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Chapter 1

Motivation to conduct research on

separatrix density in nuclear fusion

The vision of nuclear fusion is to provide mankind with an inexhaustible source of
renewable environmental-friendly energy. By fusing two atomic nuclei into one, the
Universe’s most powerful force - the strong nuclear force - can be exploited. In order to
achieve this vision, certain aspects of plasma physics need to be understood. One key

element is the so called triple-product.

As Lawson analyzed in 1955, three main quantities are important in order to achieve
a self-burning plasma [1l]: Temperature 7', particle density n and confinement time 7.
Nowadays, the so-called triple product is used to define a threshold that has to be ex-
ceeded [2]:

nTtg > 3 x 10**eVs/m® (1.1)

Problematically, those three quantities cannot be increased to an arbitrary level.

Firstly, the confinement time 75 is characterized by turbulences. Thus, understanding
turbulences is crucial in order to build fusion reactors as a potential source of energy,
being object of research in chapter 3]

Secondly, the density n is limited by certain density limits. Understanding and exceed-

ing these limits can help to extend the operational space of fusion devices. Therefore,



they are analyzed in chapter

Thirdly, temperatures 7" are restricted by the input heating of a plasma due to techno-
logical reasons. However, temperatures differ at different regions in a fusion device.
This distribution is determined by heat fluxes. In order to understand this phenomenon

extensively, chapter 5| focuses on heat fluxes.

These parameters are correlated between different regions of the fusion device as they
cannot be changed in the core without an influence to the edge. In addition to that,
these parameters are co-dependent to each other. In experiments, the density is easily
adjustable. Consequently, this thesis focuses on the density and its influence on these

parameters.



Chapter 2

Fundamental properties of nuclear

fusion and plasma physics

2.1 Nuclear Fusion

In order to nuclear fusion to occur, the Coulomb barrier of the atomic nucleus must be

overcome [3]:

Z12262

Eyin 2 —————
k 471'50(@1 +CL2)

2.1
where Z describes the atomic number of the reactant, a its radius, e the elementary
charge and ¢ the vacuum permittivity.

In nuclear fusion research, following reactions are considered to be potentially usable

by humanity in future fusion reactors [4, p. 255]:

D+ D — *He (0.817 MeV) +n (2.45MeV) (2.2)
D+ D — T(1.008 MeV) + p (3.02MeV) (2.3)
D+ T — *"He (3.52 MeV) + n (14.07 MeV) (2.4)

Whereas Deuterium fusion processes are already in use at modern fusion devices such
as ASDEX Upgrade, JET or MAST, high energetic fusion reactions containing Tritium
have already been tested in JET and are envisaged to take place regularly at ITER from



2035 onwards.

2.2 Tokamak

E] In order to overcome the Coulomb barrier between two positively charged nuclei,
fusion occurs at temperatures of several million degrees centigrade, corresponding to
energies of several keV. At these temperatures, matter is in its fourth state - the plasma
state. A plasma is an ionized gas. Due to these high temperatures, no material can
sustain direct contact. In the Sun and in every other star, plasma is confined due to
gravitational pressure. It is obvious, that gravitational confinement is not an option on
Earth. Nevertheless, we can use the properties of plasma being an ionized gas. Due to
the Lorentz force, a charged particle is bound to magnetic field lines [6]. As a conse-
quence, by applying external magnetic fields, plasma can be magnetically confined.

Within the last decades, two different kinds of fusion devices confining plasma magnet-
ically were developed. On the one hand, there is the concept of a stellarator, a fusion
device with a complex geometry; on the other hand, the concept of a tokamak with a
torus shaped geometry. The experiments at Max-Planck-Institut fiir Plasmaphysik at
Garching uses the tokamak ASDEX Upgrade and the soon biggest experiment in the
field of nuclear fusion, ITER, will be a tokamak as well. This work will focus on a

tokamak configuration.

As shown in Fig. a tokamak consists of a torus-shaped plasma vessel. In order
to confine plasma magnetically, three set of magnetic coils are used.
Primarily, a toroidal magnetic field B, is produced by outer poloidal field coins (blue).
As it is visible in Fig. the different coils are closer together on the inside of the
torus (so called high-field side HFS) than on the outside (so called low-field side LFS).
Therefore, the magnetic field is higher close to the center than at outer parts. This leads
to a gradient in the field, V - B, inducing a drift [8, p. 4]:

EkmL B x VB
= d 2.5
(A% . E (2.5)

I'This section is adapted from this author’s previous Bachelor thesis [3].
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Plasma electric current Toroidal magnetic field
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Figure 2.1: Schematic view of a tokamak, [[7]].

Where FEjin 118 the perpendicular kinetic energy of a particle, and ¢ its magnetic
charge. Since the direction of vy g is dependent on the sign of the charge, positive and
negative charges will be separated, which produces an electric field E. In turn, this
electric field produces another drift [8] p. 4]:

ExB
VE = B2

(2.6)

That drift - affecting both electrons and ions in the same way - leads to a movement
of the plasma towards the wall which can only be averted if the electric field and thus
charge separation are avoided. This is done by a poloidal magnetic field B, produced
by the inner poloidal field coils (green), which together with the plasma current acts as

a transformer.

The superposition of both of these fields, By, and B, leads to helically wound mag-
netic field lines.

Lastly, a pair of Helmholtz coils (outer poloidal field coils, gray) produces a homoge-

nous magnetic field B, preventing the plasma from expanding outwards in a horizontal



direction.

2.3 Divertor Configuration
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Figure 2.2: Schematic draw of a divertor configura-  Figure 2.3: Plasma analysis in
tion, [9]. ASDEX Upgrade.

E|In theory, the magnetic field lines are parallel to the wall. However, since the wall
consists of discrete plates, it is impossible to achieve perfect parallelism. Thus, field
lines can intersect with the wall and transport matter to it [4, p. 139]. With the purpose
of controlling this unavoidable interaction, a divertor configuration is used. By using
a divertor, the wall-plasma interaction is dislodged from the core. While this leads to
preventing the core plasma from impurities, it also reduces the temperature of the inter-

acting plasma.

In a divertor configuration, the confined area, i.e. the area where magnetic field lines
are closed, is limited by the so-called separatrix. The separatrix crosses itself in the

so-called X-point and separates the confined area from the so-called scrape-off-layer

2This section is adapted from this author’s previous Bachelor thesis [3].



(SOL). Charged particles in the SOL follow magnetic fields line and eventually collide
with the divertor plates. The point where the separatrix crosses the divertor target is
called strike point. Finally, the area of the SOL between target and X-point is called
divertor leg. Figure[2.2]shows a schematic draw of a divertor configuration in a poloidal
profile. One can differentiate between two divertors, first an inner divertor, meaning the
divertor which is closer to the center of torus, i.e. the high-field side, and second an
outer divertor at the low-field side.

Figure [2.3|demonstrates an interpolation of the magnetic field of a discharge in ASDEX

Upgrade. While the blue lines marks the separatrix, red lines mark flux surfaces.

24 L-Mode and H-Mode

In a tokamak, mainly two dissimilar modes can be distinguished, differing by its degree
of confinement: L-Mode (L for low confinement) and H-Mode (H for high confinement)
[10]. When initiating a plasma, it starts at L-Mode. Once it is heated above a certain
threshold, the plasma enters an H-Mode [[11]]. Due to its benefits, it is envisaged to oper-
ate ITER as well as possible future fusion reactors in such H-Modes. This high degree
of confinement is achieved by a pedestal in pressure which forms near the separatrix.
As evident in Fig. [2.4] the pressure gradient possesses a sharp bend. The area in
which the pressure gradient decreases rapidly is known as the so-called pedestal region.
The reference with a pedestal becomes clear when one takes a look at Fig. 2.4] This
pedestal is characterized by a certain pressure, the so-called pedestal pressure. One
should keep in mind, that this pressure is composed by an electron pedestal pressure p,
and an ion pedestal pressure p;. Lastly, the pedestal pressure at the edge of the plasma
is called top pedestal pressure. It can be found at a flux surface of about pp, = 0.95,

meaning that 95 % of the plasma current lies within this flux surface.

