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Abstract

Nuclear fusion is one of the green energy sources and one of the technologies
that mankind must achieve. So far, nuclear fusion research has been aimed at
high temperature, high density, and long confinement time. One of the next
steps in fusion research is power exhaust. During the nuclear fusion operation,
not all of the energy is confined. Some of it escapes its confinement and is
exhausted. Power load onto the plasma-facing components is one of the major
challenges for a future thermonuclear fusion reactor. Even though power loads
into the divertor are acceptable for current devices, this will not be true for
future fusion devices. Among various measures to prepare for this, negative tri-
angularity operation has emerged as an alternative and recently got attention.
However, there have been few studies on heat exhaust. This thesis reports on
the first power loads study in ASDEX Upgrade negative triangularity scenario.

Using infrared thermography, the power falling on the divertor, the region
in a tokamak design for the strongest plasma-wall interaction, is studied, fo-
cusing on the key parameter called power fall-off length A,. First, the impact
on ), of various plasma parameters is examined, including total heating power
and poloidal magnetic field strength. The difference between toroidal magnetic
field directions is compared with each other. Negative triangularity shots are
compared with other scenarios, which have different triangularity but similar
input parameters, to find out the influence of shaping. Moreover, consistency
with the published scaling laws is checked.

As a result, there was no clear dependence on poloidal magnetic field strength.
In the reversed toroidal magnetic field discharges, A, shows an about propor-
tional correlation with total heating power. Especially a considerable differ-
ence in fall-off length between the two toroidal magnetic fields is observed with
a factor of two smaller values in the reversed toroidal magnetic field. More
specifically, A, in reversed field direction regime is around 1.5 mm, and in the
normal field direction regime is about 3mm. In addition, negative triangular-
ity shots have the same or smaller )\, than other scenarios. The comparisons to
published scaling laws and a drift-based model reveal that in normal toroidal
field direction, satisfactory agreement is observed. However, in the case of
reversed toroidal magnetic field direction, the predictions are significantly too
large.

This first power exhaust study in ASDEX Upgrade negative triangularity sce-
nario reveals that a potential future device might need to consider smaller
Aq values than the mostly used scaling law prediction when operating in the
reversed magnetic field configuration.
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Chapter 1

Introduction

1.1 Motivation and Nuclear Fusion

Nuclear fusion is a reaction in which two or more atomic nuclei combine into
one or more different atomic nuclei and subatomic particles. The fusion reac-
tion releases energy as a mass defect from the difference in the binding energy
of nuclei. Even though the idea of using fusion energy was introduced around
the same time as nuclear fission, fusion technology is not completed and is still
being studied. One of the fusion reactions is the deuterium and tritium reac-
tion which is the most promising on earth. Since this reaction does not have
carbon dioxide byproducts and safety risks like nuclear fission plants, it can be
classified as green energy. Moreover, deuterium is abundant on earth. Tritium
can be bread from lithium, so fuel for this fusion reaction is easy to obtain.
Further, fuel efficiency is higher than other energy sources. For these reasons,
nuclear fusion energy received attention as a solution to the energy demand of
humankind and became one of the technologies that must be achieved.

The most studied and developed fusion is thermonuclear fusion, confinement
by magnetic fields. The fusion reaction requires high pressure and high tem-
perature, so on earth magnetic confinement allows a reactor to operate with-
out touching the surrounding to achieve those conditions. For a thermonu-
clear fusion reaction in magnetic confinement, the fuel has to be heated to
150 million K. The fuel particles with high energy at this temperature are fully
ionized and become plasma. The plasma is confined into a magnetic field us-
ing Lorentz force. So far, nuclear fusion research has been aimed at achieving
high temperature, high density, and long confinement time. A self-sustained
plasma without external heating is named ”ignited”. The ignition condition
for the D-T fusion is achieved when the alpha particle in the fusion reaction
compensates the loss power [Wesson and Campbell, 2011].

nTtg > 3 x 10* m’keVs (1.1)

It is calculated as a triple product of the main parameters of fusion plasma
where n density, 7' temperature, and 7 energy confinement time [Eq.[1.1].

1



2 1. Introduction

1.2 Tokamak Device

The beginning of studying magnetic confinement fusion was a linear pinch
device that applies magnetic flux with both open ends |[Haines et al., 2000].
Nevertheless, particles kept going out at both ends, and to prevent them from
escaping, the fusion device continued to develop and attached both ends to
form a torus shape. The tokamak device has a bent toroidal magnetic field
without open ends. This magnetic field inside the tokamak has a 1/R depen-
dence, with R being the major radius. As a result of the bent magnetic field,
the particles separate by charges due to drifts and drift in the radial direc-
tion with the electric field created by this charge separation [Section.[2.3.1]. A
poloidal field is added to compensate for this. These main sets of magnetic
field coils have become primary components of the tokamak device. In Fig.[1.1

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: Basic structure and magnetic coil system of a tokamak. Retrieved

from [euro-fusion.org, 2011].

a schematic of a tokamak is shown. The configuration of the tokamak device
consists of "D’-shaped toroidal field coils shown in blue, generating the toroidal
magnetic field, and outer poloidal field coils limiting the horizontal movement
of the plasma as well as position control. These coils and magnetic fields each
have different effects, and with all together, stable magnetic confinement is
achieved. In addition, the current tokamak experiments consist of external
heating sources as well as various diagnostic systems for research.

1.3 Divertor

With the magnetic configuration described in the previous section, nested flux
surfaces are created. Charged particles move freely along these magnetic field
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lines. However, these flux surfaces ultimately intersect solid material walls.
High energy particles induce damage to plasma-facing materials, and impu-
rities from plasma-wall interaction cause poor confinement. Plasma in the
tokamak has to avoid contact with surrounding walls. A dedicated area is
introduced where the plasma-wall interaction takes place. This area is called
the limiter. The limiter configuration limits plasma volume by the intersection
with the surrounding structure. Fig.[1.2] (left) shows a poloidal cross-section

ASDEX Upgrade ASDEX Upgrade

F1GURE 1.2: Poloidal cross-section of ASDEX Upgrade. The black line represents
(left) Last closed flux surface and (right) separatrix as the boundary of the confined
region. Retrieved from [Faitsch, 2017]

of ASDEX Upgrade with such a magnetic field configuration. The black line
depicts the last closed flux surface (LCFS) as the outermost flux surface that
does not intersect the surrounding material but closes within itself without
wall interaction. The volume inside the LCFS is called the core or confined
region. In contrast, field lines outside the LCFS are called the scrape-off layer
(SOL) and intersect with solid material. In the early time, the tokamak ex-
periments operated with a limiter configuration. However, sputtered wall ma-
terial causes impurities that enter the core plasma and lower the confinement
efficiency. In order to compensate for this phenomenon, a divertor configu-
ration was introduced. The divertor collects the SOL particles to a specific
location and structurally prevents the sputtered particles from going to the
plasma core. In other words, the divertor is further separated from the core
plasma as the limiter and hence strongly reduces the influx of impurities. For
the divertor configuration, the shape of the magnetic flux is changed with an
additional magnetic field. A toroidal current is applied anti-parallel to the
plasma current, reducing the poloidal magnetic field and creating a point with
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zero poloidal magnetic field strength, called X-point. According to the loca-
tion of the X-point, it is called lower single null (LSN) and upper single null
(USN) configuration. Fig.[I.2](right) shows a poloidal cross-section of ASDEX
Upgrade with such a LSN configuration. The solid, black line is called the
separatrix. The field lines in the SOL are deflected into the divertor. Due to
the strong particle and heat fluxes, the divertor is equipped with components
designed to maximize resilience. Therefore, the divertor is made using a strong
material against heat to withstand particle flux and heat flux that come out to
SOL. In the case of ASDEX Upgrade (AUG), tungsten and tungsten-coated
carbon are used [Neu et al., 2002].

