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Abstract

Using first principle models to construct and optimize stellarator geometries is a computationally
heavy - forbidding task. A fully optimized geometry would result in lower transport losses and can
make the difference in the pursuit of feasible nuclear fusion. Because complete turbulence models
do not exist yet and the extensive geometry parameter space, a data-driven approach is required.
Deep learning methods hold the promise to deliver surrogate models that can explore this space
much faster.

In this work, we study two generative machine learning models based on the Variational autoen-
coder (VAE), which are trained on simulated data of the Wendelstein 7-X stellarator. These
models are leveraged to adjust the flux surfaces and the magnetic field on those surfaces with the
goal of minimizing the particle and heat losses. The minimization algorithm finds a step-by-step
optimization scheme based on the strength of the relations between the transport losses and input
variables in the data. These relations could all be explained by known physical laws.

In addition to the generative capabilities of the models, we explore the autonomous design choices
of the latent space by the models. During the investigation of the latent space, we identify a
set of issues regarding the training procedure of VAEs on sufficiently complex data. Specifically,
the effect of posterior collapse (a known limitation of VAEs) was a prevalent challenge in our
implementation. In an effort to overcome the posterior collapse, many adaptations have been
made. These did, however, not fix the posterior collapse in our project, but could be used as
handles for future work.
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Chapter 1

Introduction

1.1 Motivation & context

In 2014, the fifth assessment report of the IPCC (Intergovernmental Panel on Climate Change)
alarmed about the consequences of climate change and the possible mitigation pathways consist-
ing of reducing CO2 emissions to near zero[1]. In response, in 2015, President Obama announced
drastic measures to reduce CO2 emissions and transition to a sustainable energy system[2]. Later
that year, world leaders agreed in the Paris Agreement to limit global warming to 1.5°C. This
goal called for fast and drastic reductions in CO2 emissions. To accomplish these reductions, most
countries rely heavily on solar and wind. However, these technologies consist of power fluctuations
and geographic limitations. Nuclear fusion proposes a more reliable and less climate-sensitive en-
ergy source compared to many sustainable energy technologies and thereby could offer a valuable
asset for the energy transition[3, 4].

Furthermore, nuclear fusion is a relatively clean technology as it does not produce toxic or green-
house gasses. Secondly, fusion does not produce high-activity, long-lived nuclear waste as is pro-
duced in fission reactions. The activation of components in a fusion reactor is low enough for the
materials to be recycled or reused within 100 years compared to 10.000 years needed for nuclear
fission waste[5, 6]. Furthermore, the fuels used in fusion reactions are widely available and nearly
inexhaustible. Deuterium can be distilled from all forms of water, while tritium will be produced
during the fusion reaction as fusion neutrons interact with lithium in the device’s walls[7]. Lastly,
fusion does not use methods or materials with a possibility of a nuclear disaster or nuclear weapons.

Nuclear fusion is a process that naturally only occurs in stars. Fusion is the process of particles
fusing to create energy. In stars, gravity is used to overcome particles’ repulsive effects on each
other. However, on Earth, other methods are required to overcome the repulsive effects. These
methods use a magnetic field in a toroidal shape to avoid losses at the ends of the magnetic field.
This magnetic field needs a twist to counteract the particle drifts caused by the curvature and
the gradient of the magnetic field due to its toroidal shape. There are two main designs to create
this twist, the tokamak and the stellarator. The tokamak uses currents in the plasma to create
the twist, while the stellarator only uses external coils to create the necessary twist. Due to the
external coils, many different magnetic field configurations are possible in a stellarator. However,
not all of these configurations perform equally well. The gradient and curvature drifts are still
present, and together with the effect of particle trapping, this can lead to unwanted transport
of particles and heat out of the plasma, the so-called neoclassical transport. This neoclassical
transport depends strongly on the exact shape of the magnetic field. This project focuses on the
possible configurations of the Wendelstein 7-X stellarator (W7-X), located in Greifswald, Germany.
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CHAPTER 1. INTRODUCTION

The range of possible configurations is enormous and, therefore, hard to optimize. In this work,
we propose to address this challenge by developing a data-driven simulator based on deep gener-
ative models. Deep generative models can generate new data based on the data it has seen. A
variational autoencoder (VAE) is a type of generative model able to do this by mapping the data
to an intermediate latent representation cleverly. The complexity of neural network based models
such as the VAE generally scale linearly with the number of parameters and the dimensionality
of the input data. This is many orders of magnitude faster than the conventional methods where
complex differential equations are numerically integrated. Furthermore, a VAE allows for optim-
ization of the configuration using the fact that its components, neural networks, are differentiable
and the discovery of hidden variables in the intermediate latent space.

This thesis presents a feasibility study demonstrating the capabilities of a variational autoencoder-
like model on a simulated data set containing neoclassical transport. This project aims to show
accurate simulating capabilities and discover known physical principles in the latent space.

1.2 Research questions

In the first part of this project, we implemented generative modeling using a variational autoen-
coder. The goal of this part is to show that a variational autoencoder can capture the distribution
of the data, which leads to the following research question:

Can a variational autoencoder be used to generate synthetic results comparable to conventional
simulation methods?

Which contains the relevant sub-questions:
e How accurate are the generated synthetic results?

e What roles do the technical limitations of using a variational autoencoder, such as the
posterior collapse or blurry generation, play in the success of the solution?

Once the first questions have been answered, we identify new tasks for the generative model. The
main idea of this project is to not only replace the simulation methods with faster machine learn-
ing alternatives but to use this model to optimize the fusion device and gain new insights. This
leads to a second research question:

Which new tasks are possible using the generative model after it has proven to be an accurate
simulator?

To answer the second main research question, several sub-questions need to be considered:

e Can we use the generative model to find magnetic configurations that minimize the transport
losses?

e What adaptations to the generative model need to be made to allow for new tasks?

e Can the representation learned by the VAE (using the latent variables) be translated back
to physical quantities?

2 Minimizing neoclassical transport in the Wendelstein 7-X stellarator using Variational
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CHAPTER 1. INTRODUCTION

1.3 Contributions

Answering the research questions leads to the main contributions of this thesis:

e We introduce several generative models designed to optimize the magnetic field configuration.
Using these models, we demonstrate the ability to find multiple physical laws in the data.
These identified physical laws can then be exploited to minimize the transport losses.

e We provide proof of principle methods for different tasks using generative models in nuclear
fusion, including:

— Simulating new, unseen data for a given set of input parameters. Thereby finding an
alternative to the conventional expensive simulation methods.

— Exploring latent space in search for relevant hidden variables and known physical prin-
ciples.

This work is an exploratory project, where the application of generative models to the problem of
simulating particle transport in stellarators is studied. During the project, the models suffered from
a well-known variational autoencoder problem called the posterior collapse. This work provides
some guidelines for overcoming the posterior collapse. However, due to the posterior collapse, not
all of the original goals of this project were achieved. Nevertheless, this project delivers a number
of outcomes that can inform subsequent efforts in this direction.

1.4 Overview

This thesis is for a double master’s in applied physics and data science. Care is thus taken to
provide all the necessary theories for both degrees. In Chapter 2, the basics of nuclear fusion
are discussed by explaining the basic equations, the equation governing magnetic confinement,
and the description of neoclassical transport and magnetic coordinates. Then, relevant machine
learning theory is discussed in Chapter 3 by going through different model designs. Hereafter, an
overview of literature related to this work is given in Chapter 4. Chapter 5 describes the data
used in this project, after which the used models and the loss function are described in Chapter 6.
The outcomes of this project and the discussion thereof are found in Chapter 7. Finally, Chapter
8 concludes this thesis.
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Chapter 2

Background nuclear fusion and
neoclassical transport

2.1 Nuclear fusion basics

Nuclear fusion is a reaction in which two or more atoms are combined to form one or more dif-
ferent atoms and other subatomic particles (neutrons and protons). The difference in total mass
between the products and the reactants tells if energy is absorbed or released following the famous
E = mc? equation, where E is the released or needed energy, m is the mass and c is the speed of
light.

Normally, Deuterium(D) and Tritium(T) are used in nuclear fusion reactions performed on earth.
Deuterium and Tritium are both isotopes of hydrogen, where the nucleus of Deuterium contains
one proton and one neutron and the nucleus of Tritium contains one proton and two neutrons.
The reaction of these two atoms produces one Helium atom and one free neutron:

2D + 3T — 4He(3.5MeV) + n°(14.1 MeV) (2.1)

The released energy per reaction is £ = 17.59 MeV. Nuclear fusion is one of the most energetic
reactions known to occur. As a comparison, The D-T reaction produces 3.4 x 108 MJ of energy
per kg of fuel, while the combustion of a kg of gasoline only produces 44 MJ. The nuclear fission
process already mastered on earth produces almost the same amount of energy per kg of fuel.
However, this process produces highly radioactive materials with half-lives of over 10* years.

Regardless of the fusion method, the goal of all fusion power devices is to reach a state called
ignition, a self-sustaining reaction. This occurs when the energy being given off by the fusion
reactions heats the fuel mass more rapidly than various loss mechanisms cool it. The plasma
conditions necessary for ignition to occur is described by the Lawson criterion, a lower bound on
the fusion triple product, nT7p > 3 x 102! m3keV's, where n is the density in m™3, T is the
temperature in keV and 7g is the energy confinement time in seconds. With the densities and
temperatures reached in experiments, a energy confinement time in the order of seconds is needed.

The energy confinement time is a measure of the insulation of the fusion plasma. It must be large
enough to ensure that the energy released by the fusion products is equal to or larger than the
energy lost. This confinement time is heavily dependent on the optimization of the magnetic field
because of the influence the magnetic field has on the motion of the charged particles making up
the plasma.
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CHAPTER 2. BACKGROUND NUCLEAR FUSION AND NEOCLASSICAL TRANSPORT

2.2 Particle motion in electro-magnetic fields

To achieve fusion and the Lawson criterion, the fuel needs to be heated to millions of Kelvins.
Furthermore, all particles will be charged, i.e. ions or electrons. Therefore it is fundamental to un-
derstand how these particles move about. There is a difference between considering the movement
of individual particles or a group of particles. In this section, only the movement of individual
particles is described. Within this domain there is only one important force, the Lorentz force
F;, = ¢(E + v X B) with q the charge of the particle, v the velocity, E the electric field and B
the magnetic field.

Gyration

Due to this Lorentz force, charged particles gyrate in a homogeneous magnetic field. The particles
gyrate around a field line while the motion along this field line is not affected by the field. This
gyration is called the cyclotron motion and it must be noted that positively and negatively charged
particles gyrated the other way round. Equating the Lorentz force to the centripetal force leads
to the following for electrons:

2
mvy

F= =qu, B (2.2)

(&
where ¢ is the charge of the particle and m is the mass of the particle. using the relation between
angular velocity and orbit velocity it can be found that the electron cyclotron frequency and
electron cyclotron radius are respectively given by

eB
=2 2.3
e = 22 (23)
Mmev |
ce — 2.4
p B (2.4)

Gyration is very fundamental to magnetically confined plasmas. Since the frequency depends only
on the magnetic field, it is a strong resonance. This makes it possible to heat the plasma by using
high power waves at the frequency resonant with the electron gyration.

E x B-drift

A charged particle moving in an electromagnetic field exhibits a drift in addition to its gyration
and any acceleration due to a component of the electric field parallel to the magnetic field. This
drift motion has velocity vpx g = E§2B and is therefore known as the ‘E-cross-B’ drift. This drift
is dependent on the charge of the particle, as a result, both ions and electrons drift in the same
direction with the same speed. This drift is shown in Figure 2.1B. If the force is not by an electric

field for example gravity, the drift will be in opposite directions as can be seen in Figure 2.1C.

Grad-B drift

So far, only homogeneous fields have been used. However, these fields are rarely homogeneous
and toroidal machines can by definition not have a homogeneous field. If there is a gradient in
the magnetic field perpendicular to the direction of the field, the gyrating motion of the particles
change. The cyclotron radius of charged particles depends on B, as can be seen in Equation 2.4,
being smaller where the field is stronger. This results in a drift perpendicular to the gradient
and the B-field as can be seen in Figure 2.1D. Note that the drifts of the charged particles are in
opposite directions, which in turn leads to an E-field and thus E X B drifts. The grad-B velocity
of this drift reads

1 B xVB

VvB = 5PVL

. = (2.5)
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Curvature-B drift

Just like the magnetic fields are rarely homogeneous, they are also rarely completely straight. For
a charged particle to follow a curved field line, it needs a drift velocity out of the plane of curvature
to provide the necessary centripetal force. This velocity is given by

mvi R, x B
eB R?B

VeurvB = (26)
where R, is the radius of curvature pointing outwards, away from the center of the circular arc
which best approximates the curve at that point. The curvature drift can also be defined using the
curvature k as bVb where b is a unit vector in the direction of the magnetic field. This results[8]
in

VeurvB = X Uﬁh‘/ (27)
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Figure 2.1: Charged particle orbits in a magnetic field. (A) No disturbing force, (B) With an
electric field E, (C) With an independent force, F (e.g. gravity), and (D) In an inhomogeneous
magnetic field, grad H. The parallel motion of the particles along the field lines is not shown in
this figure. Source: Wikimedia

2.3 Magnetic confinement fusion

One of the most promising approaches to attain nuclear fusion on Earth is to use magnetic confine-
ment fusion. Magnetic confinement fusion uses the theory of charged particles in electromagnetic
fields explained in Section 2.2 to reach a high level of confinement. Magnetic confinement relies
on the use of twisted magnetic toroidal fields to confine the particles and keep them from colliding
with the walls. The twisting of the magnetic field is needed to compensate the drifts. When for
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example an electron is on the top half of the toroidal field, it will experience a grad-B drift down-
wards away from the magnetic field line it was following. Once the particle follows the twisted
magnetic field line to the lower half of the torus the drift will still be downwards and the particle
will drift back to the magnetic field line it was following. This cancellation is not perfect, but it
provides enough confinement for the fuel to remain in the reactor for the needed amount of time.
The two designs that solved this twisting challenge are the tokamak and the stellarator.

Tokamak

The tokamak was invented in 1952 by two Russian scientists, Tamm and Sakharov. The concept
uses coils in the poloidal direction (short way round) to create a strong magnetic field. As stated
above, only a toroidal field is not enough. Therefore an additional magnetic field is created by a
transformer where the plasma acts as the winding. This causes a current through the plasma. As
can be seen in Figure 2.2, the tokamak is almost axisymmetric. There is a slight ripple caused by
the finite number of coils, this is not visible in the schematic. The almost axisymmetric property
of the tokamak gives it high confinement properties compared to unoptimized non-axisymmetric
devices. There are however also some disadvantages to this design. The plasma currents needed
for the second magnetic field causes instabilities or disruptions which can damage the reactor.
Furthermore, the transformer prevents the tokamaks from running continuously, which would be
a nice property for reactors. Both of these disadvantages are absent in the other design, the
stellarator.

inner poloidal magnetic field coil

coil current outer poloidal

magnetic field coils

toroidal magnetic field
poloidal magnetic field
twisted magnetic field

plasma current

Figure 2.2: A schematic overview of the tokamak. Adapted from [8]

Stellarator

The stellarator was invented by Lyman Spitzer in 1951. To get the necessary twist he suggested
twisting the torus into the shape of the number 8. This creates a twist in the magnetic field
without needing the plasma current causing the main disadvantages of the tokamak. The figure 8
stellarator has already been archived but the idea remained. Nowadays, the twist is achieved by
additional sets of coils or by designing special coils. As can be seen in Figure 2.3, the axisymmetric
property is no longer present in stellarators. This led to the very poor confinement of the first
stellarators. These confinement properties can be enhanced once another form of symmetry is
created. This leads to concepts such as quasi-symmetry, quasi-isodynamicity, and omnigeity.
These concepts will be discussed later in Section 2.4.3.