2.5 Confinement factor Hyg

The quality of confinement of an H-Mode plasma is characterized by the confinement
factor Hyg, introduced by [[13]. This factor compares the energy confinement time 75

with the energy confinement time obtained by a multi-machine scaling of H-Modes
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Figure 2.4: Pressure radial profile structure in an H-Mode [12, p. 64].

done by the ITER Physics Expert Group in 1998 [13]], called IPB(y,2). The closer the
values are to one, the better the H-Mode confinement is. Even though this value was
originally introduced to describe H-Modes, this factor is simultaneously calculated for

L-Modes, leading to values in the range of about 0.6 [[14]].

This confinement factor is also determined by the pedestal and the plasma triangularity
0. The triangularity is the result of the plasma not being perfectly elliptical as seen in
Fig. 2.6]and represents the horizontal distance between the plasma major radius and the
X-Point. The higher ¢, the higher the pedestal is. If the pedestal enlarges, the confine-

ment in the core improves, leading to an increase in Hog.

2.6 Diagnostics

For this thesis, mainly four of ASDEX Upgrade’s diagnostics are used.



2.6.1 Thomson Scattering

In this context, Thomson scattering is the most efficient approach to measure temper-
atures and densities of electrons at the separatrix. Thomson scattering describes the
elastic scattering of an incident electromagnetic wave by a free particle [17]. The free
particle, mostly electrons since m. << m;, is accelerated by the incident wave. The
acceleration of the particle leads to an accelerated charge, which by itself emits radia-
tion with the same frequency as the incident wave [[18]. The intensity of the scattered
wave depends on the electron density. Additionally, due to the Doppler effect, the scat-
tered radiation is shifted. By fitting a Maxwellian distribution function to this shift, the
velocity of the scattering electron can be calculated and thus its temperature. ASDEX
Upgrade is equipped with two Thomson Scattering arrays, containing four (core) and
six (edge) lasers. In this analysis, the edge Thomson array is mainly used. As Fig. [2.5]
indicates, this array is limited to a small range in the edge, covering a range of about 10
to 15 mm. Therefore, this method is used to measure electron density and temperature

in the vicinity of the separatrix.

Due to the shape of the plasma on the outer edge, each laser has its unique Z and R
value. To get a continuous profile of electron density and temperature, these measure-
ments have to be mapped to a common flux surface. In this analysis due to the poloidal

symmetry, data is mapped to the outer midplane.

2.6.2 Integrated Data Analysis

Another possibility to obtain electron temperature and density profiles lies in the usage
of integrated data analysis (IDA), presented in [[19]. This complex code combines differ-
ent diagnostics of ASDEX Upgrade such as for example laser interferometry, Lithium
beam emission spectroscopy and Thomson scattering. The IDA code reconstructs pro-
files by using Bayesian probability theory. Although IDA data is convenient for analysis

in the core or at the pedestal, it is inaccurate for the separatrix.
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Figure 2.5: Poloidal cross-section of discharge of 38485 at 5.0 s. The x-axis depicts the
poloidal radius R in m, the y-axis represents the vertical distance to the midplane Z in

m. The vertical dashed black lines represent the light path of ASDEX Upgrade’s two
Thomson Scattering diagnostics.
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Fig. shows that significant deviations exist between IDA and Thomson scatter-
ing, especially for electron temperatures at the edge. Thus, IDA data in this thesis is

only used for core and pedestal values as well as for densities.

2.6.3 Interferometry

ASDEX Upgrade is also equipped with deuterium cyanide (DCN) lasers [20]. The
plasma has a different refractive index than the vacuum within the vessel. This refrac-
tive index depends on the electron density. By measuring the phase difference in an
interferometer between the laser traversing the plasma and the laser traversing a vac-
uum, the refractive index can be calculated. Once the refractive index is calculated, a
line-integrated density of the laser path can be determined. Fig. depicts ASDEX
Upgrade’s H-5 laser describes the line-integrated density at the edge while data from

the H-1 laser corresponds to the line-integrated density at the core.

2.6.4 Charge Exchange Recombination Spectroscopy

Charge exchange recombination spectroscopy (CXRS) measures the radiation spectrum
caused by the excitation of impurities by a charge exchange reaction with fast neutral
atoms [21]. From this spectrum, ion temperatures can be derived. At the edge, this
diagnostic is called CMZ.

11
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m. The pink lines represents laser H-5, the green line depicts laser H-1.
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Chapter 3

Limiting factor one: turbulence at the

separatrix

3.1 Fundamental concepts of turbulences

3.1.1 Fundamental theory of turbulence at separatrix

Turbulences in plasmas are categorized into drift wave turbulences and interchange tur-

bulences.

Drift wave turbulences

As mentioned before, both ions and electrons experience electro-magnetic drifts.

A
R
O o0

?

Figure 3.1: Three dimensional dynamics of drift waves. A density perturbation (left)
induces a current, leading to charges, electric fields and drifts (right). Adapted from [2].
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Assume a positive density perturbation 72, which is elongated in the direction of a
magnetic field line, L > L, . Since the ion density is increased along the field line, a
pressure gradient is induced in parallel direction. Electrons react to that gradient and are
pushed outwards, leading to a negative parallel current —j. As a consequence, charges
are separated to a certain extend, resulting in a positive potential at the volume of the
density perturbation 7. One must keep in mind that this density perturbation is strongly
limited and is primarily elongated in parallel direction to the field line. The density in
the background plasma remains constant at first. Nevertheless, the background plasma
will eventually react to this perturbation and induces an £ x B drift, leading to a vortex
in a cross-sectional view.

Three processes are essential for drift waves: First, they are three dimensional. Sec-
ond, electrons dominate the parallel dynamic. Third, ions dominate the perpendicular

dynamic [2].

Interchange instability

Interchange instabilities are caused by a steep gradient in the magnetic pressure of a
confined plasma [22]], regularly in areas where the magnetic field lines are curved. Dur-
ing this state of stability, the plasma can change places with magnetic fields, since this
interchange is energetically favorable [23]].

Fig. shows that at the boundary interface between two different mass densi-
ties local space-charge regions are created, which repeat themselves periodically with a
change of its charge. These space-charge regions induce another electric field, which is

anti-parallel to the diamagnetic drift, causing a destabilization of the plasma.

3.1.2 Drift-Wave-Interchange-Turbulence Control Parameter

Turbulences are difficult to describe analytically. To simplify, Scort analyzed the impact
of interchange effects on drift wave turbulences, [24] [25].

The strength of interchange turbulences is characterized by a frequency

2, 1
_ (42 3.1
wB R<+Z) @-1)

14



Figure 3.2: Depiction of the influence of curved magnetic field lines on the outer side

of a toroidal plasma, adapted from [2]. up; represents the diagmetic drift in the plasma,

u?*8 is the drift introduced in Eqn. (2.6)), E represents the electric and B the magnetic

field. p,, is the mass density, here: p,,1 > pm2. Vp depicts the pressure gradient, Ry, is
the poloidal radius.

R denotes the major radius of the machine, )\, the plasma pressure gradient scale length
and Z = n,/ (Zj nj) the average ion charge, which depends on the electron density n.
and on individual densities n; of j different ion species.