1.4 Scenarios

After using divertor configuration in tokamak devices, the high-energy con-
finement mode (H-mode) was discovered in the first diverted tokamak, AS-
DEX [Wagner et al., 1982]. After H-mode was discovered, the confinement
regimes before H-mode were named low-confinement mode (L-mode). H-mode
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FiGURE 1.3: Sketch of L- and H-mode pressure profiles across the minor radius.
The H-mode profile shows a steep gradient at the edge, the pedestal. Edge localized

mode periodically relaxes this pedestal. Retrieved from [Lampert et al., 2022]

regimes achieved higher energy confinement and particle confinement time by
a factor of two than L-mode by having steep edge density and temperature
profiles [Wagner et al., 1982 Wagner et al., 1985] [Fig.[L.3]. In H-mode, steep
edge profiles are established because of an edge transport barrier (ETB), called
pedestal. However, this steep pressure gradient provides a source of free energy
for instabilities. A periodic relaxation of the pedestal profiles is observed in
H-mode. These events are named edge localized modes (ELMs) [Zohm, 1996].
Various types of ELMs exist, with the most studied being type-I ELMs. These
type-I ELMs cause an enormous amount of particle and heat flux into the
divertor |[Loarte et al., 2003]. In recent years the impact of these ELMs has
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been extensively studied, concluding that naturally occurring type-I ELMs
are likely unacceptable in future fusion power plants [Loarte et al., 2003, [Eich
et al., 2017]. In order to avoid type-I ELM, other operational regimes are
developed. Improved energy-confinement mode (I-mode) [Whyte et al., 2010]
and enhanced D alpha H-mode (EDA H-mode) [Greenwald et al., 1999] are two
examples. I-mode is also discovered in AUG [Ryter et al., 2016] and character-
ized by a steep edge temperature profile while it has a lower gradient of density
profile like L-mode. EDA has a pedestal in both temperature and density, but
ELMs are replaced by quasi-coherent modes |Greenwald et al., 1999]. EDA
was recently realized in AUG |Gil et al., 2020].

1.5 Scope of Thesis

The main goal of this thesis is to investigate heat loads of negative triangularity
plasmas and compare them with scaling laws and other scenarios. All the ex-
periments have been conducted at the ASDEX Upgrade tokamak. The result
of this study provides the scrape-off layer power width A\, with different plasma
parameters, including poloidal magnetic field strength, toroidal magnetic field
direction, and heating power within ASDEX Upgrade negative triangularity
shots’ parameter range. A further study about A, is comparisons with differ-
ent scenarios, which have similar plasma parameters except for shaping, and
comparison with scaling laws.
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Chapter 2

Background with Focus on

Plasma Shaping and Power
Exhaust

2.1 Shaping of Plasma

Fig.2.1] presents geometry parameters of the plasma, where R is major radius,
a is a minor radius, d* = Rgeo— Rypper, and d = Ryeo— Riower- Rupper and Rigyer
is the most upper and lower point of the separatrix. From these parameters,
elongation k and triangularity ¢ are defined as follows [Luce, 2013].

b
= - 2.1
w= (21)
R eo Ru er
5upper =7 a PP
R eo R ower
5lower = % (22)

) + 0
5 = upper ower
2

In addition, aspect ratio A = R/a and inverse aspect ratio € = a/R are also
defined with presented geometry parameters.

Most of the early tokamak experiments used circular poloidal cross-section
because it was a natural choice for making torus shape by bending the cylin-
drical plasma of linear devices. The first change from a circular cross-section
is adding elongation. The elongated shape increases the energy confinement
time [ITER Physics Expert Group on Confinement and Transport et al., 1999
and the plasma volume for fixed R and B,,.. The second change is adding
triangularity. Making a triangle shape makes the top/bottom of the plasma
move towards lower R and towards higher B,,.. In other words, positive tri-
angularity places the plasma on the high-field side, good curvature. This is
beneficial because positioning on a higher toroidal magnetic field stabilizes

7
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FIGURE 2.1: Sketch of the poloidal cross-section of the tokamak. Geometry param-
eters of the tokamak are indicated. Retrieved from [fusionwiki, 2014]

against instabilities [[TER Physics Expert Group on Confinement and Trans-
port et al., 1999]. This effect is particularly true for type-I ELMs in standard
H-mode operation [Snyder et al., 2002]. With higher elongation and triangu-
larity, these ELMs are more stable, allowing for higher pedestal pressure and
overall confinement.

In the meantime, TCV tokamak, which has the flexibility to make various
shapes, examined various triangularity of plasma. TCV found an alternative
route to high core confinement by inverting the triangularity to negative val-
ues [Marinoni et al., 2021b].

2.2 Characteristics of Negative Delta

Stepping away from the paradigm of operating in a type-I ELMy H-mode
allowed the exploration of alternative reactor scenarios. One rather radical
change is shaping the plasma cross-section such that the upper and lower points
are at larger R compared to the axis, in other words having a triangularity
with negative values [Fig[2.2].

Although negative triangularity (NT) research, which began in the early
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F1GURE 2.2: The poloidal cross-section of negative triangularity shape in TCV and
DIII-D. (left) NT shape in TCV tokamak. retrieved from [Coda et al., 2021|. (right)
Typical negative triangularity discharge on DIII-D. retrieved from [Marinoni et al.,

2018

1970s and early 1980s, had received little attention, it has gained increasing
interest in recent years since the mid-1990s through dedicated experiments on
TCV tokamak [Marinoni et al., 2021b]. Ohmically heated L-mode plasmas in a
wide range of §, -0.41 < § < 0.72, showed improved electron energy confinement
time as ¢ is more negative [Pochelon et al., 1999, [Moret et al., 1997]. Fig.[2.3]
shows that NT has improved confinement time than § > 0 with early and recent
results about 7, and Hgg,, for definition see [[TER Physics Expert Group on
\Confinement and Transport et al., 1999|, respectively. This enhanced energy
confinement is explained by a reduction of turbulent transport [Marinoni et al.,
. The reduction of turbulence in the outer core region of the plasma is the
main advantage, increasing the pressure in the region relevant to the fusion
process. This allows to recover the same core pressure, even if no pedestal
is present, and hence allows the operation with an L-mode edge. Staying in
L-mode has the advantage of avoiding the steep pedestal gradients and, with
this, the ELMs. Further, without the need to stay in H-mode, NT might be
able to radiate more power in the confined region, reducing the power exhaust
challenge significantly.

Especially a reliable assessment of the power fall-off length, one of the main
parameters for heat exhaust, is yet to be conducted. First experimental results
are reported for TCV L-mode, showing a more narrow fall-off length in negative
triangularity [Faitsch et al., 2018], and from DIII-D, showing that negative
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FIGURE 2.3: Confinement time versus § in TCV negative triangularity experiments.
(left) Shape dependence of the electron energy confinement time for various 6. Re-
trieved from [Moret et al., 1997]. (right) the H-mode confinement enhancement

factor (Hygy2) over a triangularity scan. Retrieved from |[Coda et al., 2021]

triangularity L-mode has a broader fall-off length than in H-mode [Marinoni
et al., 2021a].