8 Minimizing neoclassical transport in the Wendelstein 7-X stellarator using Variational
autoencoders



CHAPTER 2. BACKGROUND NUCLEAR FUSION AND NEOCLASSICAL TRANSPORT

toroidal magnetic field coil
helical magnetic field coil

) o vacuum vessel
twisted magnetic field

Figure 2.3: A schematic overview of the classical stellarator. Adapted from [8]

2.3.1 Coordinate systems

The toroidal geometries of the fusion devices can be described using different coordinate systems.
First of all, it can be described using the classical cylindrical coordinates (R, ¢, Z) where ¢ increases
from 0 to 27w. A visualization of this coordinate system can be found in Figure 2.4.

A
z

@

Figure 2.4: The standard cylindrical coordinate system: R measures distance from the Z axis and
¢ is the standard angle of the cylindrical coordinate system such that R X ¢ = Z. Adapted from

[9]-

Moreover, as the desired geometries consist of toroidal surfaces, a toroidal coordinate system is
defined. The term toroidal will refer to the long way around the torus, while poloidal refers to the
direction the short way around the torus. These directions can be found in Figure 2.5

2.3.2 Magnetic field lines and flux surfaces

The magnetic field is mathematically described as a vector field. The flow lines of this vector field
are called the magnetic field lines and are often used for visualization and interpretation of physical
phenomena. The movement of charged particles is related to the geometry of these magnetic field
lines as described in Section 2.2. In that section, it was shown that particles can drift across field
lines along their motion parallel to the field lines. As the movement parallel to the field line is not
disturbed, the temperature tends to equilibrate along a field line.

Minimizing neoclassical transport in the Wendelstein 7-X stellarator using Variational 9
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Toroidal

Poloidal

Figure 2.5: The position on a toroidal surface is often described by two angles. A poloidal angle
increases from 0 to 27 on any closed poloidal loop (black), the short way around the torus. A
toroidal angle increases from 0 to 27 on any closed toroidal loop (red), the long way around the
torus. Adapted from [9)].

In the magnetic confinement fusion devices discussed above, it is necessary to maintain a hot
plasma core while the walls need to remain cold. Therefore, field lines are not allowed to connect
the plasma core with the walls. If field lines are not allowed to intersect the walls, they should
stay inside the toroidal volume. This can be accomplished if a field line can lie on a closed surface
within the volume. A flux surface is a smooth surface such that at every point on the surface
B - n = 0, where 7 is a normal vector to the surface. So, in particular, no magnetic field line
crosses a magnetic surface: the field is tangent to the flux surface. There may exist a set of toroidal
surfaces within a given volume. All of these surfaces may be nested around a single closed field
line, called a magnetic axis. As already stated, a twist in the field lines is needed for confinement
resulting in field lines which twist about flux surfaces. The twist in the field lines is quantified by
the rotational transform, ¢, which indicates the number of poloidal turns of a field line around the
magnetic axis for each toroidal turn.

To maintain a temperature gradient within the confinement region, magnetic fields that minimize
the volume occupied by island structures need to be designed, as the temperature is equilibrated
rapidly within these structures. Ideally, the magnetic field lies on continuously nested surfaces.
The flux surfaces and magnetic islands are shown with three Poincaré plots of Wendelstein 7-X in
Figure 2.6.

Equilibrium condition

As stated above due to the fast movement along the field lines, the ions and electrons are in near-
Maxwellian distribution, which implies that the plasma has the pressure of an ideal gas namely
p = nT, where n = n. + n; is the sum of the number of electrons and the number of ions and T is
the temperature. The force of this pressure is balanced by the electromagnetic force. Therefore,
the equilibrium condition states

Vp=JXx B (2.8)

This has a few implications namely that the magnetic field and the current are perpendicular to
the pressure gradient Vp. From this, it can be derived that B - Vp = 0 and this implies that the
magnetic field lies on surfaces of constant plasma pressure. These surfaces are the flux surfaces
mentioned earlier.

This can be used to extend the toroidal coordinate system described earlier. In that example,
only points on a surface could be explained. Using the nested flux surfaces, points in space can
be described. This results in the flux coordinates (s, 8, ¢), where ¢ is an angle which increases by
27 upon a toroidal loop, # is an angle which increases by 27 upon a poloidal loop, and s is a flux
surface label.
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Figure 2.6: Shape of the Last Closed Flux Surface (LCFS) in W7-X standard magnetic configur-
ation. The explanation of this configuration can be found in Appendix B.1. In this configuration,
t/(2m) = 1 = 5/5 at the plasma edge, and the separatrix of five natural magnetic islands is
therefore defining the LCFS. This can be seen in the Poincaré plots shown on the right for the
bean-shaped (¢ = 0°), the ¢ = 18° and the triangular (¢ = 36°) cross section. Adapted from [10]

2.3.3 Boozer coordinates

To describe the equilibrium of nested surfaces it is useful to introduce magnetic coordinates, where
one coordinate is constant on the constant-pressure surfaces and the field lines are straight in terms
of the other coordinates[11]. The representation of B in magnetic coordinates is given by

B=Vi X V0+Vepx Vy (2.9)

where 1 and x are the toroidal and poloidal flux, and € and ¢ are the poloidal and toroidal
direction. Since the toroidal and poloidal magnetic fluxes are constant on surfaces of constant
pressure, these surfaces are called flux surfaces. Functions that are constant on such surfaces, only
depend on v and are independent of # and ¢, are called flux functions. Now the magnetic field
can be written as

B=IV0+GV¢+KViy+VH (2.10)
where I(¢) and G(v) are flux functions representing the poloidal and toroidal current, K is a

function of(¢, 8, ¢) and H (v, 0, ¢) is an integration constant.

One could choose different angles ¢ and 6 for the magnetic coordinates, Boozer choose a useful
set of magnetic coordinates[12]. This coordinate system is reached if 6 = ¢ + 1w and ¢ = ¢’ + w
where w(1), 0, ¢) is a well behaved and periodic in the poloidal and toroidal directions.

This results in an elegant covariant representation of the magnetic field

B =1())VO+G()Vo+ K(1,0,0)VY (2.11)
where the primes have been dropped for readability.

Besides the simple covariant representation in Boozer coordinates, the magnetic field lines are
mapped to be straight lines once plotted in a 6, ¢ plane. For a more detailed description of Boozer
coordinates and general coordinate systems, the appendix of the paper ”Physics of magnetically
confined plasmas”[13] by A. Boozer is recommended.
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These Boozer coordinates are especially useful for stellarators, as quasi-symmetric magnetic fields
exhibit a symmetry in this coordinate system. Therefore, confinement properties can be inferred
by simply considering the symmetry of the field strength. Using Boozer coordinates also makes
it easier to distinguish magnetic field properties. This is visible in Figure 2.7 where the contours
of |B| from the The Helically Symmetric Experiment(HSX) are plotted in Boozer coordinates.
It can be seen that the minima and maxima of the magnetic field close in on themselves when
moving helically around the torus. This is a property of quasi-helical symmetry which reduces
the transport as was explained above. A clear distinction can be made when looking at a 6,
plot from W7-X which is designed following the quasi-omnigenous principle. Compared with the
magnetic field of HSX, the magnetic field strength of W7-X does not connect with itself moving
around the torus as can be seen in Figure 2.8. Note that this plot only shows 1/5%" of the entire
magnetic field due to the five-fold symmetry while the plot of HSX shows the magnetic field of
one full toroidal rotation.

poloidal

1 2 ) =
©

toroidal

Figure 2.7: Contours of |B| for a quasi-helically symmetric configuration in HSX where red is
maximum field and blue is minimum field. The magnetic field is shown for one full toroidal
rotation. A magnetic field line is shown in black with ¢ = 1.06. Source: [14]

|B| on flux surface=99

0 1 2 3 4 5 6
Zeta (¢) [rad]

Figure 2.8: Contours of |B| on the outermost flux surface for the standard configuration in W7-X.
The magnetic field is shown for only 1/5%" of a toroidal rotation because of the five-fold symmetry
in W7-X.

Fourier transform into coefficients

The use of Boozer coordinates and the needed periodicity in toroidal and poloidal direction allows
the representation of quantities on a given radial surface in terms of trigonometric function (sine
and cosine). This allows quantities in 3D to be represented by continuous functions in the poloidal
and toroidal direction and a discrete set of points in the radial direction. Thus on any radial surface,
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the value of a parameter is known to machine accuracy at any point. In Boozer coordinates, any
quantity f can be represented by

N M
(5,0,¢) = Z > fun(s) cos(mb + nNgpC) (2.12)
—N m=0
or
(s,0,0) = Z Z fmn(8) sin(m@ + nNgp() (2.13)
—N m=0

where s is a radial flux surface label, 0 is the poloidal angle, ¢ is the toroidal angle, and Ngp
is the fundamental periodicity of the problem. The values N and M define the truncation of the
mode spectrum.

The choice of trigonometric function for a given quantity is determined by the symmetry of the
problem. For systems with stellarator symmetry (up-down in the phi=0 plane), the cylindrical
radial coordinate (R) has an even symmetry (cosine) while the vertical coordinate (Z) has an odd
symmetry (sine). These coordinates are visualized in Figure 2.4. In general, toroidal coordinates do
not require this symmetry and quantities are functions of a series of both odd and even coefficients.

Code used: Variational Moments Equilibrium Code (VMEC)[15]

The code uses a variational method to find a minimum in the total energy of the system. The total
plasma potential energy can be found by combining the MHD force balance equations. These are
the two equations used to solve the equilibrium condition above, combined with V X B = pugj

resulting in
IBII>  » s
W = —+ —|d 2.14
/( 20 +771 v (2.14)

to solve this, the code assumes that quantities may be Fourier expanded in terms of the poloidal
and toroidal coordinates resulting in [16]

Z Z Ry.m(s) cos (m — nNpp() (2.15)

n=—N m=0

(s,6,¢) = Z Z Znm(8)sin(m —nNpp() (2.16)

—N m=0

The magnetic field on these flux surfaces is defined in the same manner as

(5,0,¢) = Z Z B (5) cos (m — nNgp() (2.17)

—N m=0

Due to its speed in computing the MHD equilibrium in 3D, this code has become the standard
code and practically all stellarator researchers use it.
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2.4 Transport in fusion plasma

2.4.1 Diffusion

When microscopic particles randomly move in small steps the particle flux T' is defined by Fick’s
law, stating that flux is proportional to a concentration gradient

I'=-DVn (2.18)

where D is a diffusion coefficient. Since the change in time of density at a point in space is
proportional to the divergence of the particle flux at that point,

on

—=-V.T 2.19

T (2.19)
which is a continuity equation for particles. Putting these two equations together results in the
diffusion equation for the evolution of particle density

2
T DV-+n (2.20)
To understand the definition of the transport coefficients the intuitive derivation is used instead
of the perturbation of the distribution function caused by gradients. This intuitive derivation is
based on the random walk approach. For a simple 1-D walk this results in a Gaussian shape
around the starting position. Diffusion can be interpreted as the sum of many random walks of
step size Ar every time interval At,

(Ar)?
At

This formula will be the pillar of this section and the only question that remains is, what needs to
be filled in for the step size Ar and the time step At. As will become clear later on, for different
types of transport, different step sizes and time steps need to be chosen. Fick’s law is the chemical
equivalent of Fourier’s law, stating the heat flux through a material is proportional to the negative
local temperature gradient as

D~ (2.21)

q=-kVT (2.22)

where q is the local heat flux density, k is the material’s conductivity, and T is the temperature.

2.4.2 Classical transport

Classical transport concerns itself with the diffusion of particles in a straight, magnetized cylinder
due to collisions. When particles collide with other particles, their guiding center position changes.
To determine the change in the guiding center, only electron-ion collisions need to be taken into
account. In collisions between the same particles (electron-electron or ion-ion collisions), the guid-
ing centers of the two particles move in opposite directions. Therefore this does not result in a
net diffusion. Furthermore, as the direction of these particles are not truly random, the evolution
of the density does not follow Equation 2.18.

Taking only unlike particle collisions into account, the diffusion coefficient can be determined by
taking the average change in the guiding center after each collision as a step size (Ar) and the
average time between collisions as the time step (At). In a straight cylinder, the time between
collisions is approximately given by the electron-ion collision time which is 1/v,; where

4mrnet
Vei = ——= InA 2.23
ST 22
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in which A = 4?’Tn/\?’D is the number of particles in a Debye sphere and Vp, = 1/% is the
thermal velocity of an electron. The change in the guiding center position between collisions Ar is
approximately the electron gyro-radius, p., which is given in Equation 2.4. Using these estimates
for the step size and the time scale the classical diffusion coeflicient is given by

(Ar)?

Dc ass —
: At

= P2V (2.24)

2.4.3 Neoclassical transport

So far the transport model has been unrealistic. Due to budget limitations, an infinitely long
cylinder is not a feasible plasma reactor. Therefore, in the neoclassical transport model, the
toroidal magnetic field geometry is taken into account. In toroidal field geometry, the particle
trajectories can be split into two groups, passing particles and trapped particles which need to be
discussed first.

Passing and trapped particles

Orbits can be classified into two main categories, passing and trapped. A particle is considered a
passing particle when the parallel velocity is large enough to follow the magnetic field lines. These
passing particles are not considered to be a problem. On the other hand, if the parallel velocity
is not high enough a particle is trapped. As can be seen in Figure 2.9 the B-field of a tokamak
is one big well where a particle might get trapped if the parallel velocity is not high enough, in
a tokamak this is called the banana orbit. Besides the big well, a stellarator has smaller helical
wells where particles might get trapped, these particles are called helically trapped particles. The
magnetic field strength plotted in Figure 2.9 is a simplified version of real stellarator fields. In
practice, not all helical wells have the same depth. The criterion for trapped particles can be found
in Equation 2.25. In contrast to the passing particles, the vertical drift of the helically trapped
particles is not compensated which means these particles can escape the confinement region. The
difference between passing and helically trapped particles in LHD is visualized in Figure 2.10.

Egin < Emagnetic => 'Ui <l——5—=—=¢ (225)

where ¢, is the depth of the helical wells determined by the coil configuration. Because not all
wells have the same depth, ¢j, is a combined term of all separate wells.

Due to the complex magnetic configuration, different types of trapped particles are possible.
Particles can be trapped but orbit a full toroidal turn between reflections. These particles have
some characteristics of banana orbits from the tokamak but their reflection will happen at different
positions due to the lack of axisymmetry. Lastly, helically trapped particles can also be trapped
in the toroidal ripple via the poloidal drift component. These particles have a long duration of
stay in the region of reflection which leads to a large radial displacement. Therefore these orbits
are called super banana orbits.