On the other hand, a normalized collisionality C' can be derived [16]:

AN A
C = 051p,22 <—>< y ) 3.2)
S Mz >\p

¢s denotes the speed of sound, m,. the mass of an electron, R the major radius of the
machine and ¢, the cyclical safety factor. M; is a characteristic ion mass with the

assumption of quasi-neutrality:

_2ingM;
Ne

M; (3.3)

15



ve; 18 the electron-ion Braginskii collision frequency [26]:

47 neetlnA

, (3.4)
3 (4mep)? e TE

L~ —
Vej = Vee =

which depends on the elementary charge e, vacuum permittivity (, electron mass m,

and the Coulomb logarithm In A. A normalized collisionality C' can be derived:

Ay (MmN [GenR\’
C =051yt () ( & ) (3.5)
Cg Mz )‘p

In order to get a turbulence parameter independent of )\, - a parameter which is use-
ful for regression studies with decay lengths -, Eich et al propose a turbulence parameter
[16]:

o o Vei Me .o 1
0 = Clop = 102" 8 - (1+3) (3.6)
Assuming a low concentration of impurities - which is an appropriate approximation
for many discharges -, estimating the Coulomb logarithm In A ~ 13.7 and using mean

values Ty, = 91eV as well as ne, = 2.5 - 10" m™2, (3.6) can be reduced to [16]]:

3 10*18(3311;1@2eff (3.7)
Thus, o is linearly dependent on n. and inversely quadratic dependent on 7;. It must
be underlined that these are values taken at the separatrix and that these parameters are

correlated by the pressure p = nT.
With o, the transition from drift wave to interchange turbulences can be described.

When o; < 1, instabilities are mainly driven by interchange turbulences. Once o, > 1,

transport is dominated by drift wave turbulences.

16



3.2 Influence of edge turbulences on pedestal and core

confinement

Recent activities introduced the parameter o, [16]. On the one hand, they revealed cor-
relations between edge turbulences and decay length widths at the separatrix. On the
other hand, an influence of edge turbulences on the core confinement parameter Hyg was
indicated. In addition to that, this study could not find H-Mode discharges with values
of a; > 1. This hints to a correlation between this turbulence control parameter and the
L-Mode/H-Mode transition threshold.

This work was later extended [27] to the correlation between «; and different plasma

regimes. A correlation between confinement and ¢, is indicated as seen in Fig. [3.3]

150

T
Kideal = krpym

—

\\—"’ /
50 - / X x X y

L I I dl
0 1 2 3 4 5 6 7
Ne,sep [101m )

100

TesepleV]

L-Mode
H-Mode
L-Mode DL Disr.
L-Mode (H-L back)
 HL-back DL Disr.
I

Figure 3.3: Separatrix operational space, adapted from [27]. The blue line indicates the
L-Mode/H-Mode threshold, green lines show «; isobars. The black line corresponds to
another limit, the to so called ballooning instabilities. Data points are from a data base

similar to @

oy is understood as a turbulence control parameter between drift wave and inter-
change instabilities at the separatrix. However, the correlation between o, and pedestal
quantities has not been yet object of research. In addition to that, the correlation be-
tween a; and core confinement remains unclear. The aim of this chapter is to analyse

these correlations.

17



3.2.1 Determining the pedestal

Before correlating o to the pedestal, it is essential to define its exact position. Usually,
the pedestal is assumed to be at p = 0.96. However, the accurate position of the pedestal
can be determined with the two line method described by [28]. The pedestal top is
characterised by a sharp dip - a turning point - in plasma pressure. Near this turning

point, the pressure can be approximated by two different linear functions:

az(ag — p) +a;  for p < ag
p(p) = (3.8)
as(p —ag) + a1 for p > ag

as and ag describe the slope of the linear functions, a; the y intercept and ag the
breaking-point, corresponding to the position of the pedestal top.

This method is applied to a data base consisting of about 200 discharges by calculating
the parameters with the code described in [29]]. For the most part of this data base, the
pedestal can be found in an interval of p = 0.96 £ 0.01. However, this method is of
restricted validity in areas of a flat pedestal. Due to this flatness, the determination of
the breaking point ay becomes vague since a small change in slope leads to a significant
shift in the breaking point.

However, the two line method validated a pedestal top position of about p = 0.96 at
steeper pedestals. For further analysis, this value will be used with p = 0.95 as lower

and p = 0.97 as upper limit.

3.2.2 Correlation of o; to electron pedestal top pressure

oy 1s a turbulence parameter measured at the separatrix, corresponding to p = 1, while
the pedestal top can be found near p = 0.96. For this analysis, a data base consisting of
114 discharges from ASDEX Upgrade was used. The data base used in this chapter can
be found in

In order to compare «; with the electron pedestal top pressure, o is computed by us-
ing Thomson data of n, and T,. Z. is fixed at a value of 1.25. The toroidal magnetic
field remains almost constant at By, = 2.5 T and the plasma current is in the range of
800 kA. Additionally, p. op is taken from the IDA data base at p = 0.96 with an errorbar
of values at p = 0.95 and p = 0.97.

18



Fig. [3.4] shows a correlation between o, and pedestal top pressure. While higher
pedestal top pressures dominate at lower oy, higher values of «; lead to lower pres-
sures. Notably, a triangle is created for pressures higher than approximately 2000 Pa.

Below that pressure, p. op remains constant for all «.

at VS Pe,top at p=0.96

8000 4

6000

Pe,top in Pa
»
153
8
I3

20004

Figure 3.4: Comparison of o, with p, at p = 0.96 £ 0.01.

To understand this cloud better, individual data points are color coded with their

respective mode. Here, five operational modes are distinguished:

1. Mode 1 - L-Mode: In this phase, the plasma is in a stable L-Mode after heating
of the plasma has started.

2. Mode 2 - H-Mode: In this phase, the plasma is in a stable H-Mode. In order to
get to an H-Mode, the power within the plasma must be increased to overcome a

characteristic threshold. This is done by further heating.

3. Mode 3 - L-Mode density limit (LDL): Instead of continuing to heat an L-Mode,
its density can be increased. By doing so, the plasma can be driven to its density

limit. Once it reaches the L.-Mode density limit, the plasma disrupts.

4. Mode 4 - L-Mode after H-L back transition (LHL back transition): Once an H-
Mode reaches a certain density limit, it turns back into an L-Mode (cf. section
M.1.01). In order to differentiate this L-Mode from an initial L-Mode (mode 1),
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a distinguished mode is assigned to this L-Mode. This differentiation might be

convenient to detect hysteresis effects.

5. Mode 5 - HL-back transition density limit (LHL DL disruption): A plasma in an
L-Mode after its back transition from H-Mode can reach an L-Mode density limit
as well. Thus, it is mode 3 after an L-H back transition.

Nevertheless, it must be noted that not all phases can be found in each individual dis-
charge. Some discharges were specifically made to reach the H-Mode density limit.

However, a subset of discharges disrupted before reaching that limit.
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Figure 3.5: Left: Comparison of a; with p. at p = 0.96 £ 0.01 with phases. Right:
Distribution of I, and B.

Fig. [3.5 shows a clear difference between L-Mode and H-Mode. Some L-Mode
data points can be found within the triangular H-Mode cloud. This is explained by an
uncertainty in the determination of a change in mode [30].

Another observation is that no H-Mode data points are found for a; > 1. This is in

accordance with findings indicating that the L-H-threshold is correlated with o; = 1, cf.

Fig.[3.6|

20



150 . . ™

L &2 u * n i kideal = krpnr

100 ‘ 5

TF vsp[f V ]
N

Sy T

50 .
@ L-Mode
m H-Mode
kpar = krpy < L-Mode DL Disr.
¢ L-Mode (H-L back)
% HL-back DL Disr.
0 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Nesep [1019m 7]

Figure 3.6: Correlation of 7 i, and n s, for the same data base. The blue line indicates
the threshold between L- and H-Mode, while the magenta line corresponds to oy = 1,
adapted after [27]].

One explanation for the triangle formed by the H-Mode in Fig. [3.6] could be con-
tinued heating. Once plasma reaches the H-Mode, external heating does not necessarily
cease. Continuation of heating leads to an increase in plasma temperature. An increase
in plasma temperature generates an increase in pressure (p = n7’) and a decrease of oy
(o ~ T~?). However, if the temperature at the pedestal top is extended, the tempera-
ture at the separatrix does not increase instantly. Consequently, if H-Mode data points
are limited to points in time once the maximum stored energy in the plasma is reached,
fewer data points for low o, and p. ., are expected. This filtering method in Fig.
confirms that the lower left part of the triangle is induced by ongoing heating. Filtered

data now suggest that o, has an exponentially decaying correlation with pe op.