2.3 Influence of Magnetic Field Direction

Not only the choice of the plasma scenario can have an important impact on
the tokamak operation. An important choice for the operation is the direction
of the toroidal magnetic field. In ASDEX Upgrade lower single null discharges,
the helicity is determined by the divertor structure. Since the divertor target
tiles are toroidally inclined to avoid leading edges, two combinations of toroidal
and poloidal magnetic field direction can be realized. Thus, in AUG, one con-
figuration is By, is negative (toward), and I, is positive. The other is that By,
is positive (reversed), and I, is negative. These two configurations have differ-
ent directions of vertical drift v, because the vertical drift direction of electrons
and ions depends on the sign as described below. The best-reported impact of
changing configurations is the impact on the power needed to transition from
L- to H-mode [Wagner et al., 1985].

2.3.1 Vertical Drift of Moving Center

Because the toroidal magnetic field in the tokamak is proportional to 1/R,
there is naturally a gradient of the magnetic field VB inside the tokamak.
The charged particles have a cyclotron motion along the magnetic field, and
their center of gyro motion is drifting due to VB with velocity.

vs_ _W.VBxB

P (2.3)
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Eq. is V B-drift where W, = 1/2muv? is the kinetic energy of perpendicular
to the magnetic field. In addition, the curvature of the magnetic field leads to
a drift velocity of:

_QVVH Rk x B

— (2.4)
qR? B2

k _
Vq =

Where W) = 1/ ZmUﬁ is the kinetic energy of parallel to the magnetic field
and Ry, is the radius of curvature. Eq.[2.4]is called curvature drift. These two
magnetic field-related drifts are often combined using V|B|/|B| = —Ry/R3.

VB x B

vyPTR = vB + v = —(W, +2W)) e

(2.5)

Due to the g dependency in Eq.[2.5], ions and electrons are drifting in opposite
directions. This charge separation generates an electric field F.leading to an
E x B drift velocity.

ExB
V!];DXB — B2

(2.6)

In the case of Eq.[2.0] there is no charge dependence, unlike the vertical drift,
Eq[2.5] other drifts. These three drifts come from the kinetic model of the
plasma, deriving an equation of motion of the guiding center [Stroth, 2018].
Due to the stronger toroidal field compared to poloidal, B, > By, the VB
and curvature drifts lead to a vertical drift motion. The E x B drift leads to
a radial outwards movement of the plasma.

2.3.2 L-H Transition

After the discovery of the H-mode, it was observed that the toroidal magnetic
field direction has an important influence on the power threshold for the tran-
sition from L- to H-mode [Wagner et al., 1985]. Due to the fact that H-mode
is the preferred operational regime, the direction with a lower threshold power
is 'favorable’ and routinely used in tokamaks all over the world as a 'normal’
operational direction. This favorable direction is achieved when the ion vy ? di-
rection is pointing towards the X-point. In AUG, the favorable direction is for
a standard lower single null plasma configuration with a negative toroidal mag-
netic field. Conversely, the unfavorable direction is also called the 'reversed’
direction, having the ion vy ? pointing away from X-point. The reversed direc-
tion is not favorable for H-mode, so it is named unfavorable configuration. It is
important to note here that while the naming of favorable and unfavorable is
still kept, it is not to be taken as an adverse effect if not operating in H-mode.
In the case of the I-mode and N'T L-mode, the transition to H-mode is to be
avoided. Thus, it can be beneficial to operate with 'reversed’ or 'unfavorable’
drift direction.
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2.4 Scrape-Off Layer Heat Flux

In a fusion reactor, all the externally applied and generated fusion energy is
balanced by the lost energy in steady-state conditions. The plasma-facing
materials will receive the lost energy, and in the case of the energy of charged
particles, this will be handled mostly at the divertor. However, the divertor
can withstand a specific power limit, depending on the material and cooling
used. Thus, studying the power exhaust is getting important to control and
predict the power onto the divertor tiles. The most representative parameter
in the power exhaust studying is the power fall-off length. After obtaining
the fall-off length, the peak heat load onto the divertor can be estimated. In
order to reduce the peak value below the material limit, impurity seeding is
used. The amount of seeding is determined by the power fall-off length and
the reduction needed.

2.4.1 Power Balance

P

ext

=
|
[
[

"

2
Jfﬂ'nr{

FIGURE 2.4: Sketch of the power fluxes in the fusion reactor. Retrieved

from [Sieglin, 2014]

Fig.[2.4 shows a poloidal cross-section of ASDEX Upgrade. The color cod-
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ing in the confined region indicates the pressure gradient. The arrows indicate
different contributions to the power balance:

Pe:ct + Pfusion - Pn + P’/‘ad + Psep (27)

Where Pfysion = P+ P, from D-T reaction, not relevant for most present-day
tokamaks but dominates in future fusion power plants. Most of the fusion
power is carried by neutrons, blue arrows, not being confined by magnetic
fields and leaving the plasma uniformly on all first wall components. External
heating power P,,;, orange arrow, is applied to increase the temperature of
the plasma. The energy of the confined plasma is lost by radiation from the
confined region P,.q, green arrows, and by power crossing the separatrix by
charged particles Py, red arrows. Here we concentrate on the power following
the open field lines towards the divertor target. Thus, Ps., can be described
as follows.

Psep = Pegt + Po — Praa (28)

In the case of the ITER like device, expected P,,; is 50 MW, P, is 100 MW, and
P..q1s around 30 MW. This is above realizable machine limits. Without further
reduction, this would lead to an unacceptable power load of 120 MW onto the
divertor structure. Not only the peak heat flux would be intolerable, but also
the total amount of power can not be handled by the cooling capability of the
ITER divertor, estimated to receive less than 10 MW. Therefore, a large part
of Py, needs to be exhausted before reaching the divertor. This is achieved by
introducing impurities that can efficiently radiate the majority of this power.
For ITER, it is foreseen to operate in a regime called (partial) detachment.
With the detachment, the heat load is reduced, and the pressure along field
lines is reduced. This is needed to reach low electron temperature at the target
as well as reduce the particle flux, and both are needed to reduce erosion. These
impurities radiate in the SOL, reducing the power onto the divertor Py,:

Pdiv =P+ Pa __ pcore _ pSOL (29)

rad rad

2.4.2 Scrape-Off Layer Heat Flux

The steady-state heat flux impinging the divertor target in attached conditions
is characterized by a model introduced by [Eich et al., 2011]. The SOL heat flux
can be described by an exponential decay starting from the separatrix [Wagner
et al., 1985|:

s

Agfa

where ¢q is the peak heat flux at the separatrix, s is the position from the
separatrix, A, is the upstream power fall-off length, and f, is the poloidal
flux expansion which will be covered in a later section. ge,, at s < 0 is not
considered because inside of separatrix means inside of closed field line. A
universal quantity is defined as the integral power fall-off length \;,;, which

Geap(5) = qoexp (— ) [MW /m?] (2.10)
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can be used to derive the peak heat flux onto the divertor target g, |[Loarte
et al., 1999].

Nint = w [mm] (2.11)
Faio MW /m?] (2.12)

fmaz = ZWRdiv)\intfx

Where Py, is power arrived at the divertor and Rg;, is the radius from the
tokamak axis to the divertor. Eq.[2.10]is not for the divertor heat measurement.
Below the X-point, heat is able to spread by perpendicular transport and
reduce the peak heat flux by increasing the area. Assuming diffusive transport
and in the limit of 1D, it can be described by a Gaussian [Eich et al., 2011]:

o(s) = Wlﬁexp (— (%)3 (2.13)

where S is divertor broadening. In order to get the divertor heat flux profile,

Eq. and Eq. are convoluted as follows [Eich et al., 2011].

