flux expansion. For the perpendicular heat diffusivity
(fig. the maximum value of R? stays about the same for the target (black) but

decreases for the divertor data (red).

The reason for the change in the exponent of the temperature dependence becomes
obvious when looking at the flux expansion (fig. B.IT]). For the data set available the
flux expansion and the target electron temperature are correlated (fig. [B.11]). Whether

this has any physical reason or is just coincidence is left for further studies.
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Figure 5.11: Flux expansion on the target and in the divertor volume in dependence
on the corresponding electron temperature T..

In the following discussion both the divertor broadening with and without flux expan-
sion are shown to give a complete picture. Noted here that the absolute value of the
perpendicular heat diffusivity y, changes significantly dependent on which geometric
mapping for the divertor broadening S is used for the evaluation. In this work no
attempt is made to answer which mapping is closest to the real magnitude of the heat
transport process in the divertor. Since the measurement on the divertor target plates
only results in an effective divertor broadening, incorporating the whole diffusive pro-
cess from the X-point to the divertor target, detailed modelling may reveal the local

diffusive processes in the divertor.

The following evaluations were performed for the divertor broadening including the flux
expansion. Figure shows the fitting results using the model described in equation
[£.21] for the perpendicular heat diffusivity for both target (black) and divertor (red)
data. Both fits are able to reproduce the derived perpendicular heat diffusivity (eq.
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5.19) and the divertor broadening. Note here that the measured divertor temperature
alone is able to reproduce the measured divertor broadening S.
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Figure 5.12: Fitting results for the target and divertor data without flux expansion
compensation.

The results for the perpendicular heat diffusivity are as follows:

3 T61.45 m2

XL tar = 4.55-10 — (5.28)
Ne S
Ly T61.16 1’Il2

Xidiw = 3.37-10722— — (5.29)
Ne S

The exponent of the temperature dependence of the perpendicular heat diffusivity
varies roughly between 1 and 3/2 depending on the reference area (target, divertor).
The difference of the exponent of the temperature dependence is reduced by a factor of

two, since the square root of the perpendicular heat diffusivity enters into the divertor
broadening S (eq. B.I3)).

Spar = 2171, T, %57 [mm] (5.30)
Saiv = 7.861, T, ™ [mm] (5.31)

In the following the same study is repeated for the divertor broadening .S divided by the
flux expansion f,. The results for the perpendicular heat diffusivity and the divertor
broadening are shown in figure 513l The fits are able to reproduce the measured
perpendicular heat diffusivity well both for the target and the divertor data. The
comparably low value of R? for the divertor data is presumably be explained in the
low value of the exponent of the temperature dependence of this data set of 0.4 (eq.
(.32)) in combination with the small relative change in the data of about a factor of
two. The measured divertor broadening is reproduced for both fits with equally high
values of R?.

The results for the perpendicular heat diffusivity with the divertor broadening taken
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Figure 5.13: Fitting results for the target and divertor data with flux expansion com-
pensation.

into account are as follows:

T0.98 2
Xiar = 0.78-1073 26— {”ﬂ (5.32)
Tle
T0.40 2
XLdiv = 6.82- 107~ [5] (5.33)
Ne S

For both data sets the exponent of the temperature dependence is reduced compared to
the case including the flux expansion (Equations 528 (5:29). This is expected consid-
ering the correlation between the target electron temperature and the flux expansion
in the data set.

Spar = 1111, T, 057 [mm)] (5.34)
Saiv = 3.061, T, 113 [mm] (5.35)

For the divertor broadening the results show that the exponent of the temperature
dependence lies roughly between —3/4 and —1. The difference in the temperature
dependence between target and divertor data can be attributed to the existence of
a strong temperature gradient in front of the divertor target for low target tempera-
tures. This study indicates that the temperature dependence of the perpendicular heat
diffusivity in the SOL lies between a square root and a linear dependence. Further ex-
perimental studies and comparison to simulations are needed to give further insight
into the heat transport mechanisms in the SOL. Such studies need to use volumetric

parameters, e.g. from divertor HRTS, but are difficult and expensive in nature.

Note here that the increased divertor broadening S for low temperature divertor con-
ditions is not a result of an increased perpendicular transport but the result of the
strongly reduced parallel transport. The dependence of the parallel transport on the

temperature is larger than for the perpendicular transport. When the temperature
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decreases the parallel transport decreases more strongly than the perpendicular trans-
port, increasing the divertor broadening S which is dependent on the ratio between

perpendicular and parallel transport (eq. B.13]).

5.3. Comparison to Divertor Transport Models

In the course of time different theoretical and empirical models have been derived for
the heat transport of a plasma in the presence of a magnetic field. The measured
divertor broadening S is compared to the predictions made by those models. For the
following discussion a pure deuterium plasma is assumed where the electron tempera-

ture T, equals the ion temperature 7;.

5.3.1. Classic Heat Diffusion

The first theoretical model looked at is the classic heat diffusion. Classic heat diffusion
calculates the heat conductivity parallel and perpendicular to the magnetic field for
electrons and ions. For the transport along the magnetic field lines the heat conduc-

tivity results in [19]:

5
T 127we2 s ? W%
K = 4.142 °_T2 ~ 4.02-10* 5.36
i 2m, Z?InAe InA [m e\/} (5:36)
5
. T 1271'60 5 s
[ . - T2 ~ 4 .
Kjj = 5.5 \/ 2m; Z4InAe " 58 5lnA [ V} (5:37)
K .
0,749, /2 ~ 45 (5.38)

Due to the difference between the electron and the ion mass, the contribution of the

electrons to the heat conductivity is about 45 times larger than that of the deuterium

ions.

. InAn?e % qniPhnA [ W
= T, ~1.24-100% —=——+ 5.39
127’(’6232 B2Te§ m eV ( )

lnAn % —40”2 InA | W
= ~ 227107 Lt— 5.40
1271'6232 Z BQT% m eV ( )
—L ~ 0.3, /4 ~ 18 (5.41)

In contrast to the parallel heat transport the main contribution to the perpendicular

heat transport is held by the ions. Using the relation between heat conductivity and
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heat diffusivity in a plasma (eq. (£.23) the corresponding heat diffusivities are written

T 1272 2
0 =4.142 T 5.42
Xi \/ 2m. n. Z%InAe { ] (5.42)

- m; InAn?e’ _
L) IR i — ) 5.43
X V © 12ret B?n, ' [ 1 (5.43)

Applying the parallel electron and perpendicular ion heat diffusivity to the model of
the divertor broadening S (eq. E.I3]) the following result is obtained:

as.

Nt

NERAE

Sclassic - la: Xi [m] (544)
Xj]
_ 2 (2memi)i Ze? lnA ning
“ Vi1 Jx7 127éB ¢
I, InAn;
~ 75210 8T
.BCZ—YQ2

Assuming classic heat diffusion as the transport mechanism, the divertor broadening
increases with the electron density n., decreases with the magnetic field B and the
electron temperature T,. Figure [0.14] shows the comparison between the classically
predicted and the measured divertor broadening S in ASDEX Upgrade L-mode. The
measured divertor broadening has been divided by the flux expansion f, to remove the
broadening due to the magnetic and geometric shape of the poloidal flux surfaces and

the divertor target.

The classical prediction underestimates the measured divertor broadening. Especially
for small values of S < 0.5 mm the discrepancy between measurement and prediction
is large with factor of about 10-20. From this it is concluded that the perpendicular

heat transport in the divertor is not governed by classic diffusion.

5.3.2. Bohm Diffusion

Already in the early years of fusion research Bohm proposed an empirical scaling for
the diffusion of a plasma in a magnetic field which is based on the assumption of

turbulent transport [36].

1T m?
= il 4
X_L,Bohm 16 B |: :| (5 5)
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Figure 5.14: Comparison between the divertor broadening as predicted by classic
diffusion and measured values for ASDEX Upgrade L-mode discharges.

In contrast to classic predictions, the Bohm heat diffusivity increases with the temper-
ature and decreases only linear with the magnetic field, as compared to the quadratic
dependence of classic perpendicular heat diffusion (eq. (5.43]). Assuming electron con-

duction as the parallel heat transport mechanism the divertor broadening results in:

SBohm - lm XJ;(M [IH] (546)
V Il.e

1 1
[y InAZ? 2me \*  né
= s () e (5.47)
4\ 4.142 - 12me5 \ B3T3
1 1
InA2ng
~ 4.99- 107822 (5.48)
B2T

The divertor broadening increases with the electron density n. and decreases with the
electron temperature 7, and the total magnetic field B. In figure the comparison

between the predicted and the measured divertor broadening S is shown.

It is seen that Bohm diffusion overestimates the divertor broadening by a factor of
about 2-5. Since the prefactor in the diffusion coefficient (eq. 5.45) has been obtained
empirically by fitting measured data, the same has been performed for the divertor
broadening S. Fitting the Bohm-like model to the data using by adapting the prefactor

results in an about one order of magnitude smaller effective diffusion coefficient in the
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Figure 5.15: Comparison between the measured divertor broadening S and the pre-
dicted value using Bohm diffusion.

divertor.
T m?
X L,Bohm,tar = 7.7- 10_3 €_B |:?:| (549)
. T m?
XL,Bohm,div = 6.0-10 3 G_B |:?:| (550)

The results of the fit are shown in figure B.16l For both the target and the divertor
data the measured divertor broadening can be matched by adjusting the pre factor of
the perpendicular heat diffusivity. The fitted heat diffusivity reproduces the measured
divertor broadening S for both small and larger values.