Filtered data is now object of regression studies in order to find the correlating phys-

ical quantities which lead to the degradation. A first approach is to regress a simple
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Figure 3.7: Comparison of «; with pe o, for H-Mode after having reached the maximum
store plasma energy.

power law:

Pejop = Q- Oéf (39)

This regression (Fig. [3.8)) shows a relative root mean square error (RMSE) of 26.0 %.

Tl

nl’/g .
e,sep

It implicates a correlation pe jop ~ vy /3 Since Qy ~ ;}:E, this leads to peop ~
However, even though a;; combines different characteristic plasma parameters, a plasma
depends on more quantities. One physical property which is of interest is 9, the trian-
gularity, which represents the shape of the plasma. Additionally, the power transported
via the separatrix into the scrape-off-layer P, has a potential influence. It is calculated
by the difference of the total heating power and radiation power loss. By considering
these quantities in Fig. [3.9] the regression quality represented by the relative root mean
square error improves significantly. While the influence of P, is limited, pe (o, Shows a

strong correlation to the triangularity 4.

Instead of using «y, recent activities focused on stability physics and used 7, nor-
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Figure 3.8: Simple exponential regression of p. ., with o.
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Figure 3.9: Exponential regression of p. i, With o taking into account Py, and 9.

malized to ne,p to characterize a correlation between the pedestal and the separatrix
[31]. However, one needs to keep a caveat in mind: Since peop = Me top e op, this nor-

malization corresponds to a correlation of nf,topTe,top rather than p, ,. Nonetheless, that

proposed regression is compared with an «; regression in Fig. [3.10] The quality of the
regression improves slightly. Nevertheless, the influence of ¢ has changed. One expla-

nation might be that ¢ has a growing influence on the pedestal stability. Consequently,
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Figure 3.10: Exponential regression of pe o, With ZZ—:E taking into account Py, and ¢.

it is concluded that Z"—:ep is similarly suited to characterize the pedestal degradation as
e,top

a;. However, the approach not to use «; as a regression parameter but n s, and 7¢ gep

separately can demonstrate the meaningfulness of an o, regression. It must be noted

that a regression combining 7; ., and P is not reasonable since these quantities are
co-dependent.

For further refinement of regression studies, the subsequent step is to replace a; by
its constituencies 7 sep and 7 s (Fig. @) The first observation is that this regression
has almost the same quality as the regression depicted in Fig. 3.9} Secondly, the corre-
lation with the triangularity has changed from 6'/2 to §/4.

In order to compare the product of ngp1esp With their respective exponents, some

transformations must be carried out:

—0.27:|:0.O2T1.24:|:0.06 ~ n1/4 T5/4

ne,sep €,sep e,sep~e,sep” (3 . 1 0)
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Figure 3.11: Exponential regression of pe op With 7 sep and 7t p taking into account 4.

. ~1/3 . . .
With pe jop ~ /3 as an approximation from regress1on

Pesop ~ 1 3.11)
n\1/3

~ (ﬁ) (3.12)

~ gl T2 (3.13)

g T (3.14)

Ideally, the exponents of Eqns. (3.13) and (3.14) should be identical. However, the ex-
ponents differ significantly. As a consequence, the meaningfulness of these regressions
is limited. The degradation of the pedestal caused by « is therefore not described by a

simple deviation in ne sep OF T sep.

In conclusion, a correlation between a; and the pedestal degradation cannot be gen-
eralized for the given data base.
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3.2.3 Correlation of o; to confinement factor Hgg

This section extends the study to the correlation between «; and the core confinement

factor Hyg.
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Figure 3.12: Comparison of o with Hog 0.

Unlike the previous plots, Fig. [3.12] shows no clear differentiation between the
phases. A triangle is formed as well but no differenciation between phases is appar-
ent. While L-Mode is constant at low pedestal top pressures with no influence of oy,
L-Modes exist for both low and high Hyg values. Fig. [3.13|correlates pedestal top elec-
tron density to «; and Hgg. No clear picture arises. There is only a vague trend that low

densities lead to high values of Hyg.
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Figure 3.13: Comparison of o, with Hgg o and ne top.

To continue, a correlation between Hgg and oy is sought to be determined via a
regression. Firstly, the regression is again limited to H-Mode values after having reached
a maximum in plasma stored energy Wypup. A certain degradation can be observed in
Fig. [3.14] There are no high values for Hys close to or above 1.0 for values of a; greater
than 0.6. Additionally, almost no Hgyg values below 0.7 can be found for a; < 0.5,

revealing that the confinement of the plasma worsens with an increase of interchange
instability turbulences.
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Figure 3.14: Hyg degradation caused by «y.
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When using «; as the regression parameter combined with Py, and 9, P, ceases to
have an impact on the degradation compared to the pedestal degradation, which is shown
in Fig. [3.15] This finding is of significance since Py, is a common value to correlate
edge physics phenomena with core physics, which is represented by Hgs. Additionally,
the quality of the regression increases reasonably with now having a relative RMSE of
6.5 %. Furthermore, the influence of o itself has reduced as well; it correlates now with
the square root of previous correlations. Lastly, the influence of § remains within the

range formed by previous regressions.
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Figure 3.15: Exponential regression of Hgg with o taking into account § and P,.

Nonetheless, the influence of «; is unclear. Therefore, o is replaced by its compo-
nents T sep and negep (Fig. [3.16). The quality of the regression remains equally fine.
Interestingly, Tt , only has a very low influence on the Hygg regression while 7 p
continues to have a;’s exponent. This indicates that the degradation of Hgg is mainly
induced by the density itself instead of o;. However, this finding is restricted by the fact

that the exponent of d changes as well, even though o, does not depend on ¢.

28



o HI8p=(127+0.04) n 0372001, 70092002 . 50162002

124 RMSE = 6.61%

1.0

HIBep

0.8

0.6 -

12
H98req

Figure 3.16: Exponential regression of Hgg with T, s, and 7., taking into account 0.

It is concluded that Hyg is not a suited parameter to correlate to a;. While only weak
correlations can be observed, no strong correlation is found.

3.2.4 Influence of n¢gep and T sep on pedestal degradation

Due to the proportionality c; ~ ne sep/ Tgsep it is of interest whether the pedestal degra-
dation is mainly caused by the electron pedestal temperature or density, which will be
object of this section. To that end, in Fig. a is plotted against both 1 g, and 7, ep.

1el9 @t VS Ne,sep at H-Mode
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w

T
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at
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Figure 3.17: Comparison of «; with negp and 7T, for H-Mode.

represent individual discharges from the data base.

T
1.0

Individual colors

As expected, a; increases with n.p. Additionally, Fig. [3.17] shows that the data

base consists of discharges with broad density scans from 1- 107 m=3t0o 5- 10719 m 3,

while the temperature remains within (100 + 20) eV. 7" increases by a factor of approx-

imately two, while n increases by a factor of five. Since oy ~ n/T?, both quantities

exert a similar influence on the turbulence parameter.

In contrast to the density scans performed in Fig. [3.17] the plot in Fig. [3.18|depicts tem-

perature scans performed in discharges # 38742, 38743 and 38744. A temperature scan

is obtained by constantly increasing heating power even after the plasma has reached an

H-Mode. Different phenomena could lead to an explanation whether or not the pedestal

degradation is caused by a variation in ne s, Or T¢ «p. Again, a pedestal degradation is

observed. However, individual shots only show a variation in «; of about 0.2, which is

lower compared to density scans in Fig. [3.17]
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Figure 3.18: Comparison of a; with pe ,.q for H-Mode of temperature scan discharges.

These temperature scans are now compared to a selection of density scan discharges.
Fig. [3.19]shows the pedestal degradation of the density scan discharges # 38484, 38485,
38585 and 38589. Each scan shows a broad scan in oy by starting from values below
0.5 and ending above 0.7. Also, each scan has an «; range of at least 0.3.
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Figure 3.19: Comparison of a; with pe ,.q for H-Mode of density scan discharges.

To understand this deviation, it conveys to look at the distinct influences of both
Nesep and T s in Fig. [3.20]
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Figure 3.20: Comparison of oy with ne s, and 7 s, for H-Mode of temperature scan
discharges.