With Eq.[2.14] a 1D heat flux profile on the divertor can be obtained. Due to
the axis-symmetry of the tokamak, this 1D profile is describing the full heat
flux profile. In addition, the parameters of this 1D function are linked to A;.,
and the integral power fall-off length has a good approximation for the profile

by Eq.[2.14{[Makowski et al., 2012].

Aint & Ag + 1.645 [mm] (2.15)

In the case of a purely exponential decaying profile, without divertor broaden-

ing, Eq. follows relation with Ay = Ajnt
/ q(s)ds = qoAg fx (2.16)
0

All together with these equations, from A,, the peak heat flux on the divertor
is estimated.
o Pdi'u
Imae = Ras(h + 1.645) f,

[MW /m?] (2.17)

mar — — MW 2 2.18
q D3 1.648 [MW /m?] (2.18)
Eq. is presenting that ¢,,.. can be lower with the lager S [Fig., where
Atarget fall-off length on divertor target and Siqpge¢+ broadening on divertor tar-
get. Moreover, A\, and S approximate A;,;, and from Nz, Gmae can be esti-
mated.
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FiGURE 2.5: Effect of broadening on ¢qz

2.4.3 Flux Expansion

In Eq.2.74 the heat flux profile’s width depends on flux expansion f,. The
flux expansion is an important factor that increases the area over which power
is distributed. The flux expansion can be divided into two contributions, the
magnetic contribution as well as a contribution by the poloidal angle between
field lines and the divertor [Fig.|[2.6].

F
o
Cpol = %0

—
— y  —45°

“pn!_ *
—

Oy =22.5°

FIGURE 2.6: Tllustration of magnetic flux expansion (left) and flux expansion by
geometry (right). retrieved from [Sieglin, 2014]

MP
RMPBpol

fx,mag - Rdideiv

pol

(2.19)
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Where MP stands for outer midplane, div is the divertor, R is the major radius
of the MP and divertor, and B, is poloidal magnetic field strength. Eq.[2.19)
is the magnetic contribution to the flux expansion. It can be seen from Fig.[2.6
(left) and Eq. that the magnetic flux expansion gets more extensive as it
gets closer to the X-point because B, near the X-point is weak. The second
contribution is called the geometric flux expansion and is calculated as Eq.[2.20]
with poloidal projection angle of magnetic field line onto divertor a,.

1

SN Qg

fx,geo = (220)
The geometric flux expansion increases as the divertor is more inclined with
respect to the flux and decreases as a,y is closer to the vertical [Fig.[2.6].
Thus, the total flux expansion considering both can be written as the product
of magnetic and geometric flux expansion.

Ruyp B%ZP 1

fm = fm,mag : fx,geo = (221)

div o
Rdepg}’ Sin e

According to Eq.[2.17] it is advantageous to increase f, to decrease ¢yq, with
respect to power flux. For this, a reactor design makes the divertor inclined to
maximize f, with larger a,,,. However, the field line angle and the flux expan-
sion have to be kept above a threshold with allowing construction tolerances.

2.5 Infrared Thermography

The main target of this thesis is to study the heat flux of NT. Before getting
heat flux onto the divertor tile, the temperature evolution calculation must
first be done and is essential. The temperature is measured by an infrared
(IR) measurement without direct contact, detecting the thermal radiation of
a heated object. IR thermography is used on ASDEX Upgrade and measures
emitted photon flux from the divertor for a given temperature according to
Planck’s law. After the temperature information is obtained, heat flux ¢ can
be calculated.

2.5.1 Temperature

In the case of an idealized black body, an object absorbs electromagnetic radi-
ation at all wavelengths. Planck’s law [Planck, 1900a}, |[Planck, 1900b| describes
the spectral radiance MY (X, T') per area dA and wavelength interval d\ for the
absolute temperature 7" of a black body.

2whe? 1

h
AP e,\kBCT -1

MY\, T)dAd\ = dAd\ [W/m?| (2.22)

Where kp is the Boltzman constant, h is the Plank constant, and c is the
speed of light in a vacuum. However, the plasma-facing components are not
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ideal blackbodies. For AUG, divertor tiles consist of full tungsten tiles and
tungsten-coated carbon tiles. Thus, to take into account materials’ properties,
emissivity €, which is the ratio between the surface emission and that of the
ideal blackbody, has to be considered.

2mhc? 1

h
A5 exkgT -1

LY\, T)dAd\ = e(\, T) dAd\ [W/m?] (2.23)

I9(X\, T) is the emission of a surface, and emissivity is a function of temperature

and wavelength. This Plank’s law is again modified because the IR camera

used at AUG experiments counts photons. To change LHS to photon flux, it
is divided by photon energy E. = hc/\.

2mc 1 1

DY\, T)dAdN = €(\, T)th—dAd)\ [s~'m 7] (2.24)
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FI1GURE 2.7: Photon flux for a black body depends on the temperature of different
photon wavelengths. retrieved from [Faitsch, 2017]

Fig.2.7 shows emitted photon flux depending on temperature for three
wavelength values. For the envisaged temperature range of the AUG divertor
tiles of room temperature up to 2500 K, a system at 5 pm is best suited. In
AUG, around 4.7 um wavelength is picked because an emissivity of 4.7 um
for the divertor surfaces temperature during the operation shows the highest
photon flux sensitivity, considering the specifications of the IR camera.

2.5.2 IR Camera

An IR thermography camera system is used in ASDEX Upgrade in order to
study the divertor heat flux [Sieglin et al., 2015]. The IR camera for a fusion
reactor requires magnetic and electric shielding to withstand a high magnetic
field during the operation. Fig.[2.§|illustrates the detector in the camera hous-



18 2. Background with Focus on Plasma Shaping and Power Exhaust

FIGURE 2.8: Illustration of the detector. The camera housing is shown as trans-

parent. retrieved from [Sieglin et al., 2015]

ing used for this thesis. The IR detector used for the IR system is a digital
640 x 512 pixels, PelicanD 640 detector from SCD. The IR detector has a
spectral response from A = 3.6 um to 4.9 um limited by spectral filters. In
the full frame mode, a frame rate is 300 Hz (3.33 pm). For the smallest sub-
window, the frame rate can be raised up to 5.5kHz (0.18 pm) with 320 x 4
pixels. the change of frame modes and manipulating camera parameters can
be done by LabVIEW with the National Instrument hardware as well as data
acquisition [Sieglin et al., 2015]. Fig. shows IR camera locations, targets,

— . #21725s
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FIGURE 2.9: (left) IR cameras located in AUG. (middle) port for IR camera at sec-
tor 7 of AUG. (right) Sektor7Unten IR camera’s full frame view and outer divertor
tilel (lower outer divertor). The red line is a sample line for 1D profile calculation.
(left) (middle) are retrieved from [AUG webpage, 2022], (right) is from
2010

and the full frame view. For the Sektor7Unten IR camera, which is only used
in this thesis, a mirror is used for observing the outer divertor. This camera
is routinely used to observe the lower outer divertor, tile 1. In this thesis, the
camera view was slightly shifted to be able to also observe the curved tile 2
vertically above tile 1. Tile 1 is marked with a red line in Fig.[2.9) (right).
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2.5.3 Heat Flux

With the IR camera system and Equation[2.24] the surface temperature evolu-
tion T'(s, t) can be obtained. The quantity s denotes the position on the surface
of the divertor tile, and t represents the time within the measurement. With
this T', the heat flux density can be calculated using the heat flux Fourier’s
law with the heat conductivity x and the gradient of temperature V7'

q=—kVT [W/m? (2.25)

In order to solve Eq.[2.25] the temperature distribution inside the divertor tile
has to be known. This is calculated from the heat diffusion equation.

pcp%—j; = V(kVT) (2.26)

Where T is the temperature on the tile’s surface, ¢ is the time, p is the den-
sity of the material, and ¢, is the specific heat capacity of the divertor tile’s
material. In order to solve this non-linear differential equation, substitution
and numerical method are performed by a code called THEODOR (THermal
Energy Onto DivertOR) [Herrmann et al., 1995 [Sieglin et al., 2015, Nille
et al., 2018]. The heat conductivity depends on the material temperature, so
it is necessary to solve the whole Eq.[2.26] This dilemma can be solved by
introducing heat flux potential U.