After this classification of the different orbit types, the neoclassical transport can be analyzed for
all these types of orbits, starting with passing particles. The transport resulting from passing
particles is also referred to as Pfirsch-Schliiter transport.

A passing particle does stay on the flux surface on average, but locally it might deviate from it.
This displacement of the guiding center, 6,, from the flux surface is what is used as the step size
Ar in Equation 2.21. If the electron-ion collision is longer than the transit time 7.; > 74, the
particle can make a full orbit. This makes the stepping size d, = pree where the poloidal Lamor

radius is given by pro = ;%;. This results in a total Pfirsch-Schliiter diffusion constant
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Strength of B along magnetic field line

—— Tokamak
—— Stellarator

Helical well

L L L L
-1.00 -0.75 -0.50 -0.25 0.00 025 050 0.75 1.00
o/n

Figure 2.9: The variation in B, the magnitude of the magnetic field, along a field line of a
theoretical Tokamak compared to a theoretical Stellarator. In practice, not all helical wells have
the same depth.

LHD plasma

o~
- \ B
i o trapped ian
passing ion i
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Figure 2.10: The passing ion (white sphere) moves in one direction. On the other hand, the
trapped ion (yellow sphere) moves back and forth and the center of the back-and-forth motion
also moves simultaneously in a helical direction, which is a characteristic of the LHD. The plasma
pressure is constant on each colored surface, and the plasma pressure is high in the central region.
Courtesy of NIFS

Dps = : <2mv>2 =D, - m (2.26)

In stellarators, helically trapped particles are one of the biggest problems. If the collision time of
a helically trapped particle is long enough for the particle to fulfill its trapped movement it will
be lost due to the vertical drift. This process is not a diffusion process. Luckily, if 7.y < 705 the
particles can be scattered back into passing trajectories. This allows the step size to be written
as 0p = Vgrift Teys With the effective collision time 7.¢f = 7¢; €. With these assumptions about
the collision times, the diffusion coefficient can be written as

—Oarigeress)? &
D= Ehﬁ = T'UdTei (227)

where the square root of the helical ripple is added to account for the trapped particles. It can
easily be seen that this diffusion coefficient scales with 7.; or 1/v. This is why this diffusion
coefficient is also referred to as the 1/v regime and D ,. Furthermore, if all variables are filled

in, it shows that Dy, o T, 7 /% \hich is a lot worse than the corresponding transport coefficients
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in tokamaks and thus a problem for hot fusion plasmas in stellarators. As this transport is not
ambipolar, a radial electric field is formed. This radial electric field causes E X B drifts which
counteract the transport losses. A possible scenario might be that the ions are in the ‘1/v regime’
while the electrons are in another regime with lower losses, i.e. the Pfirsch-Schliiter regime, due
to different collisionality and temperature. This would result in large losses of the ions and small
losses of electrons. Due to this, the plasma charges up negatively which is called the ion root
scenario, F,. < 0. If it is the other way around it is called the electron root, E,. > 0.

This radial electric field changes the T, dependence of the diffusion coefficient drastically by
changing the displacement due to the drift velocity. The poloidal transit frequency, in this case,
is wgx g = E,/rB which will dominate the distance a particle can travel. This changes the step
size to be Ar = vgrift/wpxp. Furthermore, the collision frequency needs to be adjusted for the
number of trapped particles and becomes veps ~ v/ 2 where f is the fraction of participating

particles. The step size is in general given by At = vgflf which would result in a diffusion coefficient
of

Ar2  vvi;

D~ f N gmft

At fwisn

which diverges for f — 0. However, the assumption was that the frequency responsible for stopping
the particle from drifting and therefore the dominant one was that associated with the electric
field. This creates an upper limit for the effective collision frequency vesr < wrpxp. With this

reason f ~ \/V/wgx B, leading to a final diffusion coefficient in a low collisionality regime of

(2.28)

1/2,2
V" Ugri £t
3/2
WExB

D~ (2.29)
In this regime, the transport thus scales with /v and decreases with an increasing electric field

due to B/ 2[17]. The scaling of the transport with the different levels of drift velocity is shown in
Figure 2.11 by Beidler[18]. The different curves show the diffusion coefficient for different radial
electric fields, where lower curves have a stronger electric field.
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Figure 2.11: Diffusion coefficient as a function of collisionality for different values of the nor-
malized drift velocity 1 x 1073(red), 3 x 10~4(light blue), 1 x 10~*(orange), 3 x 10~5(green),
1 x 10~°(purple) and zero (dark blue) for the standard configuration of W7-X at p = 0.25. Results
for a comparable tokamak are given by the dotted line. Source: [18]
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Figure 2.12: A diffusion coeflicient versus collisionality for tokamaks (dotted curve) and the W7-
X stellarator (solid curve). The asymptotic regimes are indicated by dotted straight lines. In
order of increasing collisionality: the /v-regime, the 1/v-regime, the plateau regime, and the
Pfirsch—Schliiter regime. At very low collisionality (below the range shown) the transport again
becomes proportional to v. Source: [17]

All these coefficients can be combined to create a ‘transport versus collisionality landscape’ which
is shown in Figure 2.12. As can be seen in that figure, the diffusion coefficient in the stellarator is
much higher in the low collisionality regime. This predicted large energy losses in most stellarators
even in the absence of plasma turbulence. Fortunately, these losses can be reduced by optimizing
the geometry of the magnetic field[19]. One of those optimizations are geometries that are quasi-
symmetric[20]. Quasi-symmetry refers to configurations for which the magnetic field strength, B,
only varies on a surface through a given linear combination of Boozer angles. This implies that
there is a symmetry coordinate on which the field strength does not depend.

While quasi-symmetry implies particle confinement in the absence of collisions or fluctuations, it is
not a necessary condition to obtain confinement in a stellarator. Another more general property is
omnigeneity, meaning that the time-averaged magnetic drift of a magnetic surface vanishes for all
particles. A fully omnigenous configuration means the magnetic field is only dependent on the flux
surface label. Following Helander[19], this is impossible to achieve for all radii. Luckily, a device
does not have to be completely omnigenous to be optimized. The Wendelstein 7-X stellarator is
a machine which has been optimised to be quasi-isodynamic (or also ”quasi-omnigeneous”) with
consequently low neoclassical transport[21].

2.4.4 Drift-kinetic equation

The random walk approach used above gives an order-of-magnitude approximation of the neoclas-
sical transport, but to calculate it more accurately, one needs to solve the so-called drift kinetic
equation. The neoclassical transport is related to the fast motion along the field line and the slower
drifts perpendicular to it. An anisotropy of the distribution function in gyro angle is related to the
classical transport (which as seen earlier can be described as a random walk with the step length
of the gyro radius). For the purpose of describing neoclassical transport, it is thus assumed that
the gyro-frequency is much larger than the collision frequency, and the Fokker-Planck equation

of, e 0
a]; +v~Vfa+m—C;(E+v><B)~a{j:C’a(fa) (2.30)
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will therefore be averaged over the gyro-phase. In deriving the drift kinetic equation for a magnet-
ized plasma, a small gyro-radius ordering is assumed, § = p/L < 1, where p is the gyro radius and
L a scale length of the gradients of background parameters (magnetic field,density,temperature
etc.). Another assumption is that there are no fluctuations 9/9t ~ §?vr /L where the thermal ve-
locity vy = (27/m)*/?, and consistently with this that the £ x B velocity is small E/B = O(dvr)
The resulting drift kinetic equation is given by

Ofa
ot

+ (v)b+vaa) - Vfu = Ca (fa) (2.31)

Code used: Drift Kinetics Equation Solver (DKES)[22, 23] and Neotransp[24]

DKES solves the drift kinetic equation for a given radius, collisionality and normalised radial
electric field, producing normalised versions of the mono-energetic transport coefficients described
by Beidler[18]. These calculations are very computationally intensive, which is why a database is
saved for only some combinations of the inputs.

Then, Neotransp is used to interpolate between the values produced by DKES to a value it needs
to perform the Maxwellian-weighted integrals for L;; given by Beidler[18]. These L;; are then
used to calculate the radial fluxes, given the gradients of density and temperature and the radial
electric field.
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Chapter 3

Background machine learning

3.1 Generative modeling

As mentioned in Chapter 1, this project aims to implement a generative model. Machine learning
models can be classified into two types of models, discriminative and generative models. First,
a brief recap of the more familiar discriminative model is given. The training of discriminative
machine learning models is done by learning parameters that maximize the conditional probability
P(y | x) given a set of data instances x and a set of labels y. This method focuses the model on
predicting labels of the data.

A generative model on the other hand captures the joint probability P(x,y), or just P(x) if there
are no labels of the training set. This represents a powerful model, as this allows for several
applications not feasible for discriminative models. Generative models can generate realistic data
by sampling from the joint probability. Furthermore, because probability distributions are used,
rather than point-wise predictions, the uncertainty of the predictions can be obtained. This is an
important feature because it allows for uncertainty quantification.

Two well-known versions of powerful generative models are the Variational Autoencoder(VAE)[25]
and the Generative Adversarial Network (GAN)[26] both introduced in 2014. Both models use
a so-called latent space which is a multidimensional space spanned by a multidimensional latent
variable.

to me this paragraph is very abstract, also it doesnt become clear why P(y—x) in the discriminative
model isn’t also a distribution function, but P(x) is, so I think you need to add that generative
models also choose to use probability distributions

Latent variables

In a latent variable model, complex observable variables x are assumed to be represented by
a lower-dimensional latent variable z. As the number of latent dimensions is smaller than the
number of complex observable variables, z is used to compress data. The models in this project
are considered successful if they can reconstruct the original data from the compressed latent
variables as will be explained in the next section. Therefore, it must learn to store only relevant
information and disregard the noise as there is no room in the compressed space. This is one
benefit of compressing into latent variables. It gets rid of any extraneous information, and only
focuses on the most important features'. This ‘compressed state’ is the latent space of our data.

1This is generally true, but does not always hold. If there are enough latent dimensions compared to the data,
complexity the noise can be captured as well.
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3.2 Variational autoencoder

In this work, a generative network based on the Variational Autoencoder(VAE) is implemented.
The VAE is a probabilistic version of the classic autoencoder. We first explain the autoencoder
framework, after which we explain the variational autoencoder.

3.2.1 Autoencoder

An autoencoder[27] is a deep learning model that learns to reconstruct data through a compressed
representation, i.e. a bottleneck. To achieve this, it uses two connected neural networks called
the encoder and decoder. The task of the encoder is to take an input x and encode it into a point
z in latent space. Data points that are similar in the original data set do not have to placed at
similar positions in the latent space.

Then, z is used as input by the decoder. The decoder operates as an opposite of the encoder as its
output will be a reconstruction x of the initial input x. During training the reconstruction error
between x and its reconstruction X is minimized. Minimizing this error requires optimization of
both the encoder and the decoder. A schematic overview of an autoencoder is given in Figure 3.1.

Latent space

Neural network
Decoder (dec)

Neural network
Encoder (enc)

z=enc(x)

Figure 3.1: A schematic overview of an autoencoder. The encoder and decoder are neural networks.
The input data x is shown in blue, the latent space z in grey and the output X in orange.
Underneath the reconstruction of input x through the model is shown. Adapted from Joseph
Roccal28].

The question that remains is how this model can generate content. The data has been encoded
into points in latent space and the decoder is trained to reconstruct this data with precision. The
meaning of the space between two points in latent space is not known and there is no regularization
of this space. It is almost impossible to ensure that the encoder will organize the latent space in a
way compatible with a meaningful generative process. To deal with this problem, the autoencoder
was upgraded to a variational autoencoder.

3.2.2 VAE

A VAE is similar to the autoencoder described above. Instead of working with a point in latent
space, each dimension of the latent variable represents a probability distribution. The probability
distributions to be represented are chosen to be normal distributions. These distributions are
parameterized by the encoder which provides a mean p and standard deviation ¢ for the given
input data x. By applying the loss function described in the next section to this, the true pos-
terior p(z | x) is approximated by an approximate posterior ¢,(z | x). This approximate posterior
is a neural network with trainable parameters ¢. Afterward, a realization of the distribution is
made by sampling, i.e. z ~ N (u,0) where 4 and o are taken from the encoder. This sample
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is then used by the decoder to make a reconstruction X of the original input x as X = py(x | z)
with 0 the parameters of the decoder neural network. This is schematically visualized in Figure 3.2.

Latent space

M Sampling Neural network ‘
o Decoder (dec) ‘

Neural network
Encoder (enc)

N(p,0) Z~N(p,0)

Figure 3.2: A schematic overview of a variational autoencoder. The encoder and decoder are
neural networks. The input data x is shown in blue, the latent space z in grey and the output x
in orange. Underneath the reconstruction of input x through the model is shown. Adapted from
Joseph Roccal28].

The latent space is regularized by imposing a prior over the latent distribution p(z), which is
typically chosen to be a multidimensional Gaussian N'(0,1). This is taken into account in the
loss function which is discussed in Section 3.2.3. Because of this imposed prior, the approximate
distribution is somewhat known. This allows the model to be used in a generative fashion. By
taking a sample from the imposed prior and running it through the decoder, a new data point can
be created.

3.2.3 Loss function

There are many different forms of loss functions, but the standard loss function of a VAE consists
of two main terms as

Lyap(x) =d(x,%) + Drr(gs(2 | x)||p(2)) (3.1)

where the first term is the reconstruction term, the same as in the plain autoencoder, a distance
measure d between the original input and the reconstruction. Minimizing this term is required to
produce good reconstructions of the original data. The second term is to restrict the latent space to
a chosen prior distribution and is called the regularisation term. Usually, the KL-divergence[29, 30]
between the prior and the approximate posterior found by the model is chosen as a regularisation
term. This KL-divergence is a way of measuring the matching between two distributions given by

Dkr(pllq) = Zp 10g< 3) (32)

The regularisation term prevents the model to encode data far apart in the latent space and pushes
the approximate posterior towards the prior. On the other hand, the reconstruction term tries
to separate the data to minimize reconstruction errors. This regularization term thus counter-
acts the reconstruction term, resulting in a higher reconstruction error on the training data. The
trade-off between these two terms can be adjusted and have a great impact on the performance of
the model[31]. Therefore, balancing these two terms is an important step in designing the model
which will be explained in Section 3.2.4.
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In a VAE, the chosen prior is often a standard Gaussian (N(0,1)). If this is the case, the KIL-
divergence in Equation 3.1 can be written as

2, .2
o Ty 1
Tt oa(oy) (3.3)
where i, is the standard deviation and o, the mean of the approximate posterior in one dimen-

sion. For a multidimensional latent space, a summation of KL-divergences over all dimensions is
required. The derivation of Equation 3.3 can be found in Appendix A.

Drcr(gs(z | %) [[N(0,1)) =

Reparameterization

Usually, the latent distribution output of the encoder is a normal distribution with mean p and
standard deviation o: z ~ N (u,0?). Taking a sample from this distribution to reconstruct the
input introduces randomness in our model. During backpropagation, gradients are computed
through the model to update all the weights. Updating the gradients through the randomness
introduced by the sampling is however impossible.