These plots show that an increase in T¢ s, of 50 % leads to an increase in «a; of
50 % as well. Similarly, an increase in ne s, of 50 % leads to an increase in a; of 50 %.
This differs to discharges where a density scan is performed. This becomes clear by
comparing Fig. [3.20| with a limited number of density scan discharges, Fig. [3.21]
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Figure 3.21: Comparison of «; with n., and 1¢ s, for H-Mode of density scan dis-

charges.

In these discharges, a change of n. ., by a factor two leads to an increase of o, by a

factor of shy over two. On the other hand, T s, remains almost constant while o still

increases by a factor of shy over two.

Therefore, it can be concluded that the pedestal degradation caused by an increase in oy

is predominantly due to a change in n.p,. However, the influence of 7; i, cannot be

neglected.
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3.2.5 Conclusion on o; dependence for the given data base

Both the electron pedestal top pressure p. op and the confinement parameter [Hog degrade
with an increase in o; with a stronger degradation shown for the pressure. Apart from o,
these degradations are also induced by the triangularity ¢ and the power transported via
the scrape-off-layer P,,. However, regressions could not provide unambiguous expla-
nations on exact correlations between degradations and individual plasma parameters.
Additionally, a comparison between temperature and density scan discharges indicates
that n.sp, has a more significant contribution on the pedestal degradation than T .

Nevertheless, this degradation cannot be reduced to a change in one single parameter.
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Chapter 4

Limiting factor two: H-Mode density

limit

This chapter compares the four plasma phases describing the H-Mode density limit
introduced by [30] with the plasma operational space proposed by [27].

4.1 Theoretical description of density limits

4.1.1 Greenwald-limit and H-Mode density limit

For L-Mode discharges in tokamaks, empirical data showed a limit for the achievable
density, the so called Greenwald limit [32]. Therefore, this limit defines the operational

space for L-Mode discharges.

]pol
ma?

4.1

ngw =

I, 1s the plasma current and a the inner radius of a tokamak. Interestingly, this limit
sets into relation three quantities which are not connected by any physical principle.

However, it is widely used in plasma physics since 1988.

The Greenwald density limit is an important quantity in plasma physics since it can
be used to define the operational space of a fusion machine. For example, ITER has

been designed to operate at a confinement factor of Hog = 1 at n./ngw = 0.85 [33].
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Fig. . 1] illustrates this by plotting the core confinement factor Hog against the ratio of
the electron density to the Greenwald density. As pointed out, ITER is aimed to have a

high confinement factor at the Greenwald limit. This is achieved by a high triangularity
J.
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Figure 4.1: Dependence of the confinement factor Hgg compared to the ratio n./ngw
and the triangularity ¢, adapted from [33]].

This limit can be used for H-Modes as well. However, when the plasma density
is close to the Greenwald density, confinement gradually decreases, eventually leading
to back-transition to L.-Mode. Specifically for H-Modes, a similar density limit can be
oberserved, the so called H-Mode density limit (HDL). This limit is - depending on the
machine - about 0.8 to 1 times the Greenwald density limit [34]. When an H-Mode
reaches this H-Mode density limit, it turns into an L.-Mode.

As shown in Eqn. (L)), the triple product of nuclear fusion depends linearly on n. Since
only H-Mode discharges are conceivable for future fusion reactors, the HDL limits their

operational space.

36



Empirically, a scaling for the HDL was found [35]:

0.049+0.041 10.5740.08 £§0.1140.11
q Btor 5av

0.86+0.08 151.07+0.20
qos R

TMHDL — 48.2 (42)
nupL is a line integrated density of unit [10m™3], ¢, is the mean power heat flux
density across the separatrix in 1:%", 0,y the averaged triangularity at the upper and lower
divertor. qos the safety factor at p = 0.95 and and R the major radius of the machine in

m.

4.1.2 HDL phases

This section focuses on the description of the H-Mode density limit (HDL) following the
work of Bernert, [30], [36]. Bernert porposed four phases that occur when a tokamak
is operated close to the HDL. Fig. .2] shows the four characteristic phases. It must be

noted that not every discharge shows all four phases.
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Figure 4.2: Visualisation of four phases at discharge 28728, adapted from [30]. Left:
temporal evolution of stored energy Wymp, pedestal top temperature 7peq0p and line
integrated density n.. Right: Stored energy compared to integrated line density and
pedestal top temperature compared to integrated line density.
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Phase 1: Stable H-Mode

The first phase is characterized by constant stored energy while the density increases.
Additionally, the pressure remains constant, which can be seen by the isobar in the
n — T" diagram. Consequently, the confinement stays constant, leading to a stable H-

Mode phase. Temperature and density are measured at the pedestal top.

Phase 2: Degrading H-Mode

The stored energy starts to decrease gradually. Simultaneously, an increase in density
leads to a conjoint decrease in temperature and pressure, drawing the graph slowly apart
from the isobar. As a consequence, the confinement is decreased and the H-Mode is

degrading.

Phase 3: H-Mode break down

At a certain density, both energy and pedestal top energy break down. With the drop of
the pedestal energy the pedestal gradient reduces, leading to an L-Mode back transition
of the H-Mode.

Phase 4: L-Mode

Once the H-Mode is broken down, the plasma continues to exist in an L.-Mode. Note
that the density can still be increased without major changes in stored energy or pedestal

top energy.

4.2 Correlation between phases, separatrix temperature

and density

From previous works [27] and [30] it remained unclear, whether or not these differ-
ent phases have an influence on separatrix temperature and density. For this purpose,
a set of thirteen discharges at H-Mode density limit was analyzed. The data base of
discharges used in this chapter are found in[A.3] Only discharges which were driven to

the H-Mode density limit can be used for this analysis.
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Firstly, boundaries of the phases must be determined. No numeric method can be ap-
plied, each discharge hast to be examined individually by hand. To increase difficulty,
in some discharges the phases behave differently compared to the phases shown in [30].
For example, instead of a clear drop during phase 3 with respect to energy loss and den-
sity, a slowly decreasing density can be observed in discharge 34966 (Fig. 4.3). It must

be noted that phase transitions are limited to a temporal resolution of about 100 ms.
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Figure 4.3: Exemplary determination of phases in discharges 34276 (left) and 34966
(right). The top row shows the temporal evolution of plasma stored energy Wyp. The
second row depicts the temporal evolution of the integrated edge line density H-5 (blue)
and integrated core line density H-1 (black). The last row displays the integrated edge
line density on the x-axis in comparison to the plasma stored energy on the y-axis.

A comparison to o is not possible for this data base since some of these discharges
were seeded with nitrogen gas. This seeding leads to variation in Z.¢, which cannot be
measured. Still, it is of interest if a correlation between electron separatrix temperature

Tt sep» €lectron separatrix density 7. ., and these phases exist.

One problem arises from the measuring method of separatrix density and temperature
via Thomson scattering. This measuring system has a limited temporal resolution of
500 ms. The data is interpolated and moving average of 50 ms in time and of 2 mm in

space to improve quality is calculated.
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Figure 4.4: Comparison of 7 ., and n. s, with their respective phase of the entire data
base.

As seen in Fig. .4] data from all phases scatter throughout all densities and temper-
atures with an accumulation at 4 - 10" m— and 100 eV. Thus, no findings are derived
from the entire data base. To narrow effects from different discharges, the plot is limited
to four discharges which are almost identical in their properties such as heating powers,
poloidal and toroidal magnetic fields. The result is presented in Fig. {4.5]
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Figure 4.5: Comparison of T; ., and n. ., with their respective phase of 38429, 38399,
38484, 38485.

Here, most clearly the four phases appear at different regions. The constant H-Mode
(Phase 1) is limited to a triangle on the upper left part of the diagram, representing higher

temperatures or higher densities. The degrading H-Mode (Phase 2) has an accumulation
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in a strip at slightly higher densities than the stable H-Mode (Phase 1). The breakdown
(Phase 3) can be found at higher densities at about 100 eV, while the resulting L-Mode
(Phase 4) resides at low temperatures.