U(T) = /0 K(T')dT" [W /m] (2.27)

In addition, heat conductivity k easily shows the following relation from the

heat potential.
ou(T)

= R(T) (W /K (2.28)
By using the partial derivatives Eq.[2.29and Eq.[2.28] Eq.[2.26|can be rewritten.
ou  oUoT oT
o —oror " ar
ou  oUdT oT
o —oror " Do (2:29)
02U 0 oT
10U
PCp (Eﬁ) = V(kVT)
10U 0*U
2 == 2.30
o (/{ ot ) 0x? (2:50)
U U

ot~ Por
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With this simplified linear differential diffusion equation, where D = x/pc,,
heat flux potential can be obtained. Finally, and finally, heat flux can be
calculated numerically by the following equation.

q=—rVT
=—-VU
_3U(z) —4U(x + 6x) + U(x + 20x)
- 20z

Eq.[2.31] where dx is the resolution of the grid of the IR camera. Obtained ¢
from Eq.[2.31], the profile can be fitted by Eq.[2.14] As a result of fitting, power
fall-off length on target Ag target, broadening on target Siqrget, the peak of profile
Gmaz, and integrated fitted profile Py, are acquired. With flux expansion f,
from Eq.2.21] fall off length A; = Agarget/ fo and broadening S = Siarget/ fo
can be calculated.

(2.31)

2.6 Scaling Laws and Heuristic Model

Predictions for heat flux fall-off length currently exist in two axes. One is
the heuristic model derived from theory, the Goldston model, and the other
is an empirical regression from actual measurement data. Three empirical
regressions are used in this thesis to compare with the measured data. The
H-mode model is made of AUG and JET data, the L-mode model is made of
AUG data, and the multi-machine H-mode will be introduced.

2.6.1 Regression Scaling Laws
AfimmodeMulit — .63 £ 0.08[B, 3 (T)] (2.32)

Eq.[2.32] is H-mode regression model made by data from various fusion de-
vices [Eich et al., 2013|, where B, avp is the poloidal magnetic field at the
outer midplane. In this multi-machine study, it was possible to scale A\, with
a single parameter, showing the strong influence of B,y on A,. Figurel2.10]
shows the dependence of B,,, which showed the strongest dependence on A,
as mentioned earlier. These regression models make it possible to predict the
fall-off length of future machines by extrapolating from the existing devices.
As a result, predicting the case of ITER, R = 6.2m, a = 2.0m, x = 1.7,
Psor, = 120MW, B,,, = 53T, Ip = 15MA, ¢,y = 2.42, a fall-off length of
about 1 mm is expected [Eich et al., 2013].

Among the plasma parameters in the fusion device, some values can be pre-
determined before discharge. These are called engineering parameters, and
through these values, the A\, was regressed using power law A\, = C' - X*YYZ>.

/\Zl—mode,Eich =0.73+ 0.38[3_0'78i0'25 (T)]qiy%:t027[Pg01%011 (Mw)]RO.OQ:I:O.Q

tor geo

(2.33)
/\g—mode,Sieglin —1.45 + 0'13[3—0.78:|:0.25 (T)]q1.07:|:0.07[P§g£4ﬂ:0.05 (MW)] (234)

tor cyl
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FIGURE 2.10: Poloidal magnetic field at the outer midplane versus power fall-off
length. The solid line and dashed lines are regression model and errors, respectively.
Retrieved from [Eich et al., 2013]]

These two equations are regression models including AUG data for H-mode
Eq.[2.33|[Eich et al., 2011] and L-mode Eq.[2.34|[Sieglin et al., 2016], respec-
tively. where By, is toroidal magnetic field strength, g., is cylindrical safety
factor, Psor is power crossing separatrix, and Ry, is major radius. The safety
factor is used because connection length L. = 27 Rq is the important parame-
ter for SOL transport, and it is proportional to the safety factor. g, is used
instead of ¢ because ¢ has co at X-point (gi00)-

a Btor
T R B (2.35)
_ 2maeBi, (1 + K?) '
eyl = ,UOIP 9

In the case of the B, which already showed a great influence on A, it is
excluded as a single parameter for the regression model because the safety
factor ¢ contains B,,. This consideration of B,, in ¢ makes the negative
multiplier on By, because the impact on A\, of both magnetic fields is different.
Psor, can also be decided before discharge, and the influence of power is checked

in Section.2.4.2
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2.6.2 Heuristic Drift-Based Model

So far, in this section, there have been only empirical scaling laws based on
experimental data. However, there is also a heuristic model developed from a
theoretical background |Goldston, 2012]. Fig. shows scrape-off layer width

VB
ion

FiGure 2.11: Sketch about gyro center movement and drift direction for each
toroidal magnetic field direction.

changing with different toroidal magnetic fields and ion VB drifts. The blue
and grey arrows indicate vertical drift [Section..The blue and orange
solid lines are schematics of the gyro center movement of ions in a poloidal
cross-section. This heuristic model interpreted the scrape-off layer width as
the influence of particle drifts. Vertical drifts carry the particles across the
separatrix onto open field lines and are balanced with the parallel low. Using
this interpretation, the SOL width is understood as radial displacement by
vertical drifts. The poloidal width A is defined as Eq.[2.30]

Ad, (2.36)

A p—
[V, |

Where VU is poloidal flux, AV, is the displacement in flux, and |VV,| is the
gradient of the flux to translate into real space coordinates (m). This poloidal
width A is associated with the width of the power carrying layer, the power
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fall-off length A,.

(vp) = o=t (2.37)
The model balances the drift velocity with the parallel velocity of particles in
the SOL. Eq.[2.37]is the Maxwellian averaged VB and curvature drift velocity,
where T' is temperature, e is a single electron charge, Z is the average ion
charge, R is the major radius, B is magnetic field strength, and 2 is a unit
vector in the vertical direction. The displacement in poloidal flux along the
path from the MP to the lowest point S, is expressed as:

1 [S

AV, = — ((vp) - VI, )dl| (2.38)

v Jmp
where v averaged parallel velocity which is assumed as v ~ 0.5¢, with ion
speed sound c¢;. To derive A and to integrate Eq.[2.38 the definition of the
poloidal magnetic field Bp is used.

\YA'%
Bp = —| Rp| (2.39)
Using Eq. and Eq.[2.38| the poloidal width can be expressed as follows.
2T a
A= ———— 2.40
U||€ZBPR ( )

using here the formula as in [Faitsch et al., 2015] with the explicit delta de-

pendence.
2T

A= veZB pRa
Where the + sign in front of §, corresponds to the outer divertor, and x in 4,
is upper or lower, depending on the drift direction, d,,y., for the unfavorable
and 0j,,er for the favorable regime. This Eq.[2.40] is modified again to match
with empirical scaling laws with the following relations [Goldston, 2012, Eich
et al., 2011].