5.3.3. Gyro-Bohm Diffusion

For the description of measured temperature and density profiles of the confined
plasma, especially in JET discharges, the empirical Bohm diffusion has been extended.
The main temperature and magnetic field dependence T'/e B has been adopted for the
new model. In addition a scaling factor was introduced using the ion gyro radius r,

and the typical perpendicular temperature gradient length L;. . The proposed model
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Figure 5.16: Results of the Bohm like fit to the measured divertor broadening.

for Gyro-Bohm diffusion is given as [37]:

Te 14 m?
— g — 5.51
=B L, { S ] (5:51)
The temperature gradient length Ly, is defined as follows:
T,
Ly = —= 5.52
Te ‘VTQ‘ [Hl] ( )

Where |VT,| is the absolute value of the temperature gradient perpendicular to the
magnetic field lines. In order to calculate the perpendicular heat diffusivity the temper-
ature gradient length needs to be known. For the measurements conducted in ASDEX
Upgrade L-mode the downstream power fall-off length has been measured which is
mapped to the upstream A, using the flux expansion f,. From the two point model
(eq. E.15)) the following relation between the power fall-off length A, and the temper-
ature fall-off length Ay is derived for the upstream region [38|, assuming that all the

power enters the SOL at the upstream position.

7
A= 5 [m] (5.53)
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In the following this relation will be used for the temperature gradient length L, .

With this the perpendicular heat diffusivity is written as follows.

T 27, m?
<2Te)% A/ g

For the calculation of the heat diffusion the factor o needs to be known. Using equa-
tion (.13 and assuming Gyro-Bohm diffusion for the perpendicular heat transport the

divertor broadening S is written as:

4 ab (mim)T ZIlnA3ng
Sep = 1/ O‘Q(mml) e ™ (5.55)
LU2 - 7pa:12ra Ty

Since this is an empirical model, « is chosen to get the best fit to the measured divertor

=

broadening. For the target and divertor data the following factors have been found.

oy = 4.5-1072 (5.56)
Qi = 3.2-1072 (5.57)

The comparison between measured and fitted divertor broadening S is shown in figure
BEI7 Gyro-Bohm diffusion is able to reproduce the measured divertor broadening S

for both small and large values.

5.3.4. Model Summary

In this section the measured divertor broadening S has been compared to SOL trans-
port models. Classic diffusion underestimates the perpendicular heat transport signifi-
cantly and gives the wrong trend. Therefore it can be deduced that the SOL transport
is not governed by classic heat transport. Bohm and Gyro-Bohm like empirical scalings
have been derived for ASDEX Upgrade L-modes, both models are able to describe the
measured data. The Bohm like model is slightly better in describing the data, having
a larger coefficient of determination R?. However the difference in fit quality is not

significant, so that no model is ruled out.

The implication of both models on future devices is discussed. The dependence on the
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Figure 5.17: Comparison between the measured divertor broadening S and the pre-
dicted value using Gyro-Bohm diffusion.

temperature and magnetic field is different for both models:

T,
XL,Bohm X E (558)
3
T2
X L,Gyro—Bohm X E (559)

Bohm is inversely proportional to the magnetic field whereas Gyro-Bohm is inversely
proportional to the square of the magnetic field. For the temperature an additional
square root dependence of the temperature is introduced in Gyro-Bohm compared to
the linear dependence of Bohm diffusion. Assuming electron conduction for the parallel

heat transport the following dependencies for S can be derived using equation [5.13t

2

Ne
SBohm X 3 (560)
BaTg
1
né
SGyro—Bohm X 1 (561)
BT?

The implications of this is seen when the divertor broadening S in ITER is calculated.
Results for assumed low and high density divertor conditions in ITER are shown in

table

For ITER the Bohm like model estimates a divertor broadening S that is about a
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| Te [eV] ne [10*m™] Spohm [mm] Sgp [mm]
Low Density 20 0.5 1.32 0.73
High Density 10 1.5 3.60 1.67

Table 5.3.: Estimated divertor broadening S for ITER assuming Bohm and Gyro-Bohm
like heat diffusion [39].

factor of two larger than the Gyro-Bohm like model. This is the result of the different
dependence on the magnetic field. For the operation of ITER the Bohm-like model
would be more beneficial. In the next section the empirical scalings (Equations [(.34]
[(.35) obtained in section B.21] will by applied to ITER and DEMO to discuss the

influence of the divertor broadening S on the target power load.

5.4. ITER and DEMO

Using the scalings for the power fall-off length A, (eq. £.3]) and the divertor broaden-
ing S (Equations [£.34] 5.30) estimates for the integral power fall-off length \;,; and
the resulting divertor heat load for ITER and DEMO are attempted. For the scal-
ing towards larger machines, it is assumed that the mechanism causing the divertor
broadening is independent on the confinement regime. This is justified by the different
location the broadening mechanism acts on compared to the upstream power-fall off
length. The H-mode is caused by an edge transport barrier inside the last closed flux
surface, whereas it is assumed that the divertor broadening is caused by a diffusive

process in the divertor volume between the X-point and the divertor target.

| ITER  DEMO

R [m] 6.2 9.0
Rdiv [m] 5.5 9.0
a [m)] 2.0 3.0
1, [m] 20 30
Bior  [T] 5.3 6.5
I, [MA]| 150 203
Prs  [MW]| 500 1790
Pheat [MW] | 50 50
Psor |[MW]| 120 408
Paivou [MW]| 80 272
Piarout MW] 8.0 27.2

Table 5.4.: Machine parameter of ITER and DEMO. For Psor, and Py o N0 radiation
was taken into account, P, .y is the result using 90 % radiative cooling.

Table [(£.4] shows various machine parameters for ITER and DEMO. For the power

crossing the separatrix Pso; and the power entering the outer divertor P o+ no
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radiative cooling was included. Only for the power arriving onto the outer target
Piarour 90% of radiative cooling was included. The fraction of radiative cooling is
limited by the empirical finding that a sustained H-mode needs a certain amount of
power crossing the separatrix |23, 24, 25]. If a too high fraction is radiated in the

confined plasma then the plasma will lose its confinement and go into L-mode.

Note that both ITER and DEMO need to be operated with a high fraction of radiative
cooling. How this radiative cooling is done in detail and /or where the power is radiated
is discussed elsewhere [40, 41, 42, |43, 44]. The divertor connection length [, is an
estimate for both machines including the size of the machine and the typical connection
length of ASDEX Upgrade and JET. Using this information and assuming no further
size dependence the divertor broadening is calculated (fig. .
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Figure 5.18: Predicted divertor broadening S and resulting \;,,; for ITER and DEMO
in dependence on the respective electron temperature.

The results show a strong increase of the divertor broadening and with it the power
deposition width A;,; for cold divertor conditions (7, < 20 eV).

between the divertor and target data for low temperatures can be explained by the

The discrepancy

non negligible temperature gradient along the field lines for those conditions. It also
becomes apparent, that for low divertor temperatures, which are envisioned for the
operation of ITER, the divertor broadening S is the main contribution to the power
deposition width A (eq. E0).

SN
——

At = Ay + 1.64 5 Aint ~ 1.64 8 (5.62)

The critical value for the design and operation of large fusion devices is not mainly
the power deposition width \;,; but the resulting peak heat flux density ¢4, on the
target. For ITER we have a steady state limit of about 10 MWm ™2, for DEMO with

about 5 MWm ™2 the limit is estimated to be lower due to the high neutron irradiation.

To underline the importance of the divertor broadening S for the heat flux onto the
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divertor target an example calculation is performed for ITER and DEMO. Using the
power fall-off length A, (eq. B3] of about 0.9 mm for ITER and about 0.8 mm for
DEMO the expected heat flux on the divertor target in the absence of any divertor

broadening is calculated.

P MW
= 5.63
1 2m Rdiv )\int fac ftor |: :| ( )

m?2

For the case without radiation the heat flux onto the outer target will be about
600 MWm~2 for ITER and over 1.6 GWm~2 for DEMO.

Performing the calculation for the case with 90 % radiative cooling results in a heat
flux density of about 60 MWm~2 for ITER and about 160 MWm~2 for DEMO. The
heat flux is still too high to be acceptable for steady state operation. These values
do not take into account the divertor broadening S. The predictions for the divertor

broadening S in dependence on the electron temperature T, are shown in figure B.18|

For both devices the divertor broadening increases strongly if the electron temperature
at the target (black) falls below 10 eV, which is the lowest temperature available in the
L-Mode data used for the scaling of S. In addition, it is seen that even for hot divertor
conditions (about 50 eV) with S &~ 1 mm, the integral power fall-off length \;,; is
significantly larger than the upstream power fall-off length. Under these conditions
(T, ~ 50 eV) the target heat flux is reduced to about 25 MWm™2 for ITER and about
47 MWm~2 for DEMO.

For a steady state operation hot divertor conditions are not tolerable due to increased
tungsten sputtering, therefore the electron temperature in front of the target has to be

low (T, < 10 eV) even if the heat flux at higher electron temperatures would still be

tolerable.
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Figure 5.19: Predicted target heat flux for ITER and DEMO depending on the target
(black) and divertor (red) temperature, assuming 90 % radiated power.
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Using the heat flux limits of 10 MWm ™2 for ITER and 5 MWm~2 for DEMO for steady
state heat loads, the required divertor electron temperature is calculated, under the
assumption of attached divertor conditions and the scalings from equations (5.3]) and
(534). For ITER 10 MWm ™2 or less are reached for 10 eV or less. The requirement
to reach 5 MWm~2 for DEMO is more challenging resulting in a target temperature
of about 2 eV only (fig. BI9). Note that the assessment of the power load made
here does not include the induced target power loads due to radiation and neutrons.
Adding these heat fluxes further decrease the acceptable plasma induced heat flux.
However, these predictions are based on data with low- and medium recycling divertor
conditions. For high-recycling and partially detached divertor conditions \;,; in current

devices is always observed to increase further.