Due to resolution limits of Thomson scattering data, no further conclusions are derived.
This can be overcome by using ASDEX Upgrade’s super fast Helium beam diagnostics
(HEB), which can potentially measure both electron temperature and density with high

temporal resolution. However, HEB data was not available for this data base.

This plot can be compared to Fig. [3.3] by adding a; isobars. This is shown in Fig.
4.6
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Figure 4.6: Comparison of 7T¢ ., and n ., with their respective phases of 38429, 38399,
38484, 38485 with o isobars.

Here, the important conclusion is derived that o, as a parameter is not able to de-
scribe different phases. While certain values such as oy = 0.2 are only found at sta-
ble H-Modes, other «; values cross multiple phases. This supports the findings of the
previous chapter where «; could not be generalized to its correlation to confinement
properties. However, the assumption that H-Modes cannot sustain at high values of a4,

especially at oy > 1, is verified [16].
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Chapter 5

Limiting factor three: Heat flux in the

edge

This chapter focuses on the behaviour of heat fluxes in the edge region.

5.1 Theoretical description of heat fluxes

In a plasma, heat is transported due to local differences in temperature and density. The

heat flux in a toroidal plasma can be split up in a perpendicular contribution
q.=—x-n-VI'=25-D-T-Vn 5.1)
and a parallel contribution
2
= ——— 0TV, (5.2)
X denotes the heat coefficient, D the diffusion coefficient and A the Coulomb logarithm.
These equations are valid for both electrons and ions with their respective temperatures,

densities and heat coefficients.

Due to its dependancy on 7,7 and m, heat fluxes differ between electrons and ions.

Between these charged particles, a heat exchange occurs. The exchange term for a
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Deuterium plasma is given by

Qo = —3%nenik3 (T, —T). (5.3)

5.2 Understanding behaviour via simulations

In this chapter, ASDEX Upgrade discharges are simulated with the EMC3-EIRENE
code. With these simulations, heat fluxes at the edge can be calculated. Previous works
using the TRANSP code [37]] considered heat fluxes in the confinement region until
p = 0.95 [38]], being limited by the spatial domain covered by TRANSP. This chapter
extends the observed volume to the separatrix and SOL.

Specifically, parallel and perpendicular heat fluxes are calculated for both an L-Mode

and an H-Mode at different densities and ratios between electron and ion heating.

5.2.1 EMC3-EIRENE

For this research, the EMC3-EIRENE code is used. This code is a combination of the
EMC3 and the EIRENE code

EMC3 - short for Edge Monte Carlo 3D - solves the Braginskii equations three-dimensionally
by Monte Carlo calculations [39]. This code solves equations for conservation of par-
ticles, momentum and energy. The EIRENE code [40]], [41] calculates the transport of

neutral particles and their interaction with the plasma.

The combination of these codes allows the simulation of stationary plasmas in three
dimensions [42]. Furthermore, it grants the opportunity to simulate self-consistently the
plasma with impurities and neutral transport realistically for complex field and divertor

geometries [43]].

5.2.2 Discharges

EMC3-EIRENE requires a predefined grid. For this study, two grids have been used.
The L-Mode grid is based on the ASDEX Upgrade discharge #32922. Characteris-
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tic parameters of this discharge are shown in Fig. [5.1] This discharge was heated by
0.25 MW of electron resonance heating, had a toroidal magnetic field of By, = 2.5T
and a plasma current of [,,; = 830kA.

32922
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Figure 5.1: Discharge #32922. Top: Heating power of each heating system (Fgcry and
Ponm) and radiated power FP,q. Middle: Deuterium puffing rate ¢ 5. Bottom: Density at
the edge and in the core.

H-Mode simulations are based on discharges # 38484 and # 38485. Characteristic
parameters are depicted in Fig. [5.2] Both discharges are identical in its physical param-
eters, they only differ in its position of their magnetic equilibrium within the vacuum

vessel by 13 mm due to diagnostic reasons. These discharges are powered by 2.5 MW
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of neutral beam injection with a ramp at the end. A ramp is induced by turning the
neutral beam heating (NBI) on and off periodically. The frequency of the NBI heating
being on is steadily reduced. As a result, on average the NBI heating power is reduced.
This ramp triggers a back-transition to L-Mode. The toroidal field of these discharges

was set to By, = —2.4T and the plasma current accounted to [, = 830 KkA.
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Figure 5.2: Discharge #38484. Top: Heating power of each heating system (NBI and
FPonm) and radiated power F,q. Middle: Deuterium puffing rate ¢ . Bottom: Density at
the edge and in the core.

Based on these grids, two pairs of studies are conducted. First, L-Modes with P, =
0.8 MW are simulated with separatrix densities ng, € {0.5,1,1.5,2,2.5,3} - 10 m 3.
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This heating power differs from the heating power of the L-Mode on which the grid is
based. The goal is to simulate a typical L-Mode. The grid of # 32922 is used due to the
fact that this grid was already created for other simulation studies. However, the heating
power needed to be adapted. Second, H-Modes with ., = 2.5 MW are simulated with
separatrix densities ng, € {0.5,1,1.5,2,2.5,3,3.5,4,4.5,5,5.5,6} - 10" m~>.

At each density step, five different simulations are performed. Between these simu-
lations, the ratio between heating of the electrons and ions is modified to 10:90, 30:70,
50:50, 70:30 and 90:10. These ratios are used since the exact relations in a experiment
are unknown. By simulating this wide range, we can take the effect of the heating into
account. Plots for the 30:70 and 70:30 cases can be found in appendix B} For simplicity,
the heating ratio R is defined as

5.4)

with By describing the power used to heat electrons and Fie,; the power used to heat

ions.

5.2.3 Determining heat and diffusion coefficients

As seen in Eqn. (5.1)), it is important to determine heat and diffusion coefficients.

For L-Mode discharges, spatially constant heat and diffusion coefficients are assumed.
They are determined by adapting the input transport coefficients in the simulation until
it fits experimental data for temperatures. This is shown by Fig. For this purpose,
it is assumed that electrons and ions were heated equally in the experiment. This as-
sumption is in accordance with [S]] and the observation that the heat coefficient profiles
match for profiles with different heating power correlations. Due to nitrogen seeding,

the coefficients could not be tuned for density.

47



® edge 32922
350 4 ® core 32922
o L ® simulation
300 -
250 A
>
@ 2004
£
Py
150 A
100 A
50 4
0 -
0.96 0.98 1.00 1.02 1.04 1.06
o]
® simulation
400
300 A
>
v
£
= 2001
100
04
0.92 0.94 0.96 0.98 1.00 1.02 1.04 1.06

o

Figure 5.3: Discharge #32922. Top: Electron temperature of the simulation (green,
n = 2.5-10* m~?) compared to Thomson scattering electron temperature measurements
(blue and orange). Bottom: Ion temperature of the simulation (violet). For discharge
32922 no experimental ion temperature data is available.
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Since no experimental data of 7; is available, x. = x; 1s assumed. This results in:

1’1’12

Ye = 0.5 (5.5)
2
i =05 m? (5.6)
2
D =015 mT (5.7)

H-Modes are characterized by a pedestal. This pedestal is caused by a heat barrier,

which needs to be accounted for in the heat coefficient profile. The heat coefficients are
depicted in Fig. [5.4]

> 0.8 1

0.6

0.4 4

0.94 0.96 0.98 1.00 1.02 1.04 1.06
P

Figure 5.4: Heat coefficient for H-Mode discharges in mTQ

Dissetto D =1/3x..
These profiles fit to experimental data independent of the correlation between heating

powers. For electron temperature, this is shown in Fig[5.5| and for electron density in

Fig. 5.6
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electron temperature with simulations with n = 4 - 10 m =3,
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Additionally, the simulated ion temperature profile matches well with the experi-

mental one as seen in Fig. [5.7]

350

300

250

200

Tiin ev

150

100

N 38484
38485

Em simulation

092 094 096

100 102 104 1.06

p

Figure 5.7: Discharges # 38484 and 38485. Comparison between data of ion temper-
ature (CMZ diagnostics) with simulation at n = 4 - 10! m™~3 and equally distributed
heating power. The dip near the separatrix is caused by Monte Carlo noise.