This problem is solved by applying the reparameterization trick[32]. The reparameterization trick
rewrites the representation of z as a random variable into the following

z~N(p,0%) = 2z=p+0®e where e € N(0,1) (3.4)

In the reparameterized version of z, € is the only stochastic thing, u and o are not stochastic
anymore. This allows for backpropagation through p and ¢ which is what we want.

3.2.4 Annealing

In the section above, the KL-divergence and the reconstruction error both have the same weight
in the total loss function. One can play with the weight of the KL-divergence as a design choice,
which is better known as the 8-VAE [33]. In this case, the loss function of Equation 3.1 is adapted
to be

Ly ap(x) =d(x, %)+ B Dkr(gs(z | x) || p(2)). (3.5)

In the original S-VAE paper, a [ value of 250 is used, compared to § = 1 in the original VAE.
Using high values of 3 can lead to an increased disentanglement of the latent space[34, 35]. Using
lower values of 5 on the other hand, is a known solution to a well-known machine learning issue,
the posterior collapse.

Posterior collapse

The posterior collapse[36, 37] in VAEs arises when the variational distribution closely matches the
uninformative prior for a subset of latent variables. If the posterior is not collapsed, zj (k is the
dimension of the variable) is sampled from a distribution q,(zx|z) = N (uk, o2) where px and oy,
are stable functions of the input x. Therefore the encoder distills useful information from the data
x into pg and og.

A posterior is considered to be collapsed when the signal from the data input x to posterior para-
meters is too noisy or too weak. This results in a decoder that starts ignoring z samples drawn
from the posterior g4(z|x) [38].
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If the signal is too noisy it results in unstable pj; and oy and thus the sampled z’s are also un-
stable, which forces the decoder to ignore them. This can better be described by the output of
the decoder x becoming almost independent of the sampled z, which produces generic outputs X
that are crude representatives of all seen x’s.

A signal which is too weak translates to a posterior

4s(z | x) >~ q4(z) = N(a,b) (3.6)

where 1 and o of posterior become almost disconnected from input x. This means u and o col-
lapse to constant values a and b channeling a weak signal from different inputs to the decoder.
As aresult, the decoder tries to construct X by ignoring useless z’s which are sampled from A (a, ).

Besides looking at the structure of the data, the posterior collapse can also occur due to the design
of the model. If the decoder is sufficiently powerful, it needs less informative dimensions to solve
the training objective[39].

Annealing schedules

There are different ways of handling the 3 coefficient. To clarify, when S = 1 the model acts as the
plain VAE, and for § = 0 the model turns into an autoencoder. The value for S does not have to
remain the same throughout training. Adjusting the value of 8 during training is called annealing.

A common annealing schedule is the Monotonic Annealing Schedule[40]. It sets § = 0 at the
beginning of training and gradually increases 8 until at a given epoch? 8 = 1 is reached. This
schedule has become the standard for training VAEs on texts and has been adopted in many
Natural Language Processing[41] tasks.

A new annealing schedule proposed by Fu et al. is the Cyclical Annealing schedule[42]. In this
schedule, the 8 coefficient starts at 0 and 3 is then increased to § = 1 at a fast pace where it will
remain for some epochs. This encourages the model to converge towards the VAE objective and
infers its first raw latent distribution. The optimization is then continued at § = 0 again, which
perturbs the VAE objective and dislodges it from the convergence which allows the model to use
the entire latent space. This process is repeated several times to achieve better convergences.
Formally, 8 has the following form:

with =
1,7 7>R T/M

5, = { f(r), 7<R L mod(t — 1, [T/M]) (3.7)

where t is the iteration number, T is the total number of training iterations, f is a monotonically
increasing function, M is the number of cycles, and R is the fraction of a cycle used to increase .

An example of a monotonic annealing schedule and a cyclical annealing schedule are shown re-
spectively in Figure 3.3(a) and Figure 3.3(b).

2An epoch in machine learning means one complete pass of the training dataset through the algorithm.

Minimizing neoclassical transport in the Wendelstein 7-X stellarator using Variational 25
autoencoders



CHAPTER 3. BACKGROUND MACHINE LEARNING

—@— Monotonic

1+ /
o 05 |
—— Cyclical
0 I E—

0 5K 10K 15K 20K 25K 30K 35K 40K
[teration

Figure 3.3: Comparison between (a) traditional monotonic and (b) proposed cyclical annealing
schedules. In this figure, M = 4 cycles are illustrated, R = 0.5 is used for increasing within each
cycle. Adapted from [42]

3.3 Conditional variational autoencoder

The VAE has the possibility of generating new data by taking a sample from the latent space.
However, this sample will be an arbitrary sample from the data set, and thus there is no control
over what part of the dataset is sampled. This lack of control limits the potential of VAEs.

To gain some control over the generative process the VAE can be extended to a Conditional Vari-
ational Autoencoder(CVAE)[43]. The CVAE allows extra input conditions besides the input data
and the latent space. This leaves the latent space to contain all relevant information about the
data that is unrelated to the conditions, while the generated samples are forced to have properties
described by the conditions. A schematic overview of a conditional variational autoencoder is
given in Figure 3.5. As can be seen, new samples can be generated for some given condition y by
supplying the decoder with both y and a sample from the prior of the latent space.

Latent space

Neural network

Encoder (enc) o Decoder (dec) ‘

M Sampling Neural network ‘ ‘

N(u,0) z~N(p,0)

Figure 3.4: A schematic overview of a conditional variational autoencoder. The encoder and
decoder are neural networks. The input data x is shown in blue, the latent space z in grey, the
conditions y in green and the output X in orange. Underneath the reconstruction of input x
through the model is shown.
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3.4 Domain Invariant Variational Autoencoder

The Domain Invariant Variational Autoencoder (DIVA)[44] is another adaptation of the normal
VAE. The idea behind DIVAs is to split the latent space into separate sub-spaces. These sub-
spaces are split according to the respective ”domains” by using a conditional prior based on the
domain and using an auxiliary regression network to re-predict the domain information from the
latent representation. This would allow for a separation of the correlations based on the plasma
parameters or the magnetic field properties in our case. Later, this separation can be exploited to
dive into these latent spaces individually to better understand the learned behavior.

Domain 1
Conditional
prior
Regression NN || Domain 1
Mx
Ox

My Sampling

Encoders Decoder
Oy
Mz
O: .
Regression NN | Domain 2
Conditional
prior
Domain 2

Figure 3.5: A schematic overview of a Domain Invariant Variational Autoencoder. The input data
x is shown in blue, the latent space z in grey and the output X in orange. The domains used
for the latent spaces are shown in green and are used for the conditional priors. The encoders,
decoder, conditional priors, and the regression NN are all neural networks.
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Related Work

Over the past few years, the field of nuclear fusion has been increasingly incorporating machine
learning methods to analyze the growing amount of data. The newest and most prominent use of
deep learning shows autonomous control of the coils in a tokamak using reinforcement learning[45].
They show the ability to produce different plasma configurations on the Tokamak & Configuration
Variable(TCV). Besides this, deep learning models have been used to speed up predictions of
tokamak core profiles[46, 47]. More closely related to this work, machine learning has been used
to solve VMEC equilibrium evaluations[48] where a 6 order of magnitude runtime reduction is
achieved.

Besides the aforementioned deep learning applications, the model used in this work is not com-
monly used in the field of nuclear fusion. One application uses a VAE to predict disruptions in a
tokamak using seven input which are then mapped into a 2-dimensional latent space from which
a disruptivity score can be computed[49]. If the disruption score is too high, a control sequence
can be launched to stop the disruption and the model can identify the cause. They, however use
time signals which is not comparable to this project. Another application of a VAE in the field of
disruption prevention is by Ferreira et al.[50]. They, however, use a VAE for anomaly detection,
to find patterns in the data leading to plasma disruptions. This application makes sense because
a VAE can give an estimate of the likelihood of the data i.e. producing a low likelihood for an-
omalous patterns[51]. This results in a high VAE loss, which can then be coupled to an anomaly
score indicating unusual samples. This property of a VAE has been exploited at CERN[52, 53]
as well. Here the anomaly would indicate a collision showing behavior not incorporated in the
current models for particle physics, and thus a potentially interesting sample. Although the cited
works use the same modeling method, the goals of these works do not line up with the goal of this
project. These articles make very little use of the generative capabilities of this modeling method,
which in this project is an important property of the VAE.

The generative property of a VAE has been exploited in some instances in the physics domain.
The problem of complex many-body physics is one of the fields where VAEs have proven their
worth[54, 55] as the computational costs scale exponentially with the size of the system for nu-
merical simulations. Besides the VAE, generative adversarial networks(GANs)[56] are often used
when generative capabilities are required. These GANs are widely used in the field of particle
physics[57, 58, 59] but also in modeling non-fusion transport phenomenal60], fluid simulations[61],
and complex turbulence models[62, 63]. Some of these applications use physics-informed loss func-
tions to satisfy boundary conditions. However, in this work, the GAN is not applicable due to two
reasons. Firstly, it is known that GANs are harder to train due to their generator-discriminator
structure[64]. The second and most important reason is that the interpretability of the GAN is
low[65] and VAEs have both an inference and generative model. As these concepts are essential
in this project, the VAE has been picked as the better choice.
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Lastly, as mentioned above, this research touches on the subject of latent space exploration. The
exploration of latent space is not yet a big field of research, but some progress has been made.
Up until now, a large number of projects on latent space exploration have been done using data
containing faces[66], other objects[67, 68], or physics-related images[69]. This makes sense as a
shift in latent space can easily be visualized by comparing the two images. Some projects are
trying latent space exploration on non image data sets and with success[70]. David Winant and
his colleagues successfully explored a non VAE latent space representation of ECG signals. Be-
sides the interpolation itself, work is being done on how interpolation in latent space needs to be
performed|[71, 72].

To the best of my knowledge, the work described in this thesis is the first application of generative
models aimed at generating new magnetic field configurations in nuclear fusion machines. There
are, like already mentioned, deep learning applications focused on computing MHD equilibria[48]
and on controlling the magnetic field[45] but these applications do not serve the same purpose
as this work where generative models are used stand-alone, in a purely data-driven approach, to
construct new configurations.
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Data

5.1 Simulating transport

The model is trained on a data set constructed by simulating neoclassical transport. This is done
using the Neotransp simulation code of Hakan Smith from the Max Planck Institute for Plasma
Physics. His code uses a database calculated by DKES and interpolates this to all given input
parameters as explained in Section 2.4.4. The transport variables which are calculated by Neo-
transp are limited to the particle flux densities I'e, I';, the heat flux Q., Q;, the energy flux S, 5;,
and the neoclassical diffusion coefficient D., D; for both the electrons and the ions. The input
parameters for this code are the magnetic geometry and plasma parameters: densities n, and n;,
temperatures T, and T;, the logarithmic density gradients and the logarithmic temperature gradi-
ents. The logarithmic gradients 1/L,, and 1/Ly are defined by dividing the gradient by its value
as Vn/n and VT'/T respectively. In this case, the simulations are done as simple as possible,
with only electrons, Hydrogen ions, and no impurities. Furthermore, all parameters are set to be
equal for electrons and ions.

To generate the full data set, a parameter sweep is performed per flux surface for multiple geo-
metry configurations. The ranges used for the parameter sweep can be found in Table 5.1. This
range is based on a reconstruction of an experiment in W7-X[73].

Variable Min Max
Densities n. ; 01x10"m=3 | 1.5x10°m=3
Temperatures T, ; 0.1keV 5keV
Logarithmic density gradients 1/L,, —0.05m™! —6m™!
Logarithmic temperature gradients 1/Lp —0.1m~! —20m~!

Table 5.1: The range of all input plasma parameters used in Neotransp

This range is then divided into 10 linear steps between the lowest and highest values resulting in
10* possible combinations per flux surface. The number of flux surfaces used in a simulation is
based on the number of nested flux surfaces specified in a geometry file. Computation of transport
quantities on these flux surfaces in Neotransp is a local process. Therefore, gradients of a variable
do not have to line up with the value of that variable on the next flux surface. While calculating
the transport quantities, both the electron and ion root solutions are accepted if the radial electric
field was between E, = —18kVm™' and E, = 7TkVm~L.

These simulations are performed on the national supercomputer Snellius using a small NWO
computation grant. All output is stored in .Zarr format to reduce the amount of storage needed.
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CHAPTER 5. DATA

5.2 Preprocessing

After all simulations are completed, the data needs to be preprocessed. The computed transport
quantities are combined with the according plasma parameters and the Fourier components of
the flux surface belonging to that specific computation. Taking all available Fourier components
would lead to an unnecessary amount of extra variables and the higher Fourier components do
not contribute a meaningful amount to the total magnetic field or flux surface. Therefore, only
the the Fourier components of m < 11 and |n| < 12 are taken into account.

Due to the big range in plasma input parameters, some combinations of plasma parameters at
specific flux surfaces did not result in transport quantities. This might happen if Neotransp can
not find a radial electric field determined by the ambipolarity constraint within the allowed range.
As the radial electric field is a necessary to determine the transport, these combinations of plasma
parameters result in empty outputs and need to be filtered out of the data set. Other specific
input combinations result in negative particle flux densities. As these are only a few instances
(< 0.05%) and the reason for their occurrence could not be identified, these instances are filtered
out for practical reasons. Besides the negative flux density cases, there are some instances in which
the heat flux of ions and electrons is negative while the particle flux is positive. In these instances
the energy flux is positive but as the heat flux is the energy flux minus heat convection, the heat
flux can still be negative. These instances are also taken out to simplify the data set to overcome
the posterior collapse as will be explained later in Section 7.2.4. This results in four constraints
on the data set I'; ; > 0 and Q. ; > 0

Also, some configurations result in extremely large maximum flux values. It was found that these
configurations have a high value for the effective helical ripple ¢;, compared to the other con-
figurations. Following Equation 2.27, this high effective ripple explains the higher fluxes. The
configurations are described by Joachim Geiger’s three letter codes: [UEM, PKM, XAM, XHM,
SIN, THE, UFM, PIS, NIT, SMM, UMM, VUM, TGM, WLT, YXT, SBM, UMM, RLM, QMF].
The first letter of the code represents the mirror ratio Bgy/Bgo on the axis, the second is the iota
at the edge and the third is the difference between the planar coil currents leading to inward/out-
ward shift. The full explanation of these three letters codes can be found in Appendix B.1.

Afterward, the data undergoes scaling to make sure it can be handled by the model. The distri-
bution within the data differs greatly per variable. For example, the input parameters are given
in linear steps while the range in for example flux is a lot wider. The input parameters can there-
fore easily be scaled to the 0-1 range by simple transformations. On the contrary, all transport
variables are highly skewed as can be seen in Figure 5.1a. The skewed data of variable x is scaled
to the 0-1 range by first taking the log;,(x) and then scale the outcomes linearly to the range
of min(log;((x)), max(log;y(x)). This results in the scaling from Figure 5.1a to Figure 5.1b. It
can be seen that all flux variables follow the same trend which makes sense as the heat flux Q. ;
and the energy flux S, ; are dependent on the particle flux I'c ;. Lastly, The Fourier components
are scaled linearly to the min and max of that specific component over all geometries and all flux
surfaces. The min and max of every variable in the total data set can be found in Table 1 in
Appendix B.2. Further details on the implementation of the prepocessing steps, file formats and
the generator functions can be found in Appendix B.3
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Figure 5.1: Eight different neoclassical transport variables computed using Neotransp for geometry
reference 17, plotted in a histogram with 100 bins. The left column shows the absolute values and
the right shows the values after applying a log;, and linear scaling.
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Chapter 6

Methodology

6.1 Model designs

In this project, three different models have been designed. These will be referred to as Model
1.0, Model 1.1 and Model 2. The models described in this chapter are the general versions of
the models used in this project. While in Chapter 7, different variants of these models will be
used to find results and shortcomings.