(1+6,) (2.41)

1<w>%

v ~ 0.5¢cy, = —
I 2 Am,,
AT RABpxo sT"?
Psor, = : (2.42)
(7/4)BLy
i _ (Psorl1/4)BLy 7
AT RABpxo.s

Where A is the average ion mass, m,, is proton mass, x is Spitzer-Harm electron
thermal conductivity and L is connection length. The values for A, Z, effective
atom number Z s, , and € are replaced with actual numbers in experiments
from JET and AUG [Eich et al., 2011]. As a result, the drift-based heuristic
model can be expressed like the empirical model.

AferisieDritmodel — 31 B0ST (T)]gLi [P (MW)|(1 48,7 (2.43)

cyl
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Chapter 3

ASDEX Upgrade Data
Acquisition

This chapter explains how to achieve and what the data is used in later results
and analysis. Before examining the heat flux data, other plasma parameters
must also be included in the data set for studying power exhaust. Hence,
this chapter introduces the used plasma parameters, and how these values are
obtained. Further, it explains how heat flux data from the IR measurements
are processed.

3.1 Plasma Parameters Obtained by Equilib-
rium Reconstruction

At ASDEX-Upgrade, the main codes for equilibrium are the FPP used in the
control system, cliste (EQI, EQH) [Schneider et al., 2000], and IDE [Fischer
et al., 2016]. IDE has the highest fidelity for the NT scenario and was chosen
accordingly.

3.1.1 Used Plasma Parameters

First of all, the flux expansion f, is selected for heat flux calculation Eq.[2.14]
Radius from tokamak axis to the divertor Ry, and total heating power P,,, =
Pormic+ Pvr+ Pecr+ Pror, where P,p,,.i. ohmic heat, Pygr neutral beam in-
jection heating, Pgcpr electron cyclotron resonance heating, Prog ion cyclotron
resonance heating, are used for getting gpq, relation to A, [Eq.2.17). In or-
der to calculate fall-off length models [Section., toroidal magnetic field B,
core radiation P,qq core, triangularity o, and parameters for g.,;, major radius
Ryeo, minor radius age,, poloidal magnetic field at the midplane B, yrp, and
elongation k, are gained from equilibrium code. Last but not least, to check a
correlation between A, and plasma parameters, stored energy W54, the tem-
perature of electron T, from IDA [Fischer et al., 2010], the density of electron
n. from the interferometer, confinement time Hog,o, safety factor gos, and nor-

25
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malized pressure § are acquired and used. However, except Piy, Wuna, and
Hyg,2, there was no exhibiting correlation. Thus, in this thesis, P, is used as
the main parameter for heat flux study, and Wy,5q and Hgg,s are not handled
because they are connected to Pj.

3.1.2 Delta in ASDEX Upgrade for Negative Triangu-
larity Shots

The typical negative triangularity shape in the previous chapter is a perfectly
flipped ”"D” seen in TCV, DIII-D, and simulations [Fig.. However, in

#40866 3.000999 s o
T T LI TV N | Equilibria:

0.5~

N
KN

PR PR R R/ /| I AL SRR [ A
I I '. B g 3 . =50

FIGURE 3.1: The cross-section of #40866. Negative triangularity shot of AUG

shows a tilted reversed D shape.

ASDEX Upgrade, the same flipped "D” cannot be actualized because the
shaping coils locates outside the vessel [Fig.[3.1]. This makes it challenging to
push the plasma shaping in unconventional ways. Limitations in the maximum
currents allowed in these shaping coils restrict the shaping capability towards
more extreme N'T configurations. Equally important, only a limited region of
the plasma cross-section, the divertor, is designed to withstand high heat loads.
The AUG divertor is designed and optimized for PT plasma configurations.
NT experiments have been conducted on ASDEX-U since 2019 [Happel et al.,
2022, gradually pushing the plasma to a more negative delta and to higher
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plasma current by 2022. Fig.[3.2] shows time traces of the upper triangularity
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FIGURE 3.2: #40866 upper triangularity d,, by different equilibrium codes. EQH

and IDE are compared.

calculated with EQH and IDE. It can be seen that they agree well in the
beginning until 2 s. However, they significantly deviate in the flat-top phase
2.7 s to 5.6 s. In addition to delta, other quantities deviate as well.

3.2 Heat Flux Profiles

With the IR camera and THEODOR code described in the previous chapter,
the heat flux profile striking the divertor tile can be calculated. The ana-
lyzed discharges in NT do not exhibit large ELMs typically shown in H-mode
scenarios but have high-frequency transients, with frequencies in the range of
multiple 10 kHz. In the case of discharges with large and low frequent ELMs,
a distinguishing between inter-ELM and intra-ELM can be performed in the
IR analysis. On the other hand, in N'T discharges, the transients occur faster
than the IR camera’s time resolution. Thus, before further processing, the
IR profiles are time-averaged by ten previous and following time points, cor-
responding to 32ms (1.6 ms per frame, 625 Hz). These time-averaged profiles
are fitted using Eq.[2.14] to extract the physics quantities, such as the power
fall-off length.

3.2.1 Heat Flux Profile on Outer Divertor Tile 2

For the NT shot, the strike point is not on a flat full tungsten tile (outer
divertor tile 1) like PT but on a curved tungsten-coated carbon tile (outer
divertor tile 2) [Fig.[3.3]. In the case of tile 1, it is possible to calculate the
profile by designating two points and interpolating the points on a straight line
between the two points[Fig.[2.9 (right)]. However, for the curved shape of tile
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F1GURE 3.3: The poloidal cross-section of magnetic field and the narrow view of
IR camera system for negative triangularity #40866. (left) The solid line (orange)
is separatrix, and outer divertor tiles are indicated. In addition, the flux expansion

of negative triangularity is shown. (right) The numbers in the axes are pixels.

2, it is necessary to apply a curve rather than a straight line. Therefore, heat
flux calculation in N'T is possible by extracting the curve’s points by creating
a function of the curve. First, to get the curve function, an image of the curve
is drawn by hand using a tablet, and the image is converted to data points
through a program called Engauge Digitizer [Mitchell et al, 2022|, which creates
data points from the image. After the image is converted to data points, the
function is created by fitting. In addition, to calculate heat flux on tile 2, the
angle of the IR camera is adjusted so that more parts of tile2 can be seen, and
the frame size is adjusted to measure with higher time resolution. As a result
of calculating with the corresponding curve, there are photons fluxes reflected
from other tile or baffle to the IR camera at the beginning of tile2. The first
10 points are removed for more accurate calculations [Fig.[3.4] because their
heat flux is not from the examining tile. Also, it shows an example of a well-
calculated profile. It can be seen that the data points and the fit are almost
identical.

3.2.2 Filters to Exclude Invalid Profiles

However, not all time points can be used. Causes for invalid time points are,
among others, (i) low signal, (ii) strike line being to close the tile edges, (iii)
hot spots, (iv) fitting failed, (v) broadening factor S larger than fall-off length
Mg, and (vi) other plasma parameters is invalid.

Fig.[3.5] presents examples of disregarded time points which is the case of
(iii) and (i)(ii). The hot spots exhibit an increased temperature response due
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#40866 at 4s heat flux profile on target
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FIGURE 3.4: The heat flux calculation of #40866 and fitting by Eq.[2.14] with 1D
curve on divertor tile 2. (top) The ¢ profile at 4s of #40866. red dots are excluded
for accurate fitting. (bottom) cropped image of the narrow view frame of #40866.
At the edge of tile2, there are reflections from other tiles. The white solid line is

the 1D curve used in the calculation.
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FIGURE 3.5: examples of invalid time points. (left) profile of existing hot spots.