Furthermore, these heat coefficients replicate the density curve of the experimental
data at different densities. This is shown in Fig. [5.8]
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Figure 5.8: Discharges #38484 and 38485. Comparison between data of electron

density (Thomson diagnostics) with simulations at n = 4 - 101 m~3 (left) and n

5- 10 m~3 (right) with an electron to ion heating ratio of R = 1/2.
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5.2.4 Heat transport within confinement region

In this section, heat transport within the confinement region, i.e. 0.93 < p < 1, is

analysed.

Heat transport from inner boundary to separatrix

First, it is examined how heat is transported from the inner simulation boundary (p =
0.93) to the separatrix (p = 1). Within the confinement region, heat is mainly trans-
ported by a perpendicular heat flux, the parallel component is negligible. For this pur-

pose, simulation data is normalized to the total heat flux crossing the separatrix:

CQe,sep o Qe,sep
Qsep, total Qe,sep + Qi,sep

(5.8)

This quantity corresponds to the percentage of the contribution of electrons to the total

separatrix heat flux. From the perspective of ions, this corresponds to:

Qi,sep -1 Qe,sep

— 5.9
Qsep, total Qsep, total

In Fig. [5.9] the heating ratio remains fixed for each subplot. Since the heating ratio is
known and the total heat flux remains almost constant, the heat exchange between the
inner simulation boundary and the separatrix can be deduced by comparing that ratio to
the percentage in electron heat flux at the separatrix. It must be kept in mind that the
following analysis of H-Modes is based on simulation data which used heat coefficients
which were determined at densities of ng, = {4.0,4.5,5.0} - 10" m~3. These heat co-

efficients are held constant for all other densities.

Regarding the R = 1/2 case, almost no exchange between ions and electrons take place.
A numerical error of about 5 % is assumed. Looking at the extreme case of heating al-
most only ions, electrons are heated significantly on their way to the separatrix. Due to
the large difference in heating, this is expected. Nevertheless, no significant difference
between L-Mode and H-Mode or between densities can be observed. In contrast, if al-
most only electrons are heated, ions gain heat on their way to the separatrix. The factor

by which ions are heated, remains approximately constant as well. Compared to the
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other extreme case, very hot electrons heat relatively cold ions less than very hot ions
heat relatively cold electrons.

Looking at Eqn. (5.3)) this similarity between electron and ion heat fluxes in the extreme
cases is not expected. The code works with the usual assumption of quasi-neutrality
ne = n;. Even though m, < m;, a heat exchange is expected to occur at significant
differences between 7} and 1. Since the extreme cases show no drastic increase in heat

flux, the influence of the exchange term is not significant.
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Figure 5.9: Percentage of electron heat flux crossing the separatrix at different densities
at H-Mode and L-Mode annotated with temperature and decay length ratios as defined

in Eqns. (5.10) and (5.1T])).

Heat exchange at the separatrix

This section focuses on the heat exchange between electrons and ions. Results are
shown in Fig. Regarding the extreme cases with a heating ratio of 10:90 (R = 1/9
or R = 9), it can be seen that the less heated particle type is heated by the respective
other type. When mainly ions are heated (R = 1/9), electrons are subsequently heated
by the ions. In this case at the separatrix, about 25 to 40 % of the heat flux is in electrons,
leading to a significant gain of heat by the electrons. The heat exchange to electrons in
this case is slightly higher for L-Modes than for H-Modes.

In the contrary case of electrons being mainly heated, (R = 9) between 15 and 35 % of
the heat flux is in the ions. This exchange is therefore similar to the case of dominant
electron heating (R = 1/9). The exchange in L-Modes is larger than in H-Modes.

Concerning the case of equal heating, almost no heat exchange takes place. Fig. [5.9
indicates a slight increase of heat flux in electrons of 0.5 to 5 %, but it should be noted

that this deviation lingers within a numeric error.

The next step is to analyse quantities which are directly calculated by the simulations.
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Separatrix temperatures

This section focuses on electron and ion temperatures at the separatrix. Even though
the heat transport is not largely affected by the exchange term, ions are hotter at the

separatrix than electrons independent of the heating ratio. This is shown in Fig. [5.10]
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Figure 5.10: Electron and ion temperature at separatrix for L-Mode and H-Mode simu-
lations at different densities. For H-Modes at n = 0.5 - 10' m~3 no reliable data can be
given due to numerical reasons.

It must be noted that separatrix temperatures for L-Modes tend to be high due to
a relatively high heating power of 0.8 MW assumed in the simulations. Additionally,
H-Modes at n = 0.5 - 10 m™3 and n = 1.0 - 10" m™3 are experimentally almost
impossible to achieve. Therefore, the simulation data for these simulations should not

be overinterpreted.

Decay lengths

This section focuses on decay lengths of temperatures and density at the separatrix.
They are calculated by an exponential fit within the interval [R, - 4.5mm, Ry, +
5.5 mm]; a method used in [16]. Corresponding to higher ion temperatures in all heating
ratios, Fig. [5.11] shows that decay lengths of ion temperatures are higher than those of

electron temperatures.
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Figure 5.11: Decay lengths of electron and ion temperature as well as electron density
for L-Mode and H-Mode at different densities.
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However, no significant influence of density, heating relation or confinement mode
on decay lengths can be detected. Regardless of these factors, decay lengths for electron
temperatures, A7, are between 5 and 10 mm. Decay lengths for ion temperatures, A7,
are between 10 and 20 mm. Thus, temperature decay lengths for ions are about twice as

high as those for electrons.

Regarding decay lengths of the electron density, A, , a difference between L-Modes
and H-Modes can be oberserved. While ), increases in L-Modes for higher densities
exponentially, the increase for H-Modes is linearly. One explanation is that the ratio be-
tween perpendicular and parallel heat flux is different since the heat coefficients differ.
Especially, in L-Mode simulations x. = x; was assumed. However, the ratio between
these heat fluxes determine the width of A,. In total, )\, is higher for L-Modes than for
H-Modes.

Ratios of temperatures and decay lengths

After having analysed temperatures and decay lengths separately, this section focuses
on ratios between them. To set different decay lengths into comparison, following pa-

rameters are used:

Tisep

T = (5.10)
Te,sep
A

A= )\p"’ (5.11)

Since n, = n;, A = A, /Ar,.

As shown before, ion temperatures are sightly higher at the separatrix with no regard
to the heating ratio. However, the difference is limited in all simulations to a factor of
two where ions are predominantly heated and reduces to a factor of about ten percent in

the case of higher density H-Modes where electrons are predominantly heated. This is
shown in Fig. [5.12]
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Figure 5.12: Product of A and 7; at L-Mode and H-Mode at different densities.
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On the one hand, A is below one for all simulations, i.e. Az, is always smaller than
Ar;. On the other hand, 7; is greater than one for each simulation and A is smaller than
one. Interestingly, the product of these two quantities is close to one in each simulation.
This product is slightly above one when ions are predominantly heated, since this leads
to a higher difference in electron and ion temperature, thus a higher 7;. When electrons
are predominantly heated, this product is slightly below one.

However, for typical H-Modes in the range of 3.0 - 10 m™ < n < 4.5 - 10 m~3 this

product is very close to one independent of the heating ratio.

Heat coefficients determined at lower densities

The next step is to compare these findings with a low density H-Mode. The simulation
grid and parameters are based on discharge #36021. This discharge has a separatrix
density of ng, = 1.6 - 10" m~3 and a heating power of Py = 0.7 MW.

First, new heat and diffusion coefficients are adapted to the low density H-Mode, Fig.
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Figure 5.13: Discharge #36021: Concordance between simulation and experimental
data for density (top) and electron temperature (middle) for the determined x and D
profiles (bottom). For this discharge, experimental data for ion temperature is not avail-
able. Therefore, y; is set to be equal to ..