Model 1.0

The first model is based on the VAE framework. The geometry data G, the transport quantities
X, and the plasma parameters P are all encoded into one latent space z. One encoder g4 approx-
imates the posterior for z with trainable parameters denoted as ¢ after which the values for z are
sampled from the approximate distribution. The prior p(z) is set to a Gaussian distribution.

To generate new data, we sample from the prior distribution of z. This sample results in a
prediction for the plasma parameters P, the geometry G and the transport X using the decoder
neural network pgx,_(z) with trainable parameters 6,. A schematic overview of Model 1.0 can
be found in Figure 6.1.

G G

M Sampling R
X ¢ o PgXo, X
P Latent space P

Figure 6.1: A schematic overview of Model 1.0 based on the VAE framework. The input consist
of 3 categories, the Geometry data G, the transport quantities X and the plasma parameters P.
The encoder and decoder are given by gy and pgx,_(z) respectively.

Minimizing neoclassical transport in the Wendelstein 7-X stellarator using Variational 35
autoencoders



CHAPTER 6. METHODOLOGY

Model 1.1

For Model 1.1, Model 1.0 has been adjusted to contain 2 latent spaces. One of these latent spaces,
Zp, is used to encode only the plasma parameters P. The other latent space, zg, is used to en-
code both the Fourier components of the geometry G, and the transport quantities X. This has
been done to make sure the big influence of the plasma parameters would not overrule the entire
geometry latent space as will be explained in Chapter 7. In the encoding process, two neural net-
works, qg, and qg, approximate the posteriors using trainable parameters ¢, and ¢, respectively.
The values for z, and zg are then sampled from the approximate distributions.

The generative process of Model 1.1 is similar to the that of Model 1.0. The main difference is
that two standard Gaussian priors p(zp) and p(zg) are sampled to find a prediction of the plasma
parameters P the geometry G and the transport X instead of one. The prediction are calculated

by the same decoder neural network. A schematic overview of Model 1.1 can be found in Figure
6.2.

G
d¢, gg G
X 9
Sampling PgXo, X
P qd) ”D -~
p o, p

Figure 6.2: A schematic overview of Model 1.1. The input consist of 3 categories, the Geometry
data G, the transport quantities X and the plasma parameters P. The encoders are given by by
qg, and gg,. These encode the data into two separate latent spaces. The decoder is given by

pgxy (z).

Model 2

The second model is more sophisticated than the first model and is based on the DIVA framework.
The second model uses two similar encoders g4, and gg4,, to encode all transport quantities, X,
into two latent spaces zxp and zyg with trainable parameters ¢,; and ¢4 respectively. The values
for zxp and zxg are then sampled from these approximate posteriors. The geometry G and plasma
parameters P, function as a condition to shape the according latent spaces.

In the generative process, the conditional priors py, (zxp|P) and pe,(zxg|g) can be sampled and
concatenated to get a reconstruction of the transport quantities by running them through a decoder
network Xg_ (Zxp, Zxg). This also works the other way around; By sampling from the approximate
distributions and running the sample through the regression networks pg,(zxp) and gp, (zxg), a
prediction of the plasma parameters and the geometry can be constructed for the sampled trans-
port values. A schematic overview of Model is shown in Figure 6.3
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Figure 6.3: A schematic overview of Model 2 based on the DIVA framework. The input consist
of 3 categories, the Geometry data G, the transport quantities X and the plasma parameters P.
Two encoders g4, and gy, encode X into separate latent spaces. Two conditional priors py, and
ps, are used to shape the respective latent spaces given input P and G. Three regression networks
8s,, Xg, and Py, can be used to construct predictions from a sample.

General setup

The neural networks making up all models are implemented using Tensorflow/Keras[74]. In gen-
eral, both models follow a scheme of fully connected layers with the Rectified Linear Unit (ReLU)
activation[75]. These fully connected layers are alternated by Batch normalization[76] layers. A
batch normalization layer applies a transformation that maintains the mean output close to 0 and
the output standard deviation close to 1. This has a stabilizing effect on the learning process and
reduces the number of required training epochs.

During training, the Batch normalization layer transforms the data by returning

'Y(Xbatch - Xbatch)

Xout =
\% Ul?atch te

where Xpqtcn 18 the input, Xperen is the average of that batch, « is a learned scaling factor, € is a
small constant and [ is a learned offset factor. During inference, however, the layer normalizes
the output using a moving average of the mean and the standard deviation of the batches it has
seen during training. Further details on the implementation and architecture of all models can be
found in Appendix C.

+8 (6.1)

6.2 Model training and loss functions

The first models are trained in an unsupervised manner using no conditions. The second model
on the other hand is trained in a supervised fashion allowing the use of conditional priors. The
loss function is in general based on reconstruction losses, using the mean squared error between
the reconstruction and the original data, and the KL-divergence as regularization terms.
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Model 1.0

The loss for the first unsupervised Model 1.0 is composed of three components and is given in
Equation 6.2

Ly (pv g, X) = Eq¢(z\p,g,x) [mse(p, g, X, @‘91 (Z))] (623‘)
+ BDkr(gy,(z | P,g x)| p(z)) (6.2b)

where Monte Carlo sampling is used for the expectations and the reparametrization trick is used
for the latent variables z. The term given in 6.2a is the reconstruction loss, where the mean
squared error is taken between the original input data and the reconstruction that is given by the
decoder. Term 6.2bis a regularization term using the KL-Divergence with a standard Gaussian
prior as given by Equation 3.3. This regularization is needed to allow for sampling of the latent
space, when the goal is to generate new data. The regularization term is weighted by a factor
following the Cyclic annealing schedule given in Section 3.2.4.

Model 1.1

The loss for the second unsupervised Model 1.1 is composed of three components and is given in
Equation 6.3

Ly (pv g, X) = Eq¢p (zp|P),94, (zg|8,x) [mse(p7 g, X, @61 (Zp’ Zg))] (633‘)
+ B Dkrl4s,(2zp | P)|| P(2p)) (6.3b)
+ B Dkr(qs,(2g | 8.%)| p(zg)) (6.3¢)

where again Monte Carlo sampling and the reparametrization trick are used for both latent vari-
ables z, and zg. The term given in 6.3a is the reconstruction loss, which now depends on multiple
encoders and latent spaces compared to Model 1.0. Terms 6.3b and 6.3c are the regularization
terms using the KL-Divergence with a standard Gaussian prior. Both regularization term are
weighted by (3 following the Cyclic annealing schedule.

Model 2

The loss for the supervised model is composed of five components and is given in Equation 6.4.

L(%) = By, (2rplx),, , (2 1) [115€(X, X0, (Zxp, Zxg )] (6.42)
+ Eqy,, (2xp %) [5€(P; P, (2xp)] (6.4D)
+ Eqy,, (axgl) [mse(g, &0, (Zxg)] (6.4c)
+ 87 Drr(4s.., (2xp | )| Po, (2xp | P)) (6.4d)
+ B2 D1(4s., (2xg | X)|| P, (2xg | 8)) (6.4e)

where again Monte Carlo sampling and the reparametrization trick are used for the latent variables.
The first terms (6.4a - 6.4c) are the reconstruction losses for the transport values, the plasma
parameters, and the geometry variables, respectively. These reconstruction terms all use the
mean squared error. The last terms (6.4d) and (6.4a) are the KL-divergence with a conditional
prior. These terms are important for both the encoders into the latent spaces and the conditional
prior itself. Again, the regularization terms are weighted by f following a short Cyclic annealing
schedule. These terms are also weighted by two different -y values to force the model to use both
latent spaces and also to steer away from a posterior collapse.
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6.2.1 Model comparison

Model 1.1 is the final result of an ongoing trial and error process starting from Model 1.0, where
much has been learned. Model 2 is however carefully designed taking the faults of Model 1 into
account. Therefore, Model 2 possesses some advantages over the first models that need to be
highlighted.

First of all, Model 1.1 can not function as a simulator because the transport values are entangled
with the geometry. Therefore, to give meaningful distributions in latent space, a geometry must
always be accompanied by transport values, which is the part to be simulated. In the second
model, a prior can be determined based on the geometry alone without the transport values, cre-
ating the possibility for a simulator. The task of simulating new data is important as a sanity
check for the model which will be explained in the next section.

Furthermore, the latent spaces in the second model are shaped by the conditional priors. This
would theoretically give the model a better chance to find relations between the transport values
and the plasma parameters or geometry components compared to simply running them through
an encoder together.

6.3 Model evaluation

During training the model uses the loss functions described above to evaluate the performance of
the model. In general, the loss function needs to be minimized for the optimal result. However,
in our case, these metrics do not fully represent the functioning of the model. These metrics
can be minimized by ungeneralized models which is not useful in our case. A way to determine if
the model is actually capable of capturing the essence of the data is to use the model as a simulator.

Using the conditional prior in Model 2, one is able to simulate transport values for given geometry
and plasma parameters. The conditional priors over the plasma parameters and the geometry
produce a distribution over the latent space variables for these given input parameters. The mean
of this distribution is the most likely value for the given input parameters and can be used by
the decoder to find the corresponding mean transport values. One could also sample from the
latent distributions provided by the conditional priors. If these samples are then decoded, one
obtains a distribution over the transport values comparable to a mean value with error bars. This
idea of the error bars fits nicely with the original codes as DKES also produces error bounds for
the transport coefficients due to the variational principle in the code. These error bars are then
omitted from the results given by DKES.
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Chapter 7

Results and Discussion

7.1 Transport minimization

An important property of neural network applications is that we can automatically differentiate
the neural network parameters with respect to its outputs. These principles can be exploited so
gradients from individual reconstruction variables to the latent space can be computed, allowing
for the minimization of that specific variable by moving in latent space. Using these gradient
descent techniques[77], a minimization of the transport quantities was pursued. This resulted in
a step-by-step improvement scheme for the model and trivial but promising results.

7.1.1 Temperature and density dominance

The first model used in this project was a plain VAE with a latent space spanning 16 dimensions as
described in Section 3.2.1. After training, a minimization of the neoclassical electron flux density
I'. was performed. This resulted in a change in latent space mainly governed by a decrease in
temperature 7' and density n towards zero. Other variables also changed, but the decrease in
temperature and density dominated the minimization.

These first trivial minimization solutions are fully explainable using an intuitive approach. First
of all, taking away the temperature removes any kinetic theory of the particles in the system.
Particles can not move around anymore, so there can be no transport. Also, setting the density of
the particles to zero would result in no transport as there will be no particles or energy to be lost.
Both of these can also be explained by checking the principles of transport described in Section
2.4. Looking at the electron-ion collision frequency described in Equation 2.23 one can find that
the electron-ion collision frequency, ve;, goes to 0 for density n — 0. This results in no random
walks and thus a diffusion coefficient of 0. The influence of the temperature can not be explained
using the same equation as this equation assumes a small angle of deflection due to high velocities
and thus higher temperatures.

7.1.2 Gradients effect

After adjusting the minimization scheme to prevent setting the temperature and density to zero,
new ways to reduce the transport needed to be found. At this stage, the model starts to lower
the logarithmic gradients of both the temperature and the density. Again, these adjustments
dominated the move in latent space over more minor adjustments in other variables.
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The logarithmic gradients 1/L,, and 1/Lp, are normalized versions of the gradients where the
gradient of a variable is divided by the variable itself, i.e. Vn/n and VT/T. The only option
to decrease the logarithmic gradient is to reduce the gradient of that variable. The decrease in
density gradient Vn as a solution to our minimization problem can be confirmed by looking at
the definition of the particle flux in Equation 2.18. Reducing the gradient of the density equally
reduces the particle flux. The decrease in temperature gradient as a solution can be explained by
Fourier’s law in Equation 2.22. Decreasing the temperature gradient will reduce the heat flux. As
the heat flux can also be defined as the average energy lost per particle (F), multiplied by the
particle flux I'; and the average energy is a function of the temperature (F) ~ T, the heat flux @
goes as @ ~ T x I'. The model was not allowed to reduce the temperature, so the particle flux
must also go down to reduce the heat flux.

Due to the enormous contributions of the plasma parameters compared to the geometry compon-
ents, the model needed to be changed to allow further investigation. This required a change in
modeling from the classical VAE-like Model 1.0 to Model 1.1, both described in Section 6.1. Using
Model 1.1 allowed separating the geometry components from the plasma parameters and encode
them in separate latent spaces. This allows for minimization by making changes in only one latent
space while the other remains unchanged.

7.1.3 Innermost flux surface

After changes to the plasma parameters were prevented, only changes in the geometry could be
made. This resulted in an interesting gradient dominating the minimization step. Moving in latent
space towards the lowest flux results in a decrease in r, the flux surface label of the simulation,
and thus the position where all other values are measured. The model, therefore, states that the
radial transport is lower on flux surfaces closer to the magnetic axis.

This observation normally finds its explanation in an argument using the fact that the temperature
and the density peak in the center of the plasma. This can be seen in Figure 7.1 where the density
and temperature profiles for a discharge in W7-X are plotted. At low r, it can be seen that the
gradients for both go to 0. For low gradients, an explanation of low transport has already been
given in Section 7.1.2.
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Figure 7.1: Density and temperature profiles for a typical discharge in W7-X. Fits to the experi-
mental data are depicted as solid lines.[73].

In the data set used in this project, this argument does not work. Due to the parameter sweep
performed to create the entire data set, many data points located at the inner flux surfaces have
non-zero gradients. This behavior can be explained by inspecting the magnetic field on the inner-
most flux surfaces.
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For flux surfaces closer to the magnetic axis, the field lines on these surfaces become straighter.
This is reflected in a lower magnetic curvature on inner flux surfaces. As can be seen in Figure 7.2,
where the normal curvature component ky decreases for lower values of r as Ry is the major radius
and thus constant. This normal curvature component is defined as the radial projection of the
curvature vector k[19]. A lower magnetic curvature k results in lower curvature drifts following
Equation 2.7. As the curvature drift is a drift contributing to the random walk step discussed
in Section 2.4.3, a lower curvature drift results in lower transport. The reduction of flux surface
labels is, however, not a feasible solution as the total needs to have a certain volume and the losses
need to be minimized for the entire volume.
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Figure 7.2: The RMS of the normal curvature component xy normalized by the major radius Ry
in the high mirror configuration of W7-X along the minor radius 7.

7.1.4 Minor geometry changes

By adding a constraint that the minimization steps must remain on the specified radial position,
the algorithm can only tweak the Fourier components R and Z defining the shape of the flux
surface and B giving the magnetic field strength on that flux surface. This resulted in minor
changes in the Fourier components making up the surface and magnetic field. Compared to all
trivial minimization solutions discussed above, these are uncharted waters.