(right) a case of the strike line being too close to the edge and low signal.

to the lower thermal contact. With this, the calculation shows higher heat
flux, which assumes a homogeneous surface. The low signal is often shown
together with case (ii) because it happens early in discharge, and flux has
not arrived at tile2. Another filter is applied when the divertor broadening

factor is too large compared to A,. As shown in [Sieglin, 2014], the A\, estimate
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becomes uncertain even at a low noise level when S has a larger value than \,.
Thus, there are some time points where the gained value is not trustable. In
addition, time points with unreliable equilibrium reconstruction are excluded.
These include the ramp-up phase before the final equilibrium is reached as
well as time points after the current flat-top and main heating phase. Filters
are applied to find plausible data points. Thus, the number of data points is
significantly increased compared to hand-picking individual time points. Based

#40866 A4 applied filters

3. ASDEX Upgrade Data Acquisition
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FIGURE 3.6: The time evolution of fall-off length in #40866. Red dots are neglected

in final data acquisition.

on these filters, it was possible to obtain reliable data for most of the discharge

duration, as shown in Fig.[3.6



Chapter 4

Power Exhaust in Negative
Triangularity

In this chapter, the heat flux data are compared to plasma parameters and
between scenarios. The main manipulated variables within the N'T data set are
the two drift directions and the plasma current amplitudes. First, the heating
power amount shows a strong influence on the heat flux variables. The heating
power as a parameter should be considered the total amount, regardless of
methods, including ohmic heating, because it has too many differences between
discharges. Next, comparisons only in N'T are conducted using different plasma
currents and drift directions. Further, the effect of the varying delta is checked
with two other regimes, which are typically operated in PT at similar heating
power levels. In favorable drift direction, the EDA H-mode and in unfavorable,
the I-mode are used to compare scenarios or the influence of the delta. Also,
comparisons with scaling law predictions, as well as the heuristic drift-based
model, are presented.

4.1 Heating Power Dependence

The first thing to check in the obtained data was to see the change in A\, and
the change in plasma parameters with time. Plasma parameters, stored en-
ergy, density, temperature, poloidal magnetic field, safety factor, pressure, and
heating power, are compared with A,. Among them, the heating power showed
the highest correlation, and in the model introduced earlier [ref. Section], it is
considered the primary variable. Fig.[d.1] shows )\, correlation to the heating
power. Among the NT shots, #40866 has the least scattering heat flux data.
After 3.7s, it shows that as the heating power (blue dots) increases, the fall-off
length (red dots) also increases. On the other side, #38733 shows a less ob-
vious despite steps in heating power. However, it presents other relation from
eq.[2.17] between heat flux values in Fig.[4.2 As the heating power increases,
the value of ¢4, increases. This is consistent with an about fixed ratio of
power impinging on the outer divertor target and input power. In this data
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4. Power Exhaust in Negative Triangularity
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FIGURE 4.1: Time traces of power fall-off length A, (red) and total input power
Pyt (blue) for #40866.

Qmax [MW/m?]

set, it is about

#38733 Proc [MY)]
1075 \ .
“ \ -=== Por=2.3
: \\ ........ Por=4.0 55
N ‘I‘ \'\. — = Pu=6.0
“\ \.\' 5.0
\“ \'\,
61 o )
\ ™
\ N 3
\ i
\ s o
y ol T~ ~
4 N *® " ‘n‘d L 5 T
N K g - =] 3.5
Mo °® S
A . - y SO R 3.0
ey — SN
i | |
0 1 2 ) 5
Ao [Mmm]

Pouter

div

FIGURE 4.2: Peak divertor power load g4, depending on the power fall-off length
Mg for #38733.This discharge has unfavorable drift direction and plasma current of

Ip=400kA. Color-coded is the total input power Pj,;. Each line represents eq.
with Py, = (0.3 +£0.1)(Piot — Prad)

/Psep = 0.3+£0.1. The variation of A\, for each power step
is anti-correlated to the peak power level. In the case of )\;, even when the

heating power is the same and increased, they are bounded between 1.8 mm
and 3.5mm. Otherwise, in the case of ¢4z, it showed a tendency to increase
with higher heating power. Therefore, comparison and analysis were carried
out using the heating power as the main parameter also in the later section.
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4.2 Plasma Current Dependence

The poloidal magnetic field is one of the main scaling parameters for multi-
machine scaling laws of A, [Eich et al., 2013|.

Bavg _ ,UJOIp 1

pol 2ra (1 T ,‘12)/2 (41)

B,/ is averaged poloidal magnetic field where po permeability of vacuum,
Ip plasma current, a minor radius, and s elongation. For a single machine,
the plasma current is the dominant quantity in B,,. In the NT campaign
at AUG, three different plasma currents, 400, 600, and 800 kA, were realized.

Fig.[4.3] shows the power fall-off length depending on the total input power in
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FIGURE 4.3: power fall-off length A\, depending on total input power Py, for un-
favorable drift direction. Color-coded is the plasma current amplitude. The bar
is also used here, indicating 25% to 75% of the data, and the centered dot is the
median value. Each data point with bars includes a heat flux data range of each
1MW.

unfavorable drift direction for all three plasma currents. The first three dots in
400kA (black) and two dots in 800 kA (red) are in the early phase of heating
and equilibrium, but those have valid heat profiles and have passed through
the filters. While the values deviate at low input power ( < 5MW), they
align in the range of 5-7MW, regardless of the current. No clear dependence
on plasma current can be found in this data set. The same result can also
be found in the favorable drift direction. in Fig. [£.4] No deviation between
both available plasma current values is observed for the entire range of heating
power.
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FIGURE 4.4: power fall-off length A\, depending on total input power Py, for favor-
able drift direction. The bar indicates 25% to 75% of the data, and the centered
dot is the median value. Each data point with bars includes a heat flux data range
of each 1 MW. Because of the IR camera failure by high coil current, the 800 kA
shot has less number of data.

4.3 Drift Direction Dependence

In the previous section, Figures A and B, the two drift directions showed a
large difference in A\;. In addition, the plasma drift direction has an essential
role in the L-H transition (Section.. For the NT reactor, one might want
to choose the unfavorable drift direction to ensure L-mode operation. For this
reason, in AUG, unfavorable drift experiments were conducted. Fig shows
the power fall-off length depending on the total input power for both drift
directions. It can be seen that for both (top) 600kA, as well as (bottom)
800 kA, smaller values in the unfavorable direction are measured. Besides,
there is no significant change in fall-off length by changing the heating power
except for unfavorable drift with Ip = 600 kA shot.