This study concludes that the current scaling of S leads to the necessity to operate
ITER and DEMO with detached divertor conditions (7. < 10 eV) and at least 90 %
radiative cooling. Whether or not such low temperature divertor conditions can be
reached throughout a discharge and sufficiently controlled under reactor conditions
will have to be investigated in the future and technical measures have to be developed

to ensure safe operation.



Chapter 6

Transient Divertor Power Load

In this section the transient power load onto the divertor target plates induced by edge
localised modes (ELM) is discussed. In H-mode plasmas periodic bursts of energy and
particles are ejected from the confined plasma, inducing thermal loads on the plasma
facing components in the divertor region. While ELMs are tolerable for small and
medium sized machines such as ASDEX Upgrade and JET, they pose a possible threat
for large devices such as ITER and DEMO [45, 46]. Therefore a detailed understanding
of such induced thermal loads is necessary in order to be able to make predictions
towards larger machines. The data used for this study was obtained in JET with both
carbon [47] and metal plasma facing components. An overview of the parameter range
is given in table [6.11

JET

ITER-like wall ‘ Carbon
Bior [T] 1.0- 3.1 1.5—- 3.2
I, [MA] 1.0— 3.5 1.5— 3.5
Psor, MW] 3.0—- 22.0 2.2— 20.3
Te ped [keV] 0.3— 1.2 0.5— 23
Neped 1079 m™] 20- 7.0 2.7- 5.0
fELM [Hz] 12 —-109 5 — 78

Table 6.1.: Overview of the parameter range for the JET discharges with both carbon
and ITER-like plasma facing components.

6.1. Edge Localised Modes

In the following section a brief introduction into edge localised modes is given based
on the review by H.Zohm [48]. In discharges with high confinement the occurrence

of fast (~ ms) periodic events ejecting energy and particles from the confined plasma
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is observed in a multitude of devices (e.g. DIII-D, ASDEX, ASDEX Upgrade, JET).
These ejections are caused by so-called edge localised modes (ELMs), which are mag-

netohydrodynamic (MHD) instabilities in the edge of the confined plasma.

Depending on the plasma conditions different types of ELMs exhibiting different char-
acteristics occur. The first classification of different ELM types was given for DIII-
D |49]. Three difference ELM types were classified based on:

e The frequency fgry with which the ELMs occur in dependence on the heating

power P.
e The presence of magnetic precursors.

e The MHD stability of the plasma edge with respect to the ideal ballooning cri-
terion [50].

The number for each ELM type has no physical motivation but is a historical convention

based on the order in which the ELM types were first observed or discussed.

Type | ELMs exhibit an increasing frequency fgra with increasing heating power P.
At the time of the classification no detectable MHD precursor had been found.
The plasma edge is found to be close to the ideal ballooning stability limit [50].
More recent studies in different devices (e.g. ASDEX Upgrade [51], MAST [52],
JET [53], JT-60U [54]), however, observed precursors in various signals measuring

the electron temperature and density as well as magnetic probes.

Type Il ELMs occur in discharges with high triangularity and elongation of the plasma.
The frequency is increased compared to type I ELMs and the size is decreased.
Type II ELMs are observed in DIII-D and found in high density discharges in
ASDEX Upgrade |55

Type Il ELMs show a decrease in frequency fzry when the heating power P is in-
creased. In addition a magnetic precursor oscillation is observed with a frequency
of 50 — =70 kHz.

Despite the fact that ELMs eject energy from the confined plasma and pose a possi-
ble threat for the plasma facing components, they are useful to control the impurity
content in the confined plasma. It has been found that only ELMy H-modes become
stationary [56]. For future fusion devices such as ITER or DEMO the type I ELMy

H-mode is foreseen as the operational scenario.

For type I ELMs an important observation regarding the total ELM energy loss of the

plasma has been made for various devices. The product of ELM frequency fgr) and
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loss of plasma stored energy due to the ELMs (AW) is about constant [57].
PELM = AW . fELM ~ (03 + 01) Pheat fOF Pheat > PLH [MW] (61)

Where P, is the total heating power injected into the plasma and Ppg the threshold
for the LH transition. From this observation it seems favourable to have a high ELM
frequency in order to reduce the ejected energy of every single ELM. This relation is
the reason why various ELM mitigation techniques are investigated (e.g. pellet pacing,

kicks, external magnetic perturbation) aiming for an increase of the ELM frequency.

Figure shows the total ELM energy loss in dependence on the ELM frequency for
JET with both carbon (JET-C) and metal (JET-ILW) plasma facing components as
measured by IR thermography. The trend that the ELM energy loss is decreasing with
the ELM frequency is confirmed for both JET-C and JET-ILW. The relation between
ELM energy loss and ELM frequency is similar when comparing JET-C (blue) with
JET-ILW (red). The average ELM loss power Pgp s is about 20 % higher in JET-ILW

compared to JET-C, but agree with each other within the uncertainties.

Proariow = 8.0+ 3.5 IMW] (6.2)
Pprveore =6.6+24 [MW] (6.3)

Considering the scatter in the data we conclude that the type I ELM behaviour is the
same for both JET with carbon plasma facing components and JET with ITER-like

wall.

The dependence of the ELM energy loss on the ELM frequency gives an estimation for
the total energy loss of an ELM for one device only. However, such a scaling does not
provide sufficient information to be able to draw conclusions about the resulting heat
load of the ELM on the divertor target. In the following sections the critical quantities

describing the ELM impact on the target material are defined and discussed.

6.2. Definitions

In this chapter various representative quantities of the ELM induced divertor power
load are defined. The benefits and disadvantages with respect to diagnostic access of

each quantity are discussed additionally.

IR thermography measures the surface temperature evolution 7'(s,t) of the target
during a discharge. Using the evaluation code THEODOR (Chapter [B) the heat flux
density ¢(s,t) [Wm™2] onto the divertor target is derived.
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Figure 6.1: Total ELM energy loss in dependence on the ELM frequency for JET-C
(blue) and JET-ILW (red).

Figure shows the temporal evolution of the heat flux density including an ELM
event measured in JET-ILW on the outer divertor target. The nature of the energy
deposition of the ELM differs significantly from the steady state heat flux (discussed
in chapter [B)). The radial energy deposition of one ELM cannot be described with one
power fall-off length. The heat flux density exhibits strong local peaks whose locations
change with time. These local peaks are attributed to the existence of filaments in the
SOL that transport particles and energy into the divertor |58, 59] and onto the first
wall. To be able to quantify the load onto the divertor target induced by an ELM, the

radial distribution in which the energy is deposited needs to be taken into account.

6.2.1. Peak Heat Flux Density

Since the THEODOR code directly calculates the heat flux density, one quantity that
is often used to quantify ELMs [60, |61, 62] is the peak heat flux density ¢nqq-

m?2

MW
Gmaz = glLaA:}( q(s,t) [ } (6.4)
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Figure 6.2: Divertor target heat flux in JET-ILW during an ELM.

Note here that the absolute value of the peak heat flux density is influenced strongly
by the heat transfer coefficient « as discussed in section 2.4l A detailed discussion of
the measured peak heat flux density in JET-ILW and JET-C is given in section [6.5.1]

6.2.2. Peak Power Load

The total power load P(t) onto the divertor target is calculated by integration of the

heat flux density ¢(s,t) over the surface of the divertor target.

P(t) = 27 Ruso for / a(s, t)ds MW] (6.5)
target

Where Ry, is the major radius of the divertor and f;,, is the toroidal wetted fraction.
In order to prevent the toroidal edges of the target tiles from overheating the tiles
are inclined toroidally to shadow the leading edges of each tile by the neighbouring
tile. This inclination reduces the toroidal circumference that is exposed to the plasma
effectively reducing the target area. The ratio between actual plasma exposed target
area and the area if the target would consist of one large seamless surface is called the
toroidal wetted fraction fi,-. For ITER with castellated targets the achievable wetted
fraction is around 75 % [63], for JET-ILW it is about 50 %.

Having calculated the divertor power load P(t) the peak power load during an ELM

is determined.

Praz = EHL%\}/[( P(t) [MW] (66)



78 6. TRANSIENT DIVERTOR POWER LOAD

The peak power load denotes a target integrated quantity, the total energy flux into
the divertor. When using this quantity one has to be careful to interpret it correctly.
There are two main challenges which have to be considered. The first one becomes

obvious when looking at the measurement of the ELM heat flux density.

Figure shows an ELM measured in JET-ILW. The ELMs radial power deposition
has a larger extent compared to the inter-ELM heat flux and the IR system has to be
able to capture the whole area that energy is deposited onto. This has to be taken
into consideration when comparing measurements from different machines, experiments
(strike line position) and/or IR systems. The second difficulty is the assumed toroidal
symmetry of the energy deposition. Whereas toroidal symmetry is a valid assumption
for the inter-ELM heat transport in absence of external magnetic perturbations, ELM
heat transport is carried by filaments together with the occurrence of ergodic structures
close to the separatrix. These transport mechanisms are toroidally asymmetric so that
the toroidally localised IR measurement is not able to cover the whole energy deposition
process. Therefore the peak power load has to be handled with care and systematic

short comings have to be taken into consideration.

6.2.3. ELM Duration

So far in this thesis only one reference time has been used to characterise the ELM
either by the peak heat flux ¢,,,, or the peak power load P,,.,. It is seen in figure
that an ELM has a temporal extent during which energy is deposited above the steady
state level. The exact determination when the ELM starts and when it ends is elusive
because the understanding of the development of ELMs is incomplete and moreover
not measured precisely. Since this work is focusing on the ELM energy deposition on
the target, the ELM duration is defined using the measured heat flux onto the divertor
target.