Starting from a random sample, these minor adjustments in the Fourier components can decrease
neoclassical transport by up to 2%. The changes in Fourier components needed to realize this
minimization of particle flux are too small to be compared in a visualization of the magnetic field.
The changes made to the Fourier components can, however, be visualized. The relative changes
made to the Fourier components spanning the surface, R and Z, and the magnetic field B for
two minimization runs can be found in Figure 7.3 and 7.4. The figures show the relative change
from two different randomly sampled starting points in the geometry latent space from N(0,1).
The sample from the plasma parameter latent space was chosen to be the mean along all dimen-
sions for both cases. Applying the modifications shown in Figure 7.3 reduced the particle flux
density by 0.315%. The changes suggested in Figure 7.4 result in a decrease of 1.63%. To reach
a more significant reduction in transport, the minimization algorithm was allowed to take more
steps along the steepest gradient. As can be seen by comparing the two figures, to reach a more
significant decrease in transport, more components were adjusted, and these were also modified by
a more significant amount. Furthermore, the relative change in Fourier components is larger for
the higher Fourier components. Whereas the lower Fourier components, which contribute more to
the general shape, only change by at most a few percent.
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Two things must be noted while investigating these changes. The most significant changes might
be because specific components were initialized closer to zero than other components. Therefore,
the relative change to these components turn out to be bigger. Furthermore, it must also be
noted that all Fourier components, R, Z and B are allowed to change. Therefore, the flux surface
changes slightly and might not fulfill the equilibrium condition defined in Section 2.3.2 anymore.
Lastly, the suggested improvements can not be verified. To verify these improvements, new DKES
runs needed to be performed.

The small reduction in transport might be caused by the gradient descent method. This method
follows the gradient in a certain direction and get stuck in a local minima. As, there is no clear idea
on how the latent space is constructed, it is not clear if the algorithm is stuck in a local minima.
The step size of the algorithm can be increased to get out of local minima. It can, however, also
cause the algorithm to extrapolate into unreliable results.

7.1.5 Maximizing transport

In contrast to minimizing transport, one could also try to maximize transport. As the entire data
set is filled with W7-X geometries designed to minimize transport, trying to move away from these
optima might result in interesting behavior.

Starting from the same sample, the changes required to minimize the transport can be compared
with the changes needed for maximization of transport. For a randomly sampled starting point
in the geometry latent space from A(0,1) the minimization algorithm reduced the transport by
0.08%, and the maximization algorithm increased the transport by 0.12%. The respective relative
changes made to the Fourier B components can be found in Figure 7.5a and 7.5b.

By comparing the adjustments made to maximize and minimize the transport, it can be noted
that the significant changes are located at the same harmonics. This can not simply be explained
by the fact that minimizing and maximizing require opposite gradients. Initially it might, starting
from the same position in latent space, the steepest gradient descent and ascent might be in
opposite directions. However, after one step, these points are in different places in latent space
and can follow their own steepest gradients. After many steps, it is interesting to see that some
components contribute more than others. It must be noted that if these processes start from a
different starting point, other components are highlighted as the biggest changers. So there is,
based on this, no evidence for a single component contributing a significant amount. One could
systematically go through the minimization changes for lots of randomly sampled starting point
in the geometry latent space. By analyzing these changes for all these starting points, a strong
correlation might be found. This concept remains to be investigated.
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Figure 7.3: The relative

Toroidal harmonic n

changes in Fourier components of B, R and Z, acquired by minimizing

the neoclassical electron flux density I'e from a randomly sampled starting point. These changes
resulted in a neoclassical electron flux density decrease of 0.315%. The colormap is dominated by
a handful of outliers where blue represent the low values and yellow the high values.
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Figure 7.4: The relative changes in Fourier components of B, R and Z, acquired by minimizing
the neoclassical electron flux density I'e from a randomly sampled starting point. These changes
resulted in a neoclassical electron flux density decrease of 1.63%. The colormap is dominated by
a handful of outliers where blue represent the low values and yellow the high values.
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Figure 7.5: The relative changes in Fourier components of B, R and Z, for minimization (a) and
maximization (b) of the neoclassical electron flux density I'. from the same randomly sampled
starting point. These changes led to a decrease of 0.08% and an increase of 0.12%, respectively.
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7.2 Delving into the posterior collapse

As already explained in Section 6.3, only using metrics is not enough to test the capabilities of
a model. To be certain, simulations of new, unseen data using the generative model must be
performed and checked. Moreover, using conventional methods like DKES to simulate new data
is not easy. Therefore, an alternative to these conventional methods to simulate new data would
be helpful.

Due to the difference in design described in Section 6.2.1, only Model 2 is able to function as
a surrogate simulator. One of this model’s biggest challenges is avoiding the posterior collapse
described in Section 3.2.4. In general, the model is capable of reconstructing the training set, but
generalization of the underlying problem is not present. Multiple additions and adaptations to
the model or the data have been performed to overcome this problem.

7.2.1 Latent space dimensions

Model 2 started with low-dimensional latent spaces with the idea to make latent space exploration
in a later stage of the project more manageable. After running model 2 on data sets of differ-
ent sizes, posterior collapsing was identified. This was done by setting the input to the plasma
parameter conditional prior to be constant and alternate the input to the geometry conditional
prior. It was observed that alternating the input to the geometry conditional prior had almost no
influence on the transport variables. Furthermore, looking into the mean values of the generated
conditional prior, all values were extremely close to zero. The variances given by the conditional
prior were also set close to zero.

As all information required to correctly model the transport variables during training was stored in
the plasma latent space, it was decided to shrink this latent space. A lower amount of dimensions
in this latent space would allow for less information to be stored in this latent space. The number
of dimensions for the geometry latent space was increased to facilitate the compression of all in-
formation in the latent spaces. This should guide the model to let more information flow through
this latent space. This resulted in a plasma latent space with 2 dimensions and a geometry latent
space with 128 dimensions.

7.2.2 Loss function

With the changes mentioned above in latent space dimensions, the model has more possibilities
to store information in the geometry latent space. This has been extensively tested on multiple
data sets of different sizes. However, using the methods described above, posterior collapse was
still present in the geometry latent space.

The usage of latent spaces and the storage of information in these latent spaces can be adjusted
even more. As described in Section 3.2.4 the terms in the loss function of model 2 given by Equa-
tion 6.4 do not have to be weighed equally. First, the v terms were added to guide the model in
making certain choices. Lower values for + increase the relative importance of the reconstruction
term in the total loss function. For higher values of 7, the latent space is forced to follow a specific
distribution, and because there are only a finite number of dimensions, these terms counteract each
other. On top of this, because there are multiple latent spaces, using different weights for their
regularization terms might guide the model even more. If one latent space is heavily regularized
(high «) and the other is not, storing more information in the latent space with the lower weight
will be more favored. This is because deviating from the prior in the lower weighted latent space
is far less penalized.
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Moreover, the 8 term is added to try and stay clear of posterior collapse. The S term follows
the Cyclic Annealing Schedule explained in Section 3.2.4. Due to the low amount of epochs
used to train the model, the annealing schedule functions as an on/off switch. In a cycle of two
epochs, it will first take the value 0 and the next epoch the value 1, toggling the KL-terms on and
off. This allows the model to focus on the reconstruction and regularize the latent space afterward.

Applying these weights to the regularization terms drastically lowered the metrics during training.
However, these terms did not stop a posterior collapse from occurring. Using a difference in the
weights, such as 73 = 10 and 5 = 0.01 could still not prevent posterior collapse in the geometry
latent space.

Also, the general idea of the loss function in a VAE-like model might need a change. The minim-
ization of both the reconstruction term and the KL-terms might is a cause of posterior collapse.
Minimizing the KL-terms towards zero as part of the main objective might force the model to find
alternative methods with low metrics. Then the encoders die and cause posterior collapse.

7.2.3 Model architecture and training

Besides adjusting the latent space dimensions and the weights in the loss function, another signi-
ficant factor in the modeling process is the layout of the model. In view of the posterior collapse,
a few remarks must be made. In general, a model needs enough layers and nodes to deal with
the data’s complexity. However, in VAEs, if the decoders are very complex and powerful, it might
compensate for bad regularization in the latent space[39]. This is a difficult factor to optimize as
insightful theoretical literature on this topic is scarce. In this project, the complexity of the model
was gradually decreased, but it did not result in avoiding posterior collapse.

Early stopping

As already stated, the metrics during training show that the reconstruction error of the training
data is on an acceptable level. However, this does not generalize to a test set of unseen data. One
way to overcome this might be to use early stopping rules. Early stopping is a form of regulariza-
tion used to avoid overfitting when training a model with an iterative method. Up to a point, this
improves the model’s performance on data outside of the training set. Past that point, however,
improving the model’s fit to the training data comes at the expense of increased generalization
error. Early stopping rules would stop the training once this tipping point is reached.

Due to the low amount of epochs used during training, this theory could easily be tested by run-
ning the model for a different amount of epochs. The problem of bad generalization and higher
metric scores on the test set also arose when the model learns for a shorter amount of time. This
might imply that the model overfits within the low amount of epochs already, or that the problem
of bad generalization does not lie with training for a longer period but with posterior collapse.

7.2.4 Data reduction, scaling, and normalization

As described above, the model must be able to deal with the complexity of the data. This can
be taken care of by adjusting the model’s architecture, but one could also take another look at
the complexity of the data. By investigating the results produced by Neotransp, some interesting
cases were identified. The heat flux can be negative, while the particle and energy flux are positive.
This results in a broader distribution with more variance. To help the model, these cases were
filtered out of the data set.
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Another option to reduce data complexity is using methods to transform the data. In Section
5.2 the methods of processing the data used to generate the results shown in this chapter are
described. During this project, many different methods have been tried. Linear scaling, exponen-
tial scaling, normalization, and combinations of these methods have been tried. On top of these
combinations, different methods have been used on different parts of the data. In this project,
the most important factor was using exponential scaling to take out the large range in the flux as
described in Section 5.2.

7.3 Latent space exploration

One of the promising ideas about these models is the exploration of latent space. As described in
Section 3.1, the latent space is used to compress the data efficiently. To do this most efficiently,
the model needs to make certain choices on how to map the input to the latent space. These
choices can be investigated to find hidden relations in the data.

The first necessity before one can start exploring the latent space is a functioning model. The
model needs to be able to generalize the behavior of the data and therefore have some under-
standing. From there on out, one can investigate why the model came up with these correlations
to base its compression on. This first criterion has not been met for Model 2 as described in Sec-
tion 7.2. Different exploration methods can be tried using Model 1.1 because the geometry latent
space of this model is shaped following a Gaussian distribution N'(0, 1) as a result of the KL-terms.

This exploration starts by walking along a single dimension in the geometry latent space measur-
ing the changes in the neoclassical electron flux density to find which has the most influence while
keeping the sample from the plasma latent space constant. To achieve this, a random sample from
the plasma latent space is taken within 1o. For the geometry latent space, a sample is hard coded
by varying one dimension in latent space from -3 to 3 while keeping the other dimensions fixed at
a value of 0. The results can be found in Figure 7.6.

A few things catch the eye when analyzing these results. First of all, the latent space variables have
a nonlinear relation to the particle flux density. Also, it can be seen that some latent variables fol-
low a similar trend. Lastly, the electron flux density values do not change much while walking along
one dimension. Also, the flux density values always move in the same range for all dimensions. It
is worth noting that these plots change for other samples from the parameter latent space. The
trends per latent variables change but also the values of the transport density on the y-axis change.

The dependence of the plasma variables on the transport is still present in Model 1, as can be
concluded from the significant changes in transport for different plasma parameter samples. Also,
the changing of the trends of the latent variables shows that the latent space is highly nonlinear.
If the difference between the minimal and maximal values along one dimension are computed,
it is found that latent variable 5 has the most influence on the transport. This is true for any
sample from the parameter space. By investigating the difference in geometry between the max-
imal and minimal transport by only changing latent variable 5, it can be found that latent variable
5 strongly affects the flux surface label. This was not allowed in the minimization algorithms used
in Section 7.1.4, but as this is a linear sampling along an axis in latent space, this could not be
avoided in this case. Therefore, analyzing the changes in Fourier components along axis 5 is not
informative as these are all related to the flux surface label.

In the case explained above, only one latent variable is changed while the others are kept constant
at 0. The same procedure is performed while keeping the other dimensions constant at 1 and
-1. The results of these procedures can be found in appendix D. As can be seen by comparing
these three figures, the behavior of some latent variables changes, but not for all. Latent variable
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5, however, does not change at all and remains constant for all three explorations. This shows
that the latent space is a complex space, and to get a clear overview of its workings, one must
take steps along all dimensions simultaneously instead of keeping dimensions constant. This idea
would, however, be tough to visualize as it would require visualizing anything in n > 3. Moreover,
exploring the latent space of Model 1.1 will be dominated by the effects of the flux surface label
found in latent variable 5. Additionally, sampling the geometry latent space of Model 2 would not
be effective as the decoder effectively ignores it and the variance is small.

So far, there are a few papers showing that these methods work. Most papers use images as data
sets because changes made in latent space are more easily identifiable for images, as described in
Chapter 4. Latent space exploration, however, remains a difficult challenge, especially on complex
data sets like the one used in this project.
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Figure 7.6: The scaled value of the neoclassical electron flux density along one latent space di-
mension from -3 to 3 while keeping the value of the other dimensions fixed at 0. for the plasma
latent space, a random sample is picked from a Gaussian but within lo.
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Chapter 8

Outlook and Conclusions

8.1 Conclusions

Looking back at the first research question: “Can a variational autoencoder be used to generate
synthetic results comparable to conventional simulation methods?”, it must be concluded based
on our results, that posterior collapse is a major challenge. This is a common problem in many
applications of variational autoencoders[36, 37, 38]. Numerous adaptations have been tried to
overcome this problem, but without much success. Earlier models in this project did not suffer
from posterior collapse as these were less regulated. These models show the ability to identify the
strong relations hidden in the data set and can use these to minimize transport. However, due to
other regularization conditions, new applications of these models were limited.

The second research question: “Which new tasks are possible using the generative model after it
has proven to be an accurate simulator?”, can not be fully answered. As the most promising model
suffered from posterior collapse, we could not explore new possible tasks of this model. Because
of this, earlier models needed to be used to explore new applications. One of these tasks is the
minimization of transport. The earlier suggestions of the model to minimize transport could be
substantiated by fundamental physical laws. The more complicated suggestions where transport
is minimized by only varying the individual Fourier components of the magnetic field have not
been theoretically verified. Furthermore, to verify these modifications, extra simulations using
conventional methods must be done.

Moreover, the latent space of the earlier model has been partly explored. We showed that the
latent space is highly complex, and to get a good overview, one must walk along all dimensions
simultaneously. In this latent space, the most significant changes along one latent dimension were
due to the change in flux surface label. We did not explore the latent space of Model 2 because of
posterior collapse, making it unfit for the task in any case.