Comparing the heat coefficients between the low density H-Mode # 36021 and the
standard density H-Modes # 38484 and 38485, a reduction of the density by a factor of
two leads to a decrease of x; by a factor of three and of . by a factor of six. It must be
noted that this conclusion should be treated with caution since x; = Y. is assumed as
a result of a lack of experimental ion data for #36021. However, a correlation with ap
reel 1000 leads to a0 ~ 4.0

and ap 33484 ~ 7.1. As a consequence, a change of x correlates roughly to a similar

can be observed. A rough estimation of ap ~

change of ap. To broaden this conclusion to general settings, further studies on y are

necessary.
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However, heat coefficients differ between low density H-Modes (such as #36021)
and standard density H-Modes (such as # 38484 and 38485). For the pruprose to gen-
eralize previous findings, a density scan between n;,, = 2.0 and 5.0 - 10 m~2 with
equal heating between electrons and ions based on y and D of discharge #36021 is
performed. The results are depicted in Fig. [5.14]

10
08
Ape/Api=0.9 ApelAp=0.9 ApelAp=0.8 ApelApi=0.8 ApelApi=0.8 Ape/Ap=0.7 ApelApi=p.7
TilTe=1.2 TiTe=1.2 TiTe=1.3 TiTe=1.2 TilTe=1.2 TilTe=1.2 TiTe=122
N=1.1 AN=1.1 A=1.0 A=0.9 N=1.0 N=0.9 A=0.8
© o4
0.2
0.0
2.0 25 3.0 35 4.0 45 5.0
neinm=3 le19
® -
240 -7
220
(]
200 4
L]
L]
>
L 180
.
]
L]
160
'Y L]
L]
140 ®
°
.
.
120
2.0 2.5 3.0 35 4.0 4.5 5.0
e in m=3 lel9

63



- AT
e
[ ] . Ane

@
[}
[ 1]
.

2.0 25 3.0 35 4.0 45 5.0

neinm-3 lel9

I

- AT

0.9 4 L]

0.8 1

0.7 4

2.0 25 3.0 35 4.0 a5 5.0

fle inm-3 lels

Figure 5.14: Plots of an H-Mode density scan conducted with heat coefficients based on
the low density H-Mode #36021. All plots show equal heating.

Again, no heat transport between electrons and ions within the numerical error is
identified. Also, T; > T, yields for all densities. In addition to that, the evolution of the
different decay lengths is similar to the previous simulations. Lastly, the product 7; - A
remains close to one.

Thus, the results prevail whether or not simulations are based on y for low density H-
Modes or standard density H-Modes. Consequently, the previous results are valid for a

variation of separatrix density in H-Modes.

64



5.2.5 Heat transport in the SOL

After having analysed the heat flux at the separatrix, this section focuses on the heat
transport in the scrape-off layer. In the SOL parallel heat fluxes dominate. This is due
to the fact that heat and particles are transported parallel to magnetic field lines with
the target plates as sinks. In the SOL, electron and ion heat fluxes are compared at
the X-Point and at the outer target. Again, density scans at different heating ratios are

compared.
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Figure 5.15: Comparison of the ratio between parallel electron and total heat flux. g, =
Ge + qi-

Fig. shows that at both the X-Point and the outer target electron heat fluxes
dominate. This means that on their way from the separatrix to the X-Point, electrons are
heated by ions independent of their temperature at the inner simulation boundary or at
the separatrix, even though the heat flux at the separatrix strongly depends on the ratio.
This is valid for both L-Modes and H-Modes. Even in the case of strong ion heating
(R =9), more than half of the heat flux is in the electrons. The higher the density, the
higher the percentage of heat flux in the electrons.

As a conclusion it can be stated, that the heat flux is mainly transported through electrons

in the scrape-off layer.

5.2.6 Conclusion on heat flux behaviour in the edge

It can be concluded that the heat transport within the confinement region is not largely
affected by the exchange term. Especially at typical densities of transitions between
L-Mode and H-Mode (n = 1.5 - 10 m—3) and at H-Mode to L-Mode back-transition
(n = 3.0 - 10 m—3), the influence is constrained. However, at the separatrix, ion tem-
perature always dominates. Nevertheless, the product A - 7; is always close to one.

On the other hand, in the scrape-off layer the heat flux is dominated by electrons. There-

fore, g; is transported by electrons. At the target, ¢. always dominates.
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Chapter 6
Conclusion

Understanding the correlation of separatrix density with turbulence parameters and
electron-ion heat exchange is crucial to allow for highest possible density operation.
This in turn is believed to lead to high core parameters such that the triple product is

increased and therefore the likelihood of a commercial fusion reactor is improved.

Regarding the edge turbulence parameter o, it was shown that this parameter has an
influence on pedestal and core confinement. However, this influence is neither limited
to n nor T'. Employing one parameter as an approach to identify the extend of the degra-

dation of the pedestal pressure and core confinement is not successful.

The classification of the four phases developed to describe the H-Mode density limit
by Bernert is compared to the boundary lines of turbulence by Eich/Maunz and show a
high level of consistency. However, due to poor resolution of Thomson scattering em-
ployed to measure n. and 7, (300 ms), further studies with higher resolution, such as

Helium beam data, are proposed.

A general difficulty of validating edge turbulences is missing information on ion tem-
peratures. In particular here, density scans were studied. These extensive density scans
and the resulted modelled heat transport with EMC3-Eirene did not reveal a significant
influence of the exchange term on the ratio of 7,/7;. While ion temperature at the

separatrix dominate, electrons are heated by ions in a way that at the target, electrons
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dominate. A major conclusion of this work is that for typical parameters scanned in
ASDEX-Upgrade discharges, the product % . % stays close to one. It is therefore
of highest interest since this assumption was used in physics assumptions describing
operational boundary lines. These findings are valid for both L-Modes and H-Modes

and for typically accessed density ranges.
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Appendix A

List of discharges used

A.1 List of discharges used in chapter 2.6.2]

33063, 33064, 34275, 34276, 34277, 34338, 34339, 34610, 34825, 34973, 35869,
37624, 37625, 37919, 38114

A.2 List of discharges used in chapter 3.2

35842, 35843, 37896, 34825, 38410, 38402, 34321, 34322, 38427, 38428, 37917,
38430, 37919, 34337, 34338, 34339, 34347, 37897, 35900, 36109, 37457, 37458,
37459, 38484, 38485, 36449, 36450, 36451, 36452, 36454, 36455, 35457, 35459,
35460, 37514, 32920, 37021, 37023, 37024, 34465, 37027, 38565, 35869, 38110,
38429, 36020, 36021, 37046, 38589, 33474, 38607, 30416, 38609, 32291, 38614,
38105, 38106, 36573, 36574, 38608, 37623, 37624, 37625, 33029, 37638, 33033,
33037, 33052, 33053, 33054, 33055, 33056, 33057, 33058, 33059, 33060, 34091,
34610, 34613, 36165, 36189, 36190, 34277, 37863, 35695, 35701, 37750, 37242,
37243, 37245, 37246, 31624, 38293, 38296, 38307, 31654, 36279, 36280, 36281,
36282, 37025, 37858, 34275, 34276, 37861, 38375, 38389, 36342, 36343, 36345,
36346, 38397, 38398, 38399

69



A.3 List of discharges used in chapter 4.2

28728, 29809, 29810, 34275, 34276, 34277, 34610, 34966, 34973, 38399, 38429,
38484, 38485
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Appendix B

Additional plots of heat flux analysis in
the edge

B.1 Determining heat and diffusion coefficients
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Figure B.1: Heat coefficients concerning electron temperature.
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Figure B.2: Heat coefficients concerning electron density.
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B.2

Heat transport at the separatrix
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Figure B.3: Heat transport at the separatrix.
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B.3

Separatrix temperature
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Figure B.4: Separatrix temperature.
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Decay lengths
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Figure B.5: Decay lengths.
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Ratios of temperatures and temperature decay lengths
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Figure B.6: Ratios of temperatures and decay lengths.
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B.6 Heat transport in the SOL
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Figure B.7: Heat transport in the SOL.
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