For the operation of JET-ILW and JET-C [47] a robust signal to determine the ELM
duration is the power load P(t).

Figure shows the temporal evolution of the power load P(t) for three ELMs in
different discharge in JET-ILW. The duration of the increased power load varies sig-
nificantly (~ factor 3) among the different ELMs, but in all cases the temporal profile
shows a pronounced maximum. The shape of the ELM power load has a distinct
maximum. This facilitates to define the beginning and end of the ELM. A convenient

reference time for ELMs is the time ¢y when the peak power load P,,,, is present.

P(t = to) = Pras IMW] (6.7)
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Figure 6.3: Example of the temporal power load evolution for ELMs with different
durations.

The beginning of the ELM is defined when the power load first exceeds 1/e of the peak
power load of the ELM.

Pmax

P (tbegin) - e

t < to [MW] (6.8)

For the end of the ELM the according definition is chosen, namely when the power
load falls below 1/e of the peak power load.

Pmam
P(tend) =

t > to [MW] (6.9)

The ELM duration is now given as the difference between ELM end and begin.

TELM = tend — Zfbegin [S] (610)

Note here that this definition of the ELM duration does not represent a generalized
description of the beginning and end of the ELM. It was chosen to give a robust
estimate of the ELM duration over a large number of discharges for the interpretation
of the ELM heat fluxes. For a more detailed insight in the onset and termination of

ELMs fast upstream diagnostics have to be consulted.
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6.2.4. Energy

Having defined the ELM duration, the ELM deposited energy is calculated by inte-
grating the power load P(t) over the ELM duration tgy ;.

Wi = / P(t)dt [kJ] (6.11)

tbcgin

For the available discharges only the outer divertor target has been observed and the
limitations discussed for the power load P(t) occurring due to the narrow view of the
IR system apply here as well. To have a complete picture of the ELM energy loss both
the inner and outer divertor should be observed eventually. It is reported, that the

same or more energy of an ELM is deposited on the inboard target |11].

6.2.5. Energy Fluency

The energy fluency €(s) is obtained by integrating the heat flux density ¢(s,t) over the
ELM duration tELM-

tend

kJ
€(s) = / q(s,t)dt [E] (6.12)
tbegin
The energy fluency €(s) is the deposited energy density on the target and therefore
contains information about the local load induced by the ELM. For the quantification

of the ELM the peak value is used similar to the peak heat flux density ¢mnq.. (eq. 6.4).

kJ

€maz = ?L%{E(S) |:E:| (613)
Figure shows an example of the energy fluency €(s) of a single ELM (fig. [6.2)) in
JET-ILW (black) together with the corresponding inter-ELM energy fluency integrated

over the same duration before the ELM event.

The energy density deposited during the ELM (black) is significantly higher than for
the reference inter-ELM time interval (red). The ELM energy fluency profile exhibits
a multitude of localised maxima associated with the filaments transporting the energy
to the target. The radial extent of the energy deposition is considerably larger than
for the inter-ELM transport.
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Figure 6.4: Example for the ELM deposited energy fluency (black) and the corre-
sponding inter-ELM fluency (red) in JET-ILW.

Energy Fluency [

6.3. Heat Impact Factor

For the evaluation of the fatigue induced onto the divertor target plates one first has
to know the crucial limits of the target. The fatigue/damage of the target material
caused by transient heat loads is in zeroth order proportional to the transiently reached

surface temperature |64].

For short events (~ ms) the heat diffusion in the target plate can be assumed to be
mainly perpendicular to the surface and the temperature rise is calculated using the

one dimensional semi-infinite approach [12]:

2 q

VT \/EDPC,

Where ¢ is the heat flux density and ¢ the duration of the ELM. & is the heat conduc-
tivity, p the density and c, the specific heat capacity of the target. Note here that a

ATy s = Vit K] (6.14)

constant heat flux density g needs to be assumed for the calculation of the temperature

rise ATy ¢.

Equation [6.14] allows the estimation of the temperature increase for a given heat flux

density ¢ and deposition duration t. This quantity is called the heat impact factor.
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For a temporal constant heat flux density the following relation is valid:

kJ
e=q-t {E} (6.15)
Applying this relation to equation [6.14] the heat impact factor is expressed in depen-

dence of the energy fluency e.

2 € 1

AT’sur e ————
! VT \JEPCy Vit

K] (6.16)
For the same deposited energy density € on the target, the surface temperature increase
ATy, ¢ decreases with the square root of the ELM duration. For an acceptable life

time of the divertor target in ITER, a limit of the ELM deposited energy fluency of
¢ = 500 kJm~2 has been found, assuming an ELM duration of 750 us |64, [65].

This consideration already reveals an important feature when discussing transient heat
loads. The impact on the target is not dependent on the total amount of energy
deposited on the target, but depends on the local energy density. In terms of material
fatigue there is no difference between a large ELM depositing its energy on a large area
compared to a small ELM depositing on an equally small area. This has to be taken
into account when discussing e.g. ELM mitigation, where a pure reduction of the total
ELM loss energy might not be sufficient to protect the divertor target if the area of

the energy deposition shrinks in the same way keeping the energy fluency constant.

6.4. Database

For the study of ELM induced transient heat loads on the outer horizontal divertor
target plates, dedicated discharges have been performed in JET-C. After the change
to the ILW, those discharges have been repeated (Figures and [6.6]). The discharges
in JET-ILW were conducted with a higher gas fueling rate I'p compared to JET-C
to prevent impurity accumulation [66]. A first set of first comparison discharges were
conducted with low heating power of up to 10 MW (fig. [6.5).

The pedestal conditions reached in these low power discharges in JET-ILW were differ-
ent compared to JET-C. The pedestal electron density 7 peq was higher for JET-ILW,

while the pedestal electron temperature 7t ,.q was lower compared to JET-C.

In a second set of discharges using higher heating power of up to 26 MW, the pedestal
conditions in JET-ILW were closely matched to those observed in JET-C (fig. 6.6]).
However the highest pedestal pressure achieved in JET-C could still not be reproduced
in JET-ILW.
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Figure 6.6: Comparison of dedicated discharges between JET-C and JET-ILW at high

heating power (Pheqr > 10 MW).

It is observed, that the higher gas fueling in JET-ILW requires a higher heating power,
in order to reach the same pedestal conditions as reached in JET-C with lower (or no)

gas fuelling. For all discharges the pedestal conditions were evaluated using the High
Resolution Thomson Scattering (HRTS) system [21].

The discharges in the database used for the following discussion are type-I ELMy H-

modes. Discharges using advanced scenarios or external ELM triggering (pellets, kicks,
etc) were not considered.

6.5. Experimental Results

In the following section the previously defined quantities peak heat flux, ELM dura-
tion and energy fluency are presented using data from both JET-C and JET-ILW.
The differences and similarities between JET-C and JET-ILW are shown. Possible
extrapolations towards larger devices are discussed.
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6.5.1. Heat Flux

As stated earlier, one of the most common quantity to specify the ELM impact on
the divertor target is the heat flux ¢(s,t). At the first look this quantity might seem
appropriate as a qualifier, however, one has to take into account the nature of ELMs. In
contrast to the steady state power load, the ELM power load is not evenly distributed
onto the divertor target (fig. [6.2).

During ELMs short lived filaments (~ 100 ps) deposit energy very localised (~ 1 mm)
on the divertor target. These filaments themselves are distributed on a large area
compared to the inter-ELM wetted area (fig. [£.2). In addition ergodic structures
deposit energy on the target. Both these processes are not toroidally symmetric. Since
the IR system is observing a fixed toroidal position in the tokamak the heat flux
measured during an ELM is not necessarily the maximum heat flux over the entire

toroidal circumference.

Another critical point that has to be taken into consideration when using the heat flux
q(s,t) is the measurement itself. As discussed in section 2.4] the measured value during
transient heat loads is sensitive to the surface conditions of the target. Not knowing
the heat transfer coefficient « for the target can result both in over- or underestimated
heat fluxes. This error source is especially pronounced on carbon targets where the
surface properties change due to layer deposition [14]. For this reason the results from
JET-C are omitted in the discussion of the heat flux and only JET-ILW data is shown.

For the energy and particle exhaust during ELMs the so called Free Streaming Particle
(FSP) approach was proposed [67, [68]. This model assumes that the energy during
ELMs is transported along the magnetic field lines by free streaming ions. Under
the assumption of a Maxwellian velocity distribution upstream and an energy /particle
ejection time that is shorter than the parallel transport time in the SOL the parallel
peak power load of the ELM follows as [67]:

MW
q)|,Fsp = 0.27 Cs Pe,ped |: 2 :| (617)
Te pe
- 027 ped pe,ped
myp
3/2 _
= 0.27 T2 N pea sy, /2

Where ¢, is the ion sound speed in m/s, p. ,eq the pedestal top pressure in Pa, T¢ peq
the corresponding electron temperature in €V, n. . the electron density in 10m=3
and m,, is the proton mass in eV/c?. For energy/particle ejection times that are longer

than the parallel SOL transport time the factor 0.27 changes to about 0.55 [69]. The
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comparison between predicted and the measured divertor power load in JET-ILW is
shown in figure 6.7

4.0
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Figure 6.7: Measured peak power load in JET-ILW against the prediction using the
free streaming approach during ELMs.