4.4 Scenario Comparisons

In order to quantify the power exhaust capability of NT plasmas, a compari-
son with other regimes is performed. To match as many of the same plasma
parameters as possible between scenarios, comparison groups have to have a
lower single null configuration, Ip=600kA or 800 kA, the same magnetic field
strength, 2.5 T, and a similar range of heating power. In addition, not only to
meet the conditions but also for the IR data, shots should avoid type I ELMs.
Typical L-mode discharges at ASDEX Upgrade in positive triangularity have
a too-low heating power and density compared to NT. Accordingly, EDA and
I-mode shots have many overlapping ranges of parameters, especially one with
favorable drift, and the other with unfavorable drift configuration. Figure [4.6
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FIGURE 4.5: power fall-off length )\, depending on total input power P, for
Ip=600kA and 800 kA. the error bars are used for clearance, indicating the bottom
25% and the top 75%, and the dots are median values of each 0.5 MW range of
heating power. Red and blue represent favorable (-2.5T) and unfavorable (2.5T)
drift directions, respectively. (top) Ip=2600kA (bottom) Ip=1800kA. fewer data

points are available due to limitations in the IR camera set-up, failing at very high

shaping coil currents reached around 3.8s at 800 kA.

shows )\, depending on the upper triangularity. The three plasma scenarios are
color-coded. The NT data points exhibit a significant variation. The difference
between the two groups of points is the drift direction, with the lower values
in unfavorable configuration, as presented in section [4.3] In the case of Ip is
600kA, A\, of NT is smaller than that of EDA (favorable drift) and I-mode
(unfavorable drift). However, for Ip=800kA, the fall-off length is nearly the
same as with the opponents except for one point in EDA which has A, > 5 mm.
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FIGURE 4.6: power fall-off length A, depending on upper triangularity ., for
Ip=600kA and 800kA.The error bar is also used here, indicating 25% to 75% of
the data, and the centered dot is the median value independent from the heating

power. Each color represents scenarios, NT (red), EDA(blue), and I-mode(black).

4.5 Fall-Off Length Predictions Comparisons

Comparisons were made based on actual measured data so far. In this section,
model values were obtained and compared using the previous results and data.
In this thesis, NT ), values are measured only in AUG. Therefore, among the
various published scaling laws, the comparison is performed with the ones con-
taining AUG data. These are the multi-machine scaling law [Eich et al., 2013]
and Eq.[2.32] H-mode scaling for JET and AUG [Eich et al., 2011], Eq.[2.33/and
L-mode scaling law for AUG [Sieglin et al., 2016], Eq.[2.34l Fig.[4.7] presents
the comparison between multi-machine scaling law and measured A,. In the
case of the favorable drift shots, the data shows slightly larger values than the
regression prediction, although within the uncertainty margin of this scaling.
On the other hand, as shown in the previous section, unfavorable drift shots
have a significantly smaller A\, compared to favorable drift shots. The scaling
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FIGURE 4.7: Poloidal magnetic field at the outer midplane versus power fall-off
length A;. The regression model is expressed as a solid line with an error(dashed).

blue and black dots are measured unfavorable drift NT and favorable, respectively.

law does not predict a change in drift direction, and hence the measured values
are well below the prediction. It is noted that unfavorable drift direction is
not routinely studied for H-mode plasmas, and the scaling law was exclusively
containing data points with favorable drift direction. The NT A, does not
show a noticeable dependence on the B, although it has to be noted that
the realized range in B, is small due to the single machine being studied here.
Nevertheless, for further comparisons, the two investigated plasma currents are
plotted in individual figures to account for the dependence on g, in these scal-
ing laws. Fig.[4.8 shows the same data set as Fig.[4.5 for Ip =600kA. Added
are the scaling law predictions for the L- and H-mode experimental scaling
laws as well as for the HD-Fav model (heuristic drift model for favorable con-
figuration) in the formatting as used in [Eich et al., 2011] (Eq.2.43] Similar to
the multi-machine scaling, the absolute size of A\, for favorable configuration
agrees well with all scaling laws. The most significant difference between the
H-mode and L-mode scaling laws is the different signs in the power depen-
dence. While the L-mode scaling predicts a decrease of A\, with increasing
power, the H-mode scalings predict an increase. It can be seen that at low
P, L-mode scaling is closer to the measured values, while at higher P, the
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FIGURE 4.8: Predictions of regression models and heuristic model for plasma cur-
rent 600 kA are added to Fig.[f.5] Legends in the figure indicate models by different
colors and types of lines. HD-Fav stands for heuristic drift model for favorable

configuration, and HD-Unfav is for unfavorable configuration.

HD-Fav has the closest prediction. On the other hand, the reversed field con-
figuration does not match any of the models. This is similar to L-mode results
at AUG [Faitsch et al., 2015]. In this study, the HD model was adjusted for
unfavorable drift direction (see Section.[2.6.2). This HD-Unfav (heuristic drift
model for unfavorable configuration) predicts lower values of about 2mm, a
reduction in the order of 1 mm. However, the measured data is even smaller
than the adjusted scaling law. Fig.[4.9)is for Ip =800kA. All shown scaling
laws have an inverse dependence on the safety factor. Hence, the predictions
are lower for 800 kA compared to 600 kA. However, the measured values do
not change with the change in Ip, as shown in the section.[d.2 With this, the
measured lambda, in favorable drift is larger than all scaling law predictions,
except at low P,,; where the L-mode scaling is close to the measured values,
similar to what was observed in Fig.[4.§| for the 600kA shots. On the other
hand, in unfavorable drift shots, the prediction of HD-Unfav is close to the
measured values. they do not exhibit consistency for both configurations.



4.5 Fall-Off Length Predictions Comparisons 39

Model Comparison 800kA

== = H-mode
4.0 === [-mode
= HD fav
3.5 HD Unfav Mo

+ fav

2 a4 6 8 10
Ptot[MW]

FIGURE 4.9: Predictions of regression models and heuristic model for plasma cur-
rent 800 kA are added to Fig.[f.5] Legends in the figure indicate models by different

colors and types of lines.



40

4. Power Exhaust in Negative Triangularity



Chapter 5

Summary and Conclusions

In this thesis, the investigation of the power exhaust for ASDEX Upgrade in
negative triangularity is reported. Even though power loads into the divertor
are tolerable for existing devices, unmitigated power loads onto the divertor
are not tolerable for future fusion reactors. In order to have a reliable and
sustained operation in upcoming fusion devices, measures for reducing power
loads onto the divertor have to be developed. As one of the alternatives, NT
has recently attracted attention. The NT scenario wants to be operated in
L-mode rather than H-mode. As a natural choice, the operation should be
in unfavorable directions to increase the operational window. However, the
power exhaust properties of this novel configuration are yet to progress. This
thesis provides the first step for AUG in the investigation of the power fall-off
length.

In this thesis, it is shown that the power fall-off length changes significantly
with the drift direction. Namely, the power fall-off length is smaller in the un-
favorable drift direction. It is speculated that this is an effect of the drifts in
the SOL because global plasma parameters did not vary significantly between
the shots with varying drift directions. In addition, the comparison with other
ELM-free scenarios at similar input parameters showed NT has the same or
smaller A\, in AUG. There was no strong effect of  on \;, but A\, of NT was
smaller than that of the stronger shaping of positive triangularity.

Several scaling laws introduced in this thesis showed that A, in favorable drift
direction NT fits very well with the predictions. Conversely, A, in unfavorable
configuration is clearly smaller than the various predictions. Among the scal-
ing laws, the multi-machine scaling law has the closest agreement in fav drift.
In other words, the measured A, still fits the multi-machine scaling law even
for extreme shaping like negative triangularity.

The fall-off length of the unfavorable drift did not match with any model.
Further, no scaling law considering triangularity is available. Future work will
need to address both the effect of the drift direction as well as a possible de-
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pendence on triangularity. However, only a limited range of NT values was
realized in AUG. DIII-D and TCV conducted experiments with more extreme
triangularity, so these experiments could be valuable data for future work to
study such effects together with the data collected within this thesis.

From this thesis, it is evident that the power fall-off length cannot easily
be transferred between drift directions and scenarios. The studies and de-
sign of potential future fusion devices based on the NT concept will need to
consider that the power fall-off length might be significantly smaller than the
primarily used scaling laws predictions based on measurements in favorable
field H-mode.
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