8.2 Future research

These unsupervised generative models can be helpful in the field of nuclear fusion. The applications
discussed in this project might replace conventional, slower methods, and if one could explore the
latent space in a structured way, this might result in the discovery of new physics. Or at least
point them in the right direction. Especially when applied to an unsolved physical problem like
turbulence. However, there is still work to be done. First and foremost, a solution to posterior
collapse in this particular case needs to be found, or other models need that do not suffer from
this problem need to be adopted.
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Posterior collapse

Luckily, there are still many options to apply to the model or the data to try and overcome
posterior collapse. A first modification can be done to the geometry data used in the project.
"In this project, the truncation of the Fourier components was set to m < 11 and |n| < 12,
but the contribution of some components is relatively small. They do, however contribute to the
complexity of the data, which might not be in the model’s best interest. Therefore, one should
weigh the contributions of the higher Fourier components against the added complexity and find
a reasonable trade off for the minimum number of Fourier components|[78]. Moreover, it might
be worth investigating if other possibilities exist to encode a geometry differently. Currently, the
Fourier components result in a very evenly distributed data set as the same Fourier components
for a surface are used for 10000 combinations of parameters. All these combinations with the same
Fourier components result in different outcomes, which might be an extra challenge for the model.
We chose this approach to allow for optimization of the transport and to prepare the method for
experimental data, where varying plasma parameters are expected. To analyze the contributions
of the geometry better, one should construct a data set where transport is computed for multiple
geometries using the same plasma parameters.

Furthermore, modifications to the model’s loss function can be made. Utilizing the influence of
hyperparameters, a lot of different options can be tried. The general loss function could also
be adjusted. An excellent overview of projects with solutions to their posterior collapse is given
by ‘sajadn’ on GitHub[79]. Not all suggested solutions are applicable to this project, but more
options are available. These could, however, not all be applied due to time constraints.

Adding physics

Other additions to this project are related to the use of physics in the model and the data. More
variables are used in the simulation of DKES, those could be used in the ML model. One could
for example add the local rotational transform ¢ and the poloidal current to the data set.

Furthermore, adding physics to the loss function might help the model overcome posterior col-
lapse and make the results from a surrogate simulator more reliable and applicable[80]. Adding
terms to the loss function to apply penalties if specific physical constraints are broken can assure
that geometries suggested by the model follow the equilibrium condition. These suggestions were
outside the scope of this project but might be a good addition for future bigger projects.

Latent space exploration

Lastly, as was already described in Chapter 4, there is still a lot to learn about the workings of
the latent space. Gaining scientific knowledge by analyzing the workings of the model and the
structure of the latent space is a promising research direction. To help this, one might apply
more constraints to the latent space during training and, afterward, analyze how these might have
contributed to shaping the latent space.

If this succeeds, we might gain insights into the variables govern the transport. This would not only
be interesting for neoclassical transport, but could be expanded to other fields such as turbulent
transport or even applications outside of fusion, such as fluid turbulence.
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Appendices

A KL-divergence for Gaussian distributions

Here a simple case of the KL-divergence for two Gaussian distributions p(z) with a mean and
standard deviation u, and op, and ¢(z), with a mean and standard deviation p, and oy is given.

By definition, the KL divergence is given by:

Dica@) () = [ plo) tox (45 ) o (A1)

and the Gaussian distributions are given by:

q(z) = o \1/% exp (W)

Splitting the logarithmic fraction allows us to solve them individually. This transforms Equation
A1 into:

Dicr(p(z) || () = / p(x) log p(a) da (A.3a)

_ / p(x) log g(x) dz (A.3b)

First, we’ll solve the first term by substituting the definition of the Gaussian distribution into

Equation A.3a resulting in:
1 —(z — Np)2>
x) lo exp | ————— dz
/p( ) log (017 o p( 202

- /p(aj) log <Up \1/%> dx+/p(93) log (eXP (W)) de

Splitting the logarithmic of the first term and cancelling the log and e in the second term results
in the following:

/ p(z) log 1dz — / p(x) log(a, v2r ) da + / (@) <W) dz (A.5)

2
20p

The first term goes to zero as log 1 = 0, for the second term we utilise the fact that the integration
of a probability density function is 1 as:
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/p(:v) de =1 (A.6)

which transforms Equation A.5 into

__bgg%vﬁw)4—/}xx)(_°”‘“@y> dx

202
] (A7)
=— 10g<ap\/ 27r> ~ 5,2 /p(x)(ac — up)?dx
P
Now we insert the definition of variance:
[ pa)e ) do = o (A8)
This results in the following for Equation A.3a
1 1 9
p(z) logp(z) de = —log (op\/ 277) 5= —5(1 + log(2707)) (A.9)
Following the same principles for Equation A.3b as with Equation A.3a results in:
1 2 — (2 — pg)®
B log(2707) — /p(x) (%'3 dx
9 9 (A.10)
1 ) [ p(x)2?dz — [ p(x) 22 pgdz + [ p(x) 2 dx
= - log‘(27ro ) +
2 a 202
Letting the () denote the expectation operator under p, the above can be written as:
1 oy, (@%) = 2(z)pg + 11
3 log(27o7) + 202 (A.11)

Furthermore, we know that var(z) = (2*) — (), so (2?) = o7 + p2 and substituting this into
Equation A.11 results in:

1 o O = 2pppg +pZ 1 o O+ (fp — 11g)?
3 log(27o?) + 202 =3 log(2mo7) + T (A.12)
Adding Equation A.9 and A.12 for the total KL-divergence gives:
1 or+ (up — 11g)*> 1
Dir(p(x) | q(x)) = 3 log(27m§) + % — 5(1 + log(27m]2))) (A.13)
q
which can be simplified to
2 2
o on+ (Up — Hg) 1
D =log L4+ L —— "~ - A4
werlp(a) llal@) = log 70+ =25, 5 (A-14)
62 Minimizing neoclassical transport in the Wendelstein 7-X stellarator using Variational

autoencoders



BIBLIOGRAPHY

B Data appendix
B.1 Three letter codes

configurations

| (IA-1B)/11
| Letter | value
| [-1,875- -1.
-1,725 - -1.575

25

Figure B.1: The meaning of Joachim Geiger’s three letter code configurations of W7-X.
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B.2 Data scaling values

The values used for data scaling after the unlogical cases are filtered out.

Name Min Max
Radius r 0.0502m 0.63031m
Normalized radius r/a 0.10101 0.998298
Normalized flux label s 0.01020 0.996600
Radial Electric field E, —18kVm™! 7kVm™!
Density n, 0.1 x 102°m=3 1.5 x 1020 m~—3
Density ng 0.1 x 1020m=3 1.5 x 1020 m~—3
Temperature T, 0.1keV 5keV
Temperature Ty 0.1keV 5keV
Logarithmic density gradient 1/L,,, —6m~! —0.05m™!
Logarithmic density gradient 1/L,,, —6m~! —0.05m~!
Logarithmic temperature gradient 1/Lp, —20m~! —0.1m~!
Logarithmic temperature gradient 1/L,, —20m™! —0.1m~!
NC Flux density I', 9.497 x 101°m—2s~1 2.041 x 102 m—2s7!
NC Flux density I'y 9.497 x 101°m—2s~1 2.047 x 102 m~2s7!
NC Heat Flux Q. 1.803 x 10~ MW m—2 597.693 MW m~2
NC Heat Flux Qg 4.890 x 1071 9MW m—2 868.596 MW m—2
NC Energy Flux S, 3.962 x 1079 MW m—2 1006.485 MW m 2
NC Energy Flux Sy 1.402 x 1073 MW m 2 1166.116 MW m—2
NC Diffusion Coefficient D, 3.326 x 1075 m?2s! 234.625 m? s~ !
NC Diffusion Coefficient Dy 0.0009622m? st 709.249m? s~ !

Table 1: The minimal and maximal values for the plasma parameters and the outcomes of Neo-
transp after the cases described in Section 5.2 are filtered out. These minima and maxima are
then used to scale the values as was described in the same section.

B.3 Data implementation

The preprocessed data is also saved in Zarr format as a preprocessed file of a single geometry is
in the order of several GB if not compressed by Zarr. However, Zarr is only designed for efficient
data storage of big arrays, not for fast readability which is required for deep learning models. To
solve this problem, the Zarr files are combined and stored in HDF5 format. This format does
not have to be opened all at once and can be streamed to a model, using generator functions.
However, because of the data streaming, shuffling can not be done by the model itself and has
to be done beforehand and by the generator function. Shuffling data reduces the variance and
makes sure that the model remain general and overfits less. Also, it ensures that each data batch
creates an independent change on the model, without being biased by the same points before
them. Using this transition from big Zarr files to singular HDF'5 files allows the possibility to play
with the number of geometries trained in the model. Furthermore, to decrease the total number of
data points for practical reasons, a random selection of data points per geometry file is added to
the HDFS5 file. Lastly, HDF5 also allows the data to be used in parallel by machine learning models.

Streaming the data into the model requires a generator function as mentioned earlier. This
generator function takes over some actions which are commonly handled by the machine learning
model itself. First of all, the generator function divides the data into a training and test set where
20% of the data is used as test data. Then, the generator function is responsible for creating
batches. Finally, the data is split into three dictionaries to ensure it can be read by different input
layers.
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C Models

C.1 Model 1.0

The layout of Model 1.0 can be found in Figure C.1 and C.2. All the data is encoded using one
singular encoder into a latent space with 24 dimensions. It must be noted that the geometry
data used for this model were only the Fourier B components and not the R and Z components.
Therefore the layers working with the geometry data have far less nodes compared to the next
models.

The decoder given in Figure C.2 takes a sample from the one latent space and tries to reconstruct
all the given input data. As can be seen for both the encoder and the decoder, Dense layers
are alternated with Batch normalization layers. All Dense layers work with a ReLU activation
function except the last layers of the encoder and the decoder. The last layer of the encoder has
no activation function and the last layer of the decoder has a Sigmoid activation function because
the data is given in the range 0-1. The model was trained for a low amount of epochs in the order
of 20. All models use Adam optimization[81].

input_plasma_parameters | input: input_geometry | input: input_simulator_outcome | input:
[(None, 9)] | [(None, 9)] [(None, 198)] | [(None, 198)] [(None, 8)] | [(None, 8)]
InputLayer output: InputLayer output: InputLayer output:
dense | input: dense 3 | input: dense_6 | input:
(None, 9) | (None, 16) (None, 198) | (None, 256) (None, 8) | (None, 16)
Dense | output: Dense | output: Dense | output:

I I \

batch_normalization | input: batch_normalization 3 | input: batch_normalization_6 | input:

I I I

— (None, 16) | (None, 16) — (None, 256) | (None, 256) — (None, 16) | (None, 16)
BatchNormalization | output: BatchNormalization | output: BatchNormalization | output:

dense_1 | input: dense 4 | input: dense_7 | input:
(None, 16) | (None, 32) (None, 256) | (None, 256) (None, 16) | (None, 32)
Dense | output: Dense | output: Dense | output:

\ I )

batch_normalization_1 | input: batch_normalization 4 | input: batch_normalization 7 | input:

} } )

— (None, 32) | (None, 32) — (None, 256) | (None, 256) — (None, 32) | (None, 32)
BatchNormalization | output: BatchNormalization | output: BatchNormalization | output:

dense_2 | input: dense_5 | input: dense_8 | input:
(None, 32) | (None, 16) (None, 256) | (None, 64) (None, 32) | (None, 16)
Dense | output: Dense | output: Dense | output:

! ) )

batch_normalization 2 | input: batch_normalization 5 | input: batch_normalization 8 | input:

— == ; — ==

concatenate | input:

[(None, 16), (None, 64), (None, 16)] | (None, 96)

Concatenate | output:

N

z mean | input: z log var | input:
(None, 96) | (None, 24) (None, 96) | (None, 24)
Dense | output: Dense output:

~,

sampling | input:

- [(None, 24), (None, 24)] | (None, 24)
Sampling | output:

Figure C.1: The full encoder side of Model 1.0. The input of this side is given by 3 input
categories: geometry, simulator outcome and plasma parameters. The outcome of this side are
the mean, In(variance) and a sample per dimension of the latent space.
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input_latent_space | input:
[(None, 24)] | [(None, 24)]
InputLayer output:
dense_9 | input: dense_12 | input: dense_15 | input:
(None, 24) | (None, 16) (None, 24) | (None, 64) (None, 24) | (None, 16)
Dense | output: Dense output: Dense output:
batch_normalization_9 | input: batch_normalization_12 | input: batch_normalization_15 | input:
— (None, 16) | (None, 16) — (None, 64) | (None, 64) — (None, 16) | (None, 16)
BatchNormalization output: BatchNormalization output: BatchNormalization output:
dense_10 | input: dense 13 | input: dense_16 | input:
(None, 16) | (None, 32) (None, 64) | (None, 256) (None, 16) | (None, 32)
Dense output: Dense output: Dense output:
batch_normalization_10 | input: batch_normalization_13 | input: batch_normalization_16 | input:
— (None, 32) | (None, 32) — (None, 256) | (None, 256) — (None, 32) | (None, 32)
BatchNormalization output: BatchNormalization output: BatchNormalization output:
dense_I11 | input: dense_14 | input: dense_17 | input:
(None, 32) | (None, 16) (None, 256) | (None, 256) (None, 32) | (None, 16)
Dense output: Dense output: Dense output:
batch_normalization_11 | input: batch_normalization_14 | input: batch_normalization_17 | input:
— (None, 16) | (None, 16) — (None, 256) | (None, 256) — (None, 16) | (None, 16)
BatchNormalization output: BatchNormalization output: BatchNormalization output:
Plasma_parameters_out | input: Geometry_out | input: Simulator_outcome_out | input:
(None, 16) | (None, 9) (None, 256) | (None, 198) (None, 16) | (None, 8)
Dense output: Dense output: Dense output:

Figure C.2: The full decoder side of Model 1.0. The decoder takes a sample from the latent space
and constructs reconstructions for all three data categories.

C.2 Model 1.1

The encoder of model 1.1 is shown in Figure C.3. The geometry and transport variables enter one
neural network together ending in one latent space as can be seen in the left column. The right
column is separated from the rest of the model to stop the information related to the transport
to be stored in the plasma latent space at the end of the right column of Figure C.3.