The prediction (gray) of the peak heat flux systematically underestimates the measured
peak heat flux by about a factor of two. The relative scatter of the data lies within
the expected scatter due to different ELM durations. The overall trend of the peak
heat flux is reproduced by the free streaming particle approach. Further studies of the
peak heat flux including data from other machines (e.g. ASDEX Upgrade) have to be
conducted in order to gain further insight in the ELM energy transport.

6.5.2. ELM Duration

For the assessment of the ELM induced load onto the divertor target the heat impact
factor is an important quantity (eq. [6.16]), which is dependent on the ELM duration
tgprav- In order to assess the ELM duration in dependence of the plasma conditions,
pedestal data obtained by HRT'S is used. Figure shows a comparison of the pedestal
conditions (electron temperature 7, ,.q and density n ,eq) reached in JET-C and JET-
ILW. The probability distributions of the ELM duration are shown in figure . The
average ELM duration observed in JET-ILW of ~ 2 ms is longer compared to JET-C
with ~ 750 us.

For the database the width of the distribution is larger for JET-ILW compared to JET-
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Figure 6.8: Pedestal conditions (electron temperature and density) and observed

ELM duration for the dedicated discharges in JET-C (blue) and JET-
ILW (red).

C. However, the shortest ELMs observed in JET-ILW have a duration comparable to
that observed in JET-C.
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Figure 6.9: Pedestal conditions (electron temperature and density) and observed

ELM duration for the dedicated discharges in JET-C (blue) and JET-
ILW (red) [33].

The pedestal conditions observed in the JET-ILW database differ from those observed
in JET-C. The composition of the pedestal pressure pepeq is different. For JET-C
the pedestal temperature reached high values (7, p.q ~ 2 keV) with pedestal densities
around 4 - 10 m=3. In JET-ILW the pedestal pressure is formed by a higher pedestal
density of up to 9-10' m~3 and electron temperatures of up to 1.2 keV. For the study
of the influence of the wall material on the ELM duration, discharges with similar

pedestal conditions are compared.

Figure shows the comparison of JET-ILW and JET-C with similar pedestal condi-
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tions (green). For those conditions the average ELM duration in JET-ILW is similar
to the ELM durations observed in JET-C. The ELMs in JET-ILW are slightly longer
and the distribution is wider but there is no significant difference of the ELM dura-
tion between the two wall materials. The ELM duration in JET-ILW at a constant
pedestal pressure, but higher pedestal density (gold), shows longer ELMs with a wider

distribution.

For a more detailed analysis of the ELM duration at JET only baseline H-mode dis-
charges without external ELM triggering (e.g. pellets, kicks) are considered. The

measured ELM duration 7z, has been fitted using the following nonlinear regression.

AW “a
TELM,reg =70 TCT c <—> [HlS] (618)

n
e,ped ne,ped W

Where T¢ ,cq is the pedestal temperature in eV, n, peq the pedestal density in 10Y¥9m—3
and AW/W the relative loss of stored energy in percent. Cp, C,, and Caww are the
respective exponents used for the fitting. The results of the nonlinear regression are
shown in table 6.2

‘ To [ms] CT Cn CAW/W R2

1168+ 6.70 —048(07) 0.53(09) 0.12(11) 0.69

1412+ 757 —0.48(07)  0.53(09) 0.69

JET-ILW 90.91 + 48.77 —0.65(09) 0.50
046+ 0.09 0.79 (11) 0.45

157+ 087 —0.03(09) —0.33(20) —0.12(09) 0.23

184+ 1.01 —0.07(09) —0.41(19) 0.19

JET-C 1.864+ 1.08 —0.15(09) 0.08
128+ 0.30 —0.47 (17) 0.18

4352+ 23.64 —0.70(07) 0.61(10)  0.04(10) 0.67

JET-ILW 43.06 + 23.30 —0.69(07)  0.61(11) 0.67
+ 302.97 + 149.55 —0.85 (09) 0.55
JET-C 023+ 0.06 —1.11(16) 0.32

Table 6.2.: Results of nonlinear regressions of the ELM duration for JET.

The regressions using the JET-ILW and JET-ILW + JET-C data show a similar trend.
The ELM duration increases with density and decreases with temperature. Regressing
JET-C alone does not give a useful result since the data has only a small variation
in the ELM duration. The ELM duration is independent of the relative loss of stored
energy. The results with either temperature or density alone do not reproduce the
measured ELM duration. It is concluded that the ratio of the pedestal density and
temperature determine the duration of the ELM. The result from the regression using

both datasets and the pedestal temperature and density is shown in figure [6.10.

It is seen that the ELM duration in JET-ILW covers a larger span compared to the
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Figure 6.10: Regression results for the duration of the ELM heat deposition using
data from JET-C and JET-ILW.

ELM duration in JET-C and are in average longer. The shortest ELMs in JET-ILW
however are in the range of the JET-C ELMs. From this it can be seen, that the
ELM duration in JET-ILW behaves the same way as the ELM duration in JET-C.

The difference is a result of the different pedestal composition encountered in data

analysed for JET-ILW.

In the following a linear dependence of the ELM duration on the machine size R due
to the increasing connection length in the SOL is assumed. The empirical scaling using
the pedestal temperature and density is applied to the foreseen pedestal temperatures
and densities in ITER and DEMO.

| ITER  DEMO

Teped [keV] 4.3 8.0

Ne ped 10 m=3] | 8.0 7.3
TELM,ILW,C [ms] 0.94 0.85
TELM,ILW [ms] 1.52 1.57

Table 6.3.: ELM duration for ITER and DEMO resulting from the empirical scaling
found using combined data from JET-ILW and JET-C (tab. [6.2]).

For ITER the empirical scaling using JET-ILW data alone results in an ELM duration
of around 1.52 ms, for DEMO the result is about 1.57 ms. The scaling using both data
from JET-ILW and JET-C results in an ELM duration of about 940 ps and 850 us for
ITER and DEMO respectively. The scaling using both data sets results in an ELM

duration that is about a factor of two smaller than the JET-ILW alone scaling predicts.
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Note here that the scaling using both JET-ILW and JET-C predicts ELM durations
which are close to the estimation for the energy deposition times for ITER [64, 65| used
for material testing. No conclusion is drawn which of the two scaling is more suitable
to predict the ELM duration for future devices. Further studies including different
devices are necessary to gain further insight into the dependence of the ELM duration

on the plasma conditions and the machine size.

6.5.3. Energy Fluency

In the heat impact factor (eq. [6.10) the energy fluency € (eq. [612)) is an important
quantity. Having a detailed understanding of the dependence of the energy fluency on
the plasma conditions is critical to estimate the life time of the divertor target. In the
following the peak energy fluency (eq. [B.I3]) is used as a measure for the ELM induced
energy fluency. To be able to compare different geometries, the effective toroidal pitch
angle has to be taken into account, which results in the energy fluency parallel to the

magnetic field lines €| 4z

Figure[6.ITlshows the measured parallel peak energy fluency €| ;mq, on the outer divertor
target for JET-C (blue) and JET-ILW (red) in dependence on the electron pedestal
pressure pepeq. For both data sets the pressure is able to order the measured peak
energy fluency. The peak energy fluency in JET-ILW shows overlap with the data
obtained in JET-C. This finding is interesting since the ELM duration in JET-ILW is
on average longer than in JET-C (fig. (.8)).

3.5 ‘ 1 T T 1 T T
® JET-ILW | : : : : R 4
3.0F * JET'C ,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,
28 e e
) | e .
5o s .. T
= : ® . @ :
g 1.5+ ,,:.0,:,,.3, i IR SRR BERR
i : @ 500 : R
v L @ ‘. ‘09 :
1.0 g”***: """"""" S SRS S
o'&t o :
0.50 e R
. 3
00—=2 4 6 8 10 12 14 16
pe,ped[kPa‘]

Figure 6.11: Parallel ELM peak energy fluency €4, in dependence of the pedestal
top electron pressure pe peq for JET-C and JET-ILW.
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For a more detailed understanding of the dependence of the ELM deposited energy
fluency a nonlinear regression using the pedestal temperature 7, ,.q, density n s and

the relative loss in plasma stored energy AW/W has been performed.

C
NN MJ
6H,scal(jje,pedu ne,ped) = €||,0 T@p;d ne,pZd < W ) (619>

m?
Where the electron density ne yeq is used in units of 10! m=2, the electron temperature
Tepea in €V and the relative loss in plasma stored energy AW/W in percent. The

results for both data sets alone and combined are shown in table [6.4]

€lLo [53] Cr, Co.  Caww R?

015+ 0.0 0.89(07) 1.33(10) 0.50(12) 0.85

056+ 0.32 0.80(07)  1.41(11) 0.80

JET-1LW 62.21 + 55.11 0.39 (13) 0.13
223.45+ 57.36 0.84 (16) 0.35

023+ 020 1.11(12) —0.20(41) 0.43(20) 0.75

020+ 0.9 1.18(13)  0.16 (41) 0.71

JET-C 022+ 0.19 1.20(12) 0.70
107.13 + 106.77 0.84 (16) 0.35

059+ 030 0.77(06) 1.26(14) 0.19(10) 0.69

JET-ILW 0544 0.28 0.81(06)  1.34(14) 0.68
+ 4764+ 299 0.77(09) 0.37
JET-C 270.55 + 76.03 0.77 (18) 0.17

Table 6.4.: Results of the nonlinear regression of the parallel peak energy fluency for
JET-ILW and JET-C.

The results of the nonlinear regression for JET-ILW alone and combined JET-ILW
and JET-C are similar. The result from JET-C alone deviates from that, exhibiting a
weak density dependence compared to the other results. This can be explained by the
parameter space the JET-C data set covers. The density variation is small and does
not allow to draw conclusions on the density dependence using this data set alone.
In addition the JET-C data is well reproduced using either of the other to regression

results.

Notable is the dependence of the relative loss in stored energy AW/W on the peak
energy fluency. For both JET-ILW and JET-C alone the dependence is close to the
square root. The combined data set exhibits a smaller exponent Cay/w compared to
the separated regressions for JET-C and JET-ILW.

Figure [6.12] shows the relative ELM energy loss AW/W in dependence of the parallel
peak energy fluency €. It is seen that the data from JET-CFC exhibit a correlation
between the relative ELM energy loss and the parallel peak energy fluency. Including

the data from JET-ILW reduces this correlation. No conclusion is drawn whether
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Figure 6.12: Relative ELM energy loss in dependence of the parallel peak energy
fluency for both JET-C (blue) and JET-ILW (red).

the residual exponent Caw/w is correct or an artifact of the database. However all
regressions allow the conclusion that the dependence of the deposited energy fluency

on the target increases less than linear with the relative size of the ELM AW/W.






Chapter 7

Summary and Conclusion

In this work the investigation of the divertor power load for two of the largest tokamaks,
ASDEX Upgrade and JET, in L- and H-mode is reported. Although for present day
devices the occurring power loads in the divertor are tolerable, this will not be the case
for future fusion devices such as ITER and DEMO. In the latter devices measures have
to be developed to reduce the heat flux onto the plasma facing components in order to

have reliable and sustained operation.

For the design of large fusion devices, the energy transport processes in the scrape-off
layer of the confined plasma have to be understood. The measurements shown in this
work were conducted in ASDEX Upgrade with tungsten plasma facing components and
JET with the ITER-like wall (ILW) which consists of beryllium in the main chamber
and bulk tungsten as well as tungsten coated CFC in the divertor. Although ITER will
have a metal wall, the currently available data on power exhaust stems from machines
with a carbon wall. Therefore a comparison to previous findings made in ASDEX
Upgrade and JET with carbon plasma facing components with the data obtained in

all metal devices is highly required.

Using IR thermography, the heat flux density onto the divertor target plates was mea-
sured. Several essential improvements were developed to enable measurements in full
metal devices. The heat fluxes in JET exhibit transients in the order of 100 MWm 2
for a duration of about 1 ms which is beyond any industrial capabilities available to-
day. Therefore the material properties for the evaluation of the heat flux density were
validated using the high heat flux test facility GLADIS. From this we gain:

e A database on the divertor power load for JET with the ITER-like wall with
divertor target and upstream plasma measurements, exploiting technical capa-

bilities of this largest fusion device in the world.

e Material properties for heat flux evaluation validated using GLADIS.
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The distribution of the heat flux profile on the divertor target is commonly described
by a diffusive model. The model contains the upstream power fall-off length A, and
the divertor broadening S which both contribute to the total width of the profile on
the target. To predict the peak heat flux density onto the divertor target plates of a

fusion device both A\, and S have to be known.

For the power fall-off length A\, in H-mode plasmas, a commonly agreed empirical
scaling law obtained in carbon devices exists [3]. Using data from JET with the ILW
this scaling is confirmed for an all metal device. Thus it is found that the wall material

has no influence on the upstream power fall-off length.

So far, a commonly agreed scaling for the divertor broadening S stayed elusive. For
the study of the divertor broadening, L-mode discharges were conducted in ASDEX

Upgrade with tungsten plasma facing components.

The measured divertor broadening S is compared to theoretical and empirical predic-
tions. It is found that the perpendicular heat transport in the SOL is not described
by classical theory. Both Bohm- and Gyro-Bohm-like heat transport perpendicular to
the magnetic field are able to describe the measured data, with a more favorable scal-
ing towards large devices for Bohm diffusion. In both models the perpendicular heat
diffusivity depends linear on the temperature. Bohm diffusion is inversely dependent
on the total magnetic field whereas Gyro-Bohm diffusion is inversely dependent on the

square of the total magnetic field.

In addition to the compared transport models the dependence of the divertor broad-
ening S on the divertor conditions is studied. Most notably using the target electron
temperature T, alone, a scaling is derived which reproduces S. In contrast to classical
theory the perpendicular heat diffusivity is found to increase with increasing temper-

ature. This is in agreement with the Bohm- and Gyro-Bohm like models.

The broadening of the heat flux in the divertor region results from the competition
between parallel and perpendicular heat transport. It is concluded that the main effect
for the broadening S is the decreased parallel heat transport for decreased tempera-

tures.

Using the existing scaling for A, and the new scaling for S a prediction for the heat
flux in ITER now becomes possible. Assuming a linear dependence of the divertor
broadening S on the machine dimensions and a radiative cooling of 90 % it is found
that the material limit of 10 MWm™2 is met for a target temperature below 10 eV.
This scenario is notably compatible with the requirement for low temperatures at the

divertor target in order to prevent tungsten sputtering.
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For DEMO it is found that the heat flux limit of 5 MWm™2 is more challenging requir-
ing a target temperature below 2 eV. Such low temperatures are commonly associated
with detached divertor conditions where the plasma loses energy and momentum be-
fore reaching the divertor target. The measurements taken in this work were obtained
in attached divertor conditions with low to medium recycling. For low target tempera-
tures and partially detached divertor conditions it is observed that the heat flux profile
width on the target increases further. Therefore the heat flux density is expected to
be reduced further under those conditions. For steady state heat loads the following

can be summarized:

e Empirical scaling for the H-mode power fall-off length )\, in carbon devices con-
firmed in JET with an all metal wall.

e Conducted L-mode discharges in ASDEX Upgrade with an all tungsten wall for

the study of the divertor heat transport perpendicular to the magnetic field lines.
e Bohm and Gyro-Bohm-like models reproduce the measured divertor broadening.

e Based on the scalings for A\, and S the consequences for future fusion devices
are discussed using the examples ITER and DEMO and for ITER the operation
with divertor power loads below 10 MWm ™2 are predicted to be possible.

H-mode discharges exhibit short periodic burst releasing particles and energy from
the confined plasma into the SOL. These bursts are induced by edge localised modes
(ELMs). While in present day devices such ELMs do not exceed the threshold thermal
load, over which material damage would occur, they might not be acceptable in future
fusion devices as their absolute loss energy scales approximately with the plasma vol-
ume of the device (R?). Despite the danger for the plasma facing components an ELMy
H-mode is envisioned for future devices. This is done because of the good confinement
associated with the H-mode and the fact that ELMs eject impurities from the confined
plasma enabling steady state operation. To mitigate the impact of the transient heat
loads onto the divertor target plates the current objective is to reduce the total energy
loss per ELM. However, published results miss to assess the actual thermal load on the
plasma facing components. In other words, they assume a purely linear ratio between

energy loss and deposited energy density.

In this work different quantities describing the transient heat load are defined. Their
ability to describe the ELM impact on the divertor target is discussed. Indeed it is
found that the total energy loss is not a useful quantity to measure the thermal load
induced on the divertor target. Therefore, a database for a set of representative values
was collected exploiting the technical capabilities of JET. The two main quantities

found useful for the assessment of the load onto the divertor are the energy fluency e
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and the duration of the energy deposition 7. The energy fluency is the energy density
deposited by the transient heat load. The duration of the energy deposition is defined
by the time of the start and end of the ELM where the power arriving on the outer
divertor is above 1/e of the peak power of the ELM.

For the characterisation of the edge of the confined plasma data from the high res-
olution Thomson scattering (HRTS) system is used. In contrast to earlier attempts,
for all discharges the ELM resolved pedestal top electron density ne peq and 7t peq were
collected by optimization of the discharge sequence and configuration. This is needed

to have the pedestal density and temperature prior to the ELM occurrence.

The thermal load is estimated by the heat impact factor AT which is only dependent
on the energy fluency and the energy deposition time. The heat impact factor increases
linearly with the energy fluency of the ELM and decreases with the duration of the
energy deposition. For the same deposited energy fluency a longer deposition time is
beneficial in terms of thermal load, i.e. AT o €/\/T

For JET it is observed that for the entire database the average ELM duration with
the ITER-like wall (~ 2 ms) is longer than the duration observed with carbon plasma
facing components (~ 750 us). It is found that the ELM duration is dependent on the
density and temperature of the plasma at the pedestal. The ELM duration is increased
with the pedestal density and decreased with the pedestal temperature.

It is concluded that the ELM duration is independent on the wall material, but the
different operational space with on average higher density and lower temperature in
JET with the ITER-like wall compared to JET with carbon plasma facing components

leads to a on average longer ELM duration.

The different observed ELM durations with the ITER-like wall and carbon plasma
facing components are a result of the different pedestal conditions present in JET
with carbon and all metal wall. With the ITER-like wall e.g. JET is operated with
a higher gas fueling rate in order to prevent impurity accumulation. This results on
average in a higher pedestal density and lower pedestal temperature in JET with the
ILW compared to the operation with carbon plasma facing components. For the same
pedestal density and temperature an identical ELM duration is found with both wall

materials within errorbars.

Additionally, it is found that the energy fluency mainly depends on the pedestal pres-
sure of the plasma. Notably, for a fixed pedestal pressure it has a weak dependence
on the relative loss in stored energy. For identical pedestal conditions the peak energy
fluency parallel to the magnetic field lines is found to be the same within error bars

for JET with the ITER-like wall and with carbon plasma facing components. This is
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noteworthy since the ELM duration for both cases is largely different on average. In
JET with carbon plasma facing components the same energy density is deposited in
a shorter time interval compared to the case with the ITER-like wall. These findings
support previous reports associating the ELM energy transport with an ergodic re-
connection event |70]. It is concluded that the higher energy density resulting from a
higher pedestal pressure induces a higher energy density on the target. Summarizing

for ELMs the following was found:

e On average longer ELM duration in JET with the ITER-like wall compared to
JET with a carbon wall but they become equal when the plasma edge parameters

are matched for the two configurations.

e Empirical scaling law for the ELM duration base on the pedestal temperature

and density.

e ELM energy fluency € independent on wall material, despite different deposition
times, i.e. e ~n-T and 7 ~ \/n/T.

The results of this work offer the opportunity, to predict the power loads caused by
ELMs for next step devices, such as ITER.
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Chapter A

Movement Detection

For the correct measurement of the target heat flux, it is necessary to account for any
possible displacements of the camera view during the discharge. For the JET system
the displacement is mostly due to forces acting on the camera shielding induces by
the nearby poloidal field coils. At ASDEX Upgrade the occurrence of ELMs induces
periodic forces onto the camera, which leads to an oscillating displacement. In the
following a detection of the displacement based on the information in the acquired

images is shown.

0 100 200 300 400 500
Pixel

Figure A.1: Sample image “ﬂ]

Figure [A.]] shows the example image that is used to show the movement detection
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algorithm. Two overlapping areas of the image will be used as reference and sample
(fig. [A.2)) for the algorithm. In addition Gaussian noise was added to both frames to
show the robustness of the method against noise.

A.1. Phase Correlation

Phase correlation compares two signals in the frequency domain to obtain the phase
shift. By applying phase correlation to images the spatial displacement can be calcu-
lated. In the following section the basic algorithm is explained.

Rf rence Sample

4

150 200 250 300 350 400 450 500

50 100 150 200 250 300 350
Pixel Pixel

a) Reference b) Sample

Figure A.2: Reference and sample frame with added Gaussian noise.

The reference frame is denoted with g,.; and the sample frame is gsqm. In a first step
the Fourier transforms G,.; and Ggam of the reference g..; and the sample gy, are

computed.

Gref - F(gref) (Al)
Gsam =F (gsam) (A2)

For the computation a fast Fourier transform FFT is recommended especially for large

images. The resulting Fourier transforms for the frames (fig. [A.2)) is shown in figure

A3l

The cross-power spectrum R is calculated by multiplying the reference spectrum G.s

with the complex conjugate of the sample spectrum Gy, and normalizing the result
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Figure A.3: Fourier transform G,.; and G, for the reference and sample frame.
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The phase correlation r is now calculated as the inverse Fourier transform of the cross-

power spectrum.
r=F"(R) (A4)

The position of the maximum of the phase correlation gives the shift between the two

frames g,er and gry.

Figure [A.4] shows the phase correlation r between the sample and the reference frame.
The maximum of the phase correlation r in the given example lies at (-64, -64) pixels

which is the shift that the sample frame needs to overlay the reference frame.

A.2. Improvements

Though the basic phase correlation algorithm has been proven to be able to detect
the displacement between two frames, some improvements have been made to further

increase the robustness against noise and to increase the resolution of the detection.
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Phase qurelation
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Figure A.4: Phase correlation between the reference and the sample frame. The max-
imum (black) indicates the shift between the sample and the reference.

A.2.1. Robustness Against Noise

In order to increase the robustness against noise and to reduce the effects induced
due to the finite size of the frame, a window function is applied to the cross-power
spectrum R (eq. [A.3)) before the calculation of the phase correlation 7 (eq. [A4). For
the analysis different window functions have been tested and the best results have been

with a Hann window [72].

2mn
w(n) =0.5—0.5cos A5
) () (A5)
Where n is the position in the window and N is the total width of the window. Since
the acquired images are two dimensional, the window function has to be extended
from one dimension to two dimensions. This can be done in two ways. The first one

is multiplying two window functions piecewise for every pixel of the image.
w(n,m) =w(n)-w(m) (A.6)

This method has the advantage, that it can be used easily for non square images. The
other method is to calculate a radial symmetric window. This is done by introducing

the radius r(n, m) around the center of the image.

= (1= 2) e (-2 an
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The resulting window function is given as:

-1
0.5 — 0.5cos (%) ,r <1

0 ,r>1

w(n,m) = (A.8)

It is advised to crop the image to a square whenever possible to obtain an optimal

phase correlation which is not influenced by the choice of the 2D window function.

In the following the phase correlation has been calculated for the reference and sample
frame (fig. [A.2)) with and without the application of the window function. To asses the
influence of the window function on the robustness against noise the phase correlation

was calculated for different levels of Gaussian noise applied to the frames.

10 R e TS

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr — No Windowing

""""""" ol — Hann Window

Signal to Noise Ratio

1070 50 100, 150 200
Noise [digits]

Figure A.5: Signal to noise ratio of the detected peak in the phase correlation with
and without application of a Hann window function in dependence on
the noise level.

Figure [A.5] shows the signal to noise ratio of the detected peak of the phase correlation
with and without the application of a Hann window function. For low noise levels the
application of the Hann window function reduces the signal to noise ratio compared
to the phase correlation without a window function. For medium to large noise levels
the signal to noise ratio is significantly higher in the case that the window function is

applied.

It is concluded that a window function should be used for the phase correlation since

the benefits for medium and large noise levels outweigh the deficits at low noise levels.
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A.2.2. Sub Pixel Accuracy

For the evaluation of the heat flux, especially on castellated structures like the bulk
tungsten target in JET, it is necessary to calculate the displacement to the reference
frame down to sub pixel accuracy. In order to calculate the shift to a higher precision

than the sampling precision, the result is interpolated using zero padding.

Zero padding is an interpolation in the frequency domain, which is accomplished by
appending zeros at the end of the signal. In the following the amount of zero padding
done is specified by k:

Nzeropadded =k- Nsignal (A9>

Where Ngigna is the number of samples in the signal and N.epopaddea i the length of
the signal including appended zeros used for the calculation of the Fourier transform.

A k of 1 corresponds to no zero padding.

In the following the effect of zero padding is illustrated by calculating the Fourier

transform of a sample signal. The following function for the sample signal is used:
f(t) = sin(t) + cos (3t) (A.10)

The resulting power spectrum of the Fourier transform exhibits strong peaks at a
frequency of 1 and 3. The signal f(¢) and 32 sample points used for the calculation of
the Fourier transform are shown in figure [A.6a)|
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sin t +cos 3t

| e Samples

-
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Eogl b U d i Wb 300
T AT P A FAN VAN Sq.
—1.0p ] R N
-15 ZMN :

_ZGO

8.0 05 10 15 20 25 3.0 35 40
Time Frequency

a) Signal b) Power Spectrum
Figure A.6: Signal and power spectrum with applied zero padding.

Figure |A.6b)| shows the power spectrum resulting from the Fourier transforms for
k = 1,2,16. The case without zero padding (blue) has peaks close to 1 and 3 but
is not able to resolve the correct position of the peaks. Applying zero padding with

k = 2 (green) improves the accuracy and k = 16 (red) agrees well with the expected
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positions of the peaks. Note here that for an inverse Fourier transform the zeros are
added in the middle of the frequency spectrum between the positive and the negative

frequencies.

Sub pixel accuracy for the movement detection is achieved by the interpolation of the

phase correlation r (eq. [A.4]) using zero padding in the inverse Fourier transform.

a) k=1 b) k=2 c) k=4

Figure A.7: Phase correlation peak with different amount of zero padding.

Figure [A.7 shows the peak of the phase correlation for different amounts of zero
padding. It is seen that the shape of the peak is not changed with zero padding
but the resolution is increased. The resolution A achieved depends on the amount of

zero padding k used for the calculation of the phase correlation.

A= z [pixel] (A.11)

The amount of zero padding k used in the evaluation of the measurement is a trade-off

between accuracy and time needed for the calculation of the phase correlation.

Dependent on the quality of the data it might be necessary to apply a time filtering to
the evaluated movement to remove falsely detected displacements. For this a running

median filter has proven itself useful.






Chapter B

THEODOR

In this chapter the heat flux evaluation code THermal Energy Onto DivertOR is
shown. THEODOR has been developed to determine the heat flux density profile
q(s,t) onto the surface of a target tile from the measured surface temperature evolution
T(s,t). The quantity s denotes the position on the surface of the tile, ¢ denotes the
time within the measurement. The code calculates the temperature distribution in two
dimensions, along the target surface and into the target volume. This is done under
the assumption that the measured temperature profile in the tokamak is toroidally
symmetric and therefore only one poloidal cross section of the tile is computed. To
obtain the heat flux on the surface of the tile the heat diffusion equation (eq. [B.I) is
solved consecutively for each time step ¢ of the measured surface temperature 7'(s, t).

or
Py = VeVT (B.1)

Where T is the temperature distribution in the target plate, t is the time, x is the
heat conductivity, p is the density and ¢, is the specific heat capacity of the target
material. Expanding the differential operator on the right hand side results in the

following equation.
orT
Pergr = kAT + (Vk) - (VT) (B.2)

If the heat conductivity x is constant (Vk = 0) for the whole tile the second term on

the right hand side vanishes.

orT

P gy = RAT (B.3)

The code has been developed at a time when computational power was limited and
equation [B.3] was much more beneficial compared to the full heat diffusion equation

B.2lin terms of calculation time. The heat conductivity x(T") however depends on the
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material temperature making it necessary to solve the full heat diffusion equation.

A solution to this dilemma was found by introducing the so called heat flux potential
U.

T
Ur) = /m(T’)dT’ {y} (B.4)
0
For the heat flux potential the following relation is easily shown:

oU(T)
aT

= k(T [ w } (B.5)

mK
Using this relation the partial differentials are formulated:

oU dUOT T

2 _ 2T T B.
ot aT ot ot (B.6)
0*U 0 oU o oT
e B.
0x? Ox Oz 8.%%8.% (B.7)
_omor T
- Ox Ox 0x?

Using these differentials, the heat flux equation is rewritten in terms of the heat flux

potential U.

ou Kk O°U

This equation has the same form as equation [B.3| reducing the computational effort for
the solution of the equation while still incorporating the temperature dependent heat

conductivity k. For further simplification the heat diffusivity D is defined as:

D=1 [m;] (B.9)

With this the heat diffusion equation is written as:

U
- = DAU (B.10)

For the discretization of the heat diffusion equation the forward time centered space

(FTCS) representation is used.

oUu  U(t+At)—U(t)

ot At

’U Uz — Ax) —2U(z) + U(z + Ax)
ox? Ax?

(B.11)

(B.12)
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For the solution of the heat diffusion equation a fully explicit method is used:

2AtD  2AtD
Ult+ At,z,y) = (1 A2 T Ap ) Ult,z,y) (B.13)
AtD AtD
+ mU(t,x%—Am,y) + mU(t,x—Am,y)
AtD AtD
A —_— - A
A U(t,z,y + Ay) + A Ult,z,y — Ay)

This update instruction is performed for every time point ¢ in the measurement. For

this method the following stability criterion is given:

DAt
<0. .
min(Ax?, Ay?) — 05 (B.14)

Since the calculation of the next step U(t + At,z,y) also depends on the heat flux
potential U in the neighbouring grid cells, boundary conditions have to be introduced
for the edges of the tile. An illustration of the temperature distribution inside the

target tile and the boundary conditions can be seen in figure [B.1l

q(s) =7

o _
ds

o _
ds

Figure B.1: [llustration of the target heat flux and the temperature distribution in
the target plate with boundary conditions.

For the heat flux evaluation the temperature distribution in the target plate is calcu-
lated by solving the heat flux equation with measured surface temperature evolution
T(s,t) as boundary condition for the target surface. It has been found that infrared
thermography can overestimate the surface temperature in the presence of surface im-
perfections

12| and surface layers ] For the use as boundary condition the surface
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temperature is corrected:

Tyua(s.£) = T 1) - 120 K] (B.15)

Where « is the surface heat transfer coefficient which has to be known. The surface
modifications are described as additional thermal resistivity of the surface which causes
an increase of the surface temperature proportional to the heat flux onto the target.
Because the heat flux ¢(s,t) is not known, the code uses the heat flux determined in

the previous time step ¢(s,t — At).

For the lower boundary of the tile a similar boundary condition is used. Here the
heat transfer coefficient between the tile and the coolant s, is used together with the

temperature of the coolant T,;.

For both the upper and lower boundary conditions the resulting temperatures are
converted to the heat flux potential U which is used in the calculation of the heat
diffusion equation (eq. [B.13)).

For the sides of the tile it is assumed that no heat flows through them. For the heat

flux Fourier’s law is utilized.

oT W
_ o
- Oz

If there is no heat flux ¢ then the temperature gradient has to be zero. Because of this
the tile temperature distribution at the side of the tile is used as boundary condition

for the next step.

In the end the heat flux onto the top of the tile is derived using Fourier’s law (eq.
[B.16). For the calculation the following discretization is used.

ou ~ 3U(t,$, y) — 4U(t,l’, Y — Ay) — U(t>x7 Y — QAy)

PV B.1
dy 2Ay (B.17)

Assumptions

For the solution of the heat diffusion equation (eq. [B.I) THEODOR assumes a func-

tional dependence of the heat conductivity x and heat diffusivity D on the temperature
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T'. For this the following parametrization is used.

F(T)=a+b (1 + %) B (B.18)

Where T is the temperature and a, b and Ty coefficients that are fitted to the data of
k and D. Using this function for the heat conductivity x(7') the heat flux potential
U(T) B.4l can be calculated analytically:

TTh
T+ T

UT)=aT +b (B.19)
Using this function the temperature is converted to the heat flux potential cost effi-
ciently in terms of calculation power. The equation for the heat flux potential (eq.
[B.19)) can be inverted analytically:

U —aTy — bT)y + \/ (aTy + bTy — U)? + 4aUT,
T(U) = . (B.20)
a

This allows the quick calculation of the tile temperature to be returned at the location

of possible thermocouples.






Chapter C

Fit Reliability Studies of Heat Flux

Profiles

In this chapter the reliability of the determination of the power fall-off length A, and
the divertor broadening S is discussed. For inter-ELM heat flux profiles the influence
of noise on the evaluation accuracy is determined. The power fall-off length A\, and
the divertor broadening S are varied between 0.1 and 5.0 mm. For the calculation
of the target data a flux expansion of f, = 5.5 and a spatial resolution of 1.65 mm
is assumed. For different noise levels synthetic data is generated and A, and S are

determined. Using this the systematic deviation of the evaluation is studied.

On the basis of the diffusive model introduced in section [£.3.1] for the heat flux profiles

synthetic data is generated. The model is written as:

@ S\ s S s MW
q(3) = o exp ((2_)\q> — /\qu> erfc <2—)\q — sz> + 4B [ e ] (C.1)

Where § = s — s is the distance from the strike line position, ¢y the peak heat flux

and )\, the decay length of the exponential, the divertor diffusion S being the width of
the convoluted Gaussian, f, the flux expansion and ¢p¢ the constant background heat
flux. The synthetic data is created by adding 1/¢(s) dependent noise to the model.
This provides data that is close to the experimental observations in ASDEX Upgrade
and JET.

The heat flux dependent noise is given by a normal distribution with a standard devi-
ation of

o (5) = 6. 1B¢ (C.2)



116 C. FIT RELIABILITY STUDIES OF HEAT FLUX PROFILES

C.1. Synthetic Data

Five different noise levels § between 0.1 and 1.0 are used for the determination of the

fit accuracy of A\, and S.
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Figure C.1: Examples of synthetic data with different noise levels for A, = 3.5 mm
and S = 2.1 mm.

Figure shows synthetic data generated using the heat flux model (eq. [C.I]) and
the heat flux dependent noise (eq. [C.2)). Tt is seen that the noise is larger for low heat
fluxes compared to areas with high heat flux. This models the higher measurement

noise at low temperatures as are present in regions with a low heat flux density.

The noise levels of 6 = 0.25 and 0.5 correspond to typical noise levels observed in the
data used in this thesis. Lower noise levels are used to show the general ability of the
fit to determine the power fall-off length )\, and the divertor broadening S from the
convoluted heat flux model.

Figure shows the relative error of the determined values of the power fall-off length
Mg and the divertor broadening S for a low noise level of § = 0.1. The relative error is

defined as follows:

AN, = Aq = Aqgit (C.3)
)\q
AS = ‘% (C.4)

Where A, ¢y and Sy are values determined using the synthetic data. It is seen that

for the whole parameter range the fit is able to determine both A, and S.
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Figure C.2: Relative error of the determined values of A\, and S for a noise level of
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Figure C.3: Relative error of the determined values of A\, and S for a noise level of
0 = 0.25.

In figure the relative error of both A\, and S are shown for a noise level of § = 0.25.
It is seen that the error for the divertor broadening S is low. A larger error of up to
5% is only observed for a large divertor broadening S > 3 mm and small power fall-off
length A\, < 0.3 mm. The fit is able to determine the power fall-off length in cases
where A, is larger than the divertor broadening S. Otherwise the error increases to up
to 5 %.

For a noise level of 6 = 0.5 (fig. [C.4]) the fit is able to determine the power fall-off
length if the divertor broadening S is smaller than A,. For a divertor broadening S
larger than A, the uncertainty increases to over 10 %, especially for small values of
Ay and S. For a small power fall-off length A\, < 0.4 mm the error of the divertor

broadening S strongly increases to over 10 %.

The general trend observed in the previous cases is continued for a large noise level
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[¢;]

Figure C.4: Relative error of the determined values of A\, and S for a noise level of
0 =0.5.
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Figure C.5: Relative error of the determined values of A\, and S for a noise level of
0 =0.75.

of 6 = 0.75. Where ), is larger than S the fit is able to reproduce the power fall-off
length \,, although the error increases to up to 5% in this region. For the divertor
broadening S the error for small values of A\, < 0.4 mm increases further. In general

the error increases with increasing noise level.

The case with a high noise level of § = 1.0 (fig. [C.0)) is included to show the limits of the
determination of the power fall-off length A\, and the divertor broadening S. The error
for both the power fall-off length A, and the divertor broadening S increases further
and the region where ), is determined with a comparably low error decreases. The

error of the divertor broadening S increases especially for small values of A\, < 2 mm.
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Figure C.6: Relative error of the determined values of A\, and S for a noise level of

0 =1.0.

C.2. Comparison to Measured Data

In the following the data measured in JET with both carbon (JET-C) and ITER-like
wall (JET-ILW) and in ASDEX Upgrade with a full tungsten wall is compared to
the results obtained using the synthetic data. Figure shows a comparison of the
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Figure C.7: Relative error of the determined values of A\, and S for a noise level of
0 = 0.5 in comparison to measured values in ASDEX Upgrade and JET.

measured data to the relative error of the fit at a noise level of § = 0.5. This noise level
is chosen for the comparison because it is a good representation of the noise observed
in the measurement. It is seen that the available data covers a parameter range where
the error is small for both the power fall-off length A\, and the divertor broadening S.
Note here that the study is using the spatial resolution of the JET IR system, the data
from ASDEX Upgrade has a better spatial resolution of 1.3 mm. It is concluded that
for all data used in this thesis the fit is able to reproduce the power fall-off length A,

and the divertor broadening S.
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