The decoder of model 1.1 can be found in Figure C.4. The samples of both latent spaces together
are used to reconstruct the transport values. These samples are also used to separately reconstruct
the geometry and the plasma parameters.
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input_geomets input: input_plasma_parameters | input:
PESEEER L fone, 866)] | [(None, 566)) [ plasma_p [ oot 1 one, 9 | vone, 9
InputLayer output: I InputLayer I output: I
dense 1 | input: dense | input:
(None, 866) | (None, 512) (None, 9) | (None, 16)
Dense | output: Dense | output:
I batch_normalization_1 I input: | I input_simulator_outcome I input: | batch_normalization
— — (None, 512) | (None, 512) — = [(None, 8)] | [(None, 8)] — — (None, 16) | (None, 16)
| BatchNormalization | output: | | InputLayer | output: | BatchNormalization | output:
dense_2 | input: dense_3 | input: dense_4 | input:
(None, 512) | (None, 512) (None, 8) | (None, 16) (None, 16) | (None, 64)
Dense | output: Dense | output: Dense | output:
Ibatchinormalizalioniz | input: | |bamh7norma1ization73 | input: | Ibalchﬁnormalizationgll input: |
(None, 512) | (None, 512) (None, 16) | (None, 16) — (None, 64) | (None, 64)
I BatchNormalization I output: I I BatchNormalization I output: I I BatchNormalization I output: I
concatenate | input: dense 5 | input:
[(None, 512), (None, 16)] | (None, 528) (None, 64) | (None, 64)
Concatenate | output: Dense | output:
dense_7 | input: I batch_normalization_5 I input: |
— (None, 528) | (None, 512) — —— (None, 64) | (None, 64)
Dense | output: I BatchNormalization I output: I
I batch_normalization_7 I input: | dense_6 | input:
— (None, 512) | (None, 512) (None, 64) | (None, 64)
I BatchNormalization I output: I Dense | output:
dense_8 | input: I batch_normalization_6 I input: |
(None, 512) | (None, 512) —— (None, 64) | (None, 64)
Dense | output: I BatchNormalization I output: I

I O T

I batch_normalization 8 I input: | z plasma_mean | input: z plasma_log var | input:
— — — — (None, 64) — —

I (None, 512) | (None, 512) (None, 8) (None, 64) | (None, 8)

Dense output: Dense output:

I BatchNormalization Ioutput:

sampling | input:
. [(None, 8), (None, 8)]
Sampling | output:

dense 9 | input:
(None, 8)

(None, 512) | (None, 256)

Dense | output:

I batch_normalization_9 I input: |
— (None, 256) | (None, 256)
I BatchNormalization I output: I
z_geometry_mean | input: z_geometry_log_var | input:
& il id (None, 256) | (None, 16) & n_o8 d (None, 256) | (None, 16)
Dense output: Dense output:
sampling 1 | input:
— [(None, 16), (None, 16)] | (None, 16)
Sampling | output:

Figure C.3: The entire encoder side of Model 1.1 The input of this side is given by 3 input classes:
geometry, simulator outcome and plasma parameters. The outcome of this side are the mean,
In(variance) and a sample per latent space for all dimensions in that latent space.
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latent_plasma_space | input: latent_geometry_space | input:
[(None, 8)] | [(None, 8)] [(None, 16)] | [(None, 16)]
InputLayer output: InputLayer output:
dense 10 | input: dense 12 | input:
(None, 8) | (None, 64) (None, 16) | (None, 64)
Dense | output: Dense | output:
batch_normalization_10 | input: batch_normalization_12 | input:
— (None, 64) | (None, 64) — (None, 64) | (None, 64)
BatchNormalization output: BatchNormalization output:
dense_11 | input: dense 13 | input:
(None, 64) | (None, 256) (None, 64) | (None, 512)
Dense output: Dense output:
batch_normalization_11 | input: batch_normalization_13 | input:
— (None, 256) | (None, 256) —— (None, 512) | (None, 512)
BatchNormalization output: BatchNormalization output:
dense 14 | input: concatenate_1 | input: dense 17 | input:
(None, 256) | (None, 64) [(None, 256), (None, 512)] | (None, 768) (None, 512) | (None, 512)
Dense output: Concatenate | output: Dense output:
batch_normalization_14 | input: dense_20 | input: batch_normalization_17 | input:
— (None, 64) | (None, 64) (None, 768) | (None, 64) — (None, 512) | (None, 512)
BatchNormalization output: Dense output: BatchNormalization output:
dense_15 | input: batch_normalization_20 | input: dense 18 | input:
(None, 64) | (None, 32) — (None, 64) | (None, 64) (None, 512) | (None, 512)
Dense output: BatchNormalization output: Dense output:
batch_normalization_15 | input: dense_21 | input: batch_normalization_18 | input:
— (None, 32) | (None, 32) (None, 64) | (None, 32) — (None, 512) | (None, 512)
BatchNormalization output: Dense output: BatchNormalization output:
dense_16 | input: batch_normalization_21 | input: dense 19 | input:
(None, 32) | (None, 16) — (None, 32) | (None, 32) (None, 512) | (None, 512)
Dense output: BatchNormalization output: Dense output:
batch_normalization_16 | input: dense 22 | input: batch_normalization 19 | input:
— (None, 16) | (None, 16) (None, 32) | (None, 16) — (None, 512) | (None, 512)
BatchNormalization output: Dense output: BatchNormalization output:
Plasma_parameters_out | input: batch_normalization 22 | input: Geometry out | input:
(None, 16) | (None, 9) — (None, 16) | (None, 16) (None, 512) | (None, 866)
Dense output: BatchNormalization output: Dense output:
Simulator_outcome_out | input:
(None, 16) | (None, 8)
Dense output:

Figure C.4: The full decoder side of Model 1.0. The decoder takes a sample from both latent
spaces and uses these samples to reconstruct the input data. For the geometry and plasma data
only one of the two samples is used while for the transport quantities the samples are combined.
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C.3 Model 2

Model 2 uses the DIVA framework explained in Section 3.4. The transport quantities are encoded
into both latent spaces using two encoders functioning independent from each other as can be
seen in Figure C.5a. The transport quantities are reconstructed by one decoder functioning on
a combination of a sample from both latent spaces, seen in Figure C.6. The latent spaces are
shaped by two conditional priors based on the geometry and the plasma parameters, found in
Figure C.5b. These conditions can be predicted using regression neural networks.
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input_plasma_parameters

input_geometry | input:

[(None, 866)] ‘ [(None, 866)] ‘ [(None, 9)] ‘ [(None, 9)] ‘

InputLayer

InputLayer | output: output:

dense 3 | input: dense | input:
(None, 866) | (None, 1024) (None, 9) | (None, 32)
Dense | output: Dense | output:
batch_normalization_3 batch_normalization | input:
— — (None, 1024) | (None, 1024) = — (None, 32) | (None, 32)
BatchNormalization output: BatchNormalization | output:

}

(None, 32)

}

it
(None, 1024)
Dense | output:

dense_4 | inpu dense_1 | input:
(None, 2048) (None, 128)

Dense | output:

batch_normalization_4 | input: batch_normalization_1 | input:

(None, 2048) | (None, 2048) — (None, 128) | (None, 128)
BatchNormalization | output: BatchNormalization | output:
dense_5 | input: i dense 2 | input:
(None, 2048) | (None, 1024) (None, 128) | (None, 64)
Dense | output: Dense | output:
batch_normalization_5 batch_normalization_2
— (None, 1024) | (None, 1024) — (None, 64) | (None, 64)
BatchNormalization BatchNormalization

dense_6 | input: z_plasma_mean | input: z_plasma_log_var | input:
(None, 1024) | (None, 512) (None, 64) | (None, 4) (None, 64) | (None, 4)
Dense | output: Dense output: Dense output:
batch_normalization 6 | input: j
— (None, 512) | (None, 512)
BatchNormalization | output:
z_geometry_mean z_geometry_log_var
(None, 512) | (None, 128) (None, 512) | (None, 128)
Dense output:
(a)
input_simulator_outcome | input
[(None, 8)] | [(None, 8)]
InputLayer output
dense_11 | input dense 7 | input:
= (None, 8) | (None, 32) = (None, 8) | (None, 32)
Dense | output: Dense | output:
batch_normalization_11 | input batch_normalization_7 | input
(None, 32) | (None, 32) (None, 32) | (None, 32)
BaichNormalization | output: BatchNormalization | output
dense_12 [ input dense_8 | input:
(None, 32) | (None, 64) (None, 32) | (None, 64)
Dense | output: Dense | output:
batch_normalization_12 | input batch_normalization_8 | input
— = (None, 64) | (None, 64) = = (None, 64) | (None, 64)
BaichNormalization | output: BatchNormalization | output:
dense_13 [ input dense 9 [ input
(None, 64) | (None, 128) (None, 64) | (None, 128)
Dense | output Dense | output
batch_normalization_13 | input: batch_normalization 9 | input.
— — (None, 128) | (None, 128) — — (None, 128) | (None, 128)
BatchNormalization | output: BatchNormalization | output:
dense_14 [ input dense_10 | input
= (None, 128) | (None, 64) = (None, 128) | (None, 256)
Dense | output Dense | output
batch_normalization_14 | input: batch_normalization_10 | input
(None, 64) | (None, 64) (None, 256) | (None, 256)
BatchNormalization | output: BatchNormalization | output
2_sim_phsmaside_mean | input 2_sim_plasmaside_log_var | input 2_sim_geomside_mean | input 2_sim_geomside_logvar | input
== = (None, 64) | (None, 4) — == (None, 64) | (None, 4) = = = (None, 256) | (None, 128) = = (None, 256) | (None, 128)
Dense output: Dense output: Dense output: Dense output:
sampling | input sampling 1 | input sampling 2 | input: sampling 3 | input
[(None, 4), (None, 4)] | (None, 4) [(None, 4), (None, 4)] | (None, 4) [(None, 128), (None, 128)] | (None, 128) [(None, 128), (None, 128)] | (None, 128)
Sampling | output Sampling | output Sampling | output Sampling | output

(b)

Figure C.5: The entire encoder side of Model 2. The input of this side is given by 3 input classes:
geometry, simulator outcome and plasma parameters. Subfigure a is the encoder encoding the
transport quantities into two separate latent spaces. Subfigurer b shows the two neural networks
functioning as conditional priors for the geometry and the plasma parameters.
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latent_sim_plasmaside latent_sim_geomside

[(None, 4)]

[(None, 4)]

InputLayer output:

InputLayer output:

latent_geometry_space

latent_plasma_space
[(None, 128)]

[(None, 128)] [(None, 4)] | [(None, 4)]

InputLayer output: InputLayer output:

T~

concatenate | input:

/

[(None, 4), (None, 128)]

l

(None, 132)

(None, 132)

Concatenate | output:

dense 22 | input:
(None, 256)

Dense output:

batch_normalization 22 | input:
= = (None, 256)
BatchNormalization output:

dense_23 | input:

(None, 256)

(None, 256) | (None, 128)

Dense | output:

batch_normalization_23
= = (None, 128)

- (None, 128)
BatchNormalization

output:

dense_24 | input:
(None, 128)

(None, 128)
Dense | output:

batch_normalization_24 | input:

(None, 128) | (None, 128)

BatchNormalization output:

dense 25 | input:

(None, 128) | (None, 64)

Dense output:

batch_normalization_25
‘ (None, 64) | (None, 64)
BatchNormalization
Simulator_outcome_out | input:
(None, 64) | (None, 8)
Dense output:

dense_I8 | input: dense_15 | input:
(None, 4)
Dense | output:

(None, 128)

(None, 512)
Dense | output:

(None, 64)

batch_normalization_18 | input: batch_normalization_15 | input:
. (None, 512) | (None, 512) - (None, 64) | (None, 64)
BatchNormalization output: BatchNormalization output:
dense_19 | input: dense_16 | input:
S (None, 512) | (None, 1024) S (None, 64) | (None, 128)
Dense output: Dense output:

batch_normalization_19 | input: batch_normalization_16 | input:

(None, 1024) | (None, 1024) (None, 128) | (None, 128)

BatchNormalization output: BatchNormalization output:

dense 20 | input: dense_17 | input:
(None, 1024) | (None, 2048) (None, 128) | (None, 32)

Dense | output: Dense | output:

batch_normalization_20 | input: batch_normalization_17 | input:
(None, 2048) | (None, 2048) (None, 32) | (None, 32)

BatchNormalization output: BatchNormalization output:

dense_21 | input: Plasma_parameters_out | input:
(None, 2048) | (None, 1024) (None, 32) | (None, 9)

Dense output: Dense output:

(None, 1024)

batch_normalization 21 | input:
= —— (None, 1024)
BatchNormalization output:

Geometry_out | input:

(None, 1024) | (None, 866)

Dense output:

Figure C.6: The total decoder side of Model 2 including the auxiliary regression neural networks.
The left column is the decoder for the transport quantities where two samples, one from each
latent space, are combined to be reconstructed. The two right columns are two regression neural
networks to provide predictions for the geometry and the plasma parameters for a given sample.
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D Latent space exploration

Latent dim O Latent dim 1 Latent dim 2 Latent dim 3
0.569925 0.56985
0.56985 0.569900 056080 0.5701
0.569875 0.5700 4
0.56980 d
0.569850 056975 | 05699
056875 0.569825 056981
- 1 0.56970 J
0.569800 0.5697
0.5696
0.56970 0.569775 1 0.56965
-30 -15 00 15 30 -30 -15 00 15 3.0 -30 -15 00 15 30 -30 -15 00 15 3.0
Latent dim 4 Latent dim 5 Latent dim 6 Latent dim 7
0.5800 ] 0.5701 4
0.5700 0.56980
.5775 1
05775 0.5700 1
0.5699 057504 0.56975 1
0.5699 -
0.5698 0.5725 A 0.56970
0.5698
0.5697 1 0.5700
0.56965 ]
05675 | 0.5697
0.5696 1 T T T T T T T T T T T T T T T T T T T T
-3.0 -15 00 15 3.0 -30 -15 0.0 15 30 -3.0 -15 00 15 3.0 -30 -15 0.0 15 30
Latent dim 8 Latent dim 9 Latent dim 10 Latent dim 11
0.569900 0.569875 |
0.56990 0.569875 | 0.560850 0.56986
0.56985 0.569850 0.569825 0.56984 1
0.56980 0.569825 4 0.569800 0.56982 |
0.56980
d 0.569775
056975 4 0.569800
0569775 - 0.569750 0.56978 1
0.56970
T T T T T T T T T T T T —  0.56976 T T T T
-3.0 -15 00 15 3.0 -30 -15 0.0 15 30 -3.0 -15 00 15 3.0 -30 -15 0.0 15 30
Latent dim 12 Latent dim 13 Latent dim 14 Latent dim 15
056005 0.56980 0.56985 1 0.5700 1
: 0.56980
0.56975
0.56990 0.56975 0.5698 -
0.56970
0.56970
0.56985 0.56965 1 0.56965 | 0.5696
0.56980 0.56960 0.56960 0569 |
0.56055 0.56955
-30 -15 00 15 3.0 -30 -15 00 15 3.0 -30 -15 00 15 3.0 -30 -15 00 15 3.0

Figure D.1: The scaled value of the neoclassical particle flux density along one latent space
dimension from -3 to 3 while keeping the value of the other dimensions fixed at 1. for the plasma
latent space a random sample is picked from a Gaussian but within 1o. The plasma sample used
is the same as in Figure 7.6
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Latent dim O Latent dim 1 Latent dim 2 Latent dim 3
0.57785
0.57772 0.5778 4
0.57780 1 0.57780
0.57770 0.57775 4 0.5777+
0.5776 0.57775 1
0.57768 1 0.57770 4
057765 | 057759 057770 |
0.57766 0.5774 4
0.57760 0.57765 |
-30 -15 00 15 3.0 -30 -15 00 15 3.0 -3.0 -15 00 15 3.0 -30 -15 00 15 3.0
Latent dim 4 Latent dim 5 Latent dim 6 Latent dim 7
0.57774 0.5800 1 0.5778
0.57775 4
0.5775
0.57772 1 0.5777 4 0.57770
0.5750
0.57765 -
0.57770 4 0.5725 4 0.5776 1
0.57760
0.5700
0.57768 0.5775 4 0.57755 A
0.5675
T T T T T T T T T T T T T T —  0.57750 1+ T T T T
-30 -15 00 15 3.0 -30 -15 00 15 30 -3.0 -15 00 15 3.0 -30 -15 00 15 3.0
Latent dim 8 Latent dim 9 Latent dim 10 Latent dim 11
057791 0577775
057781 0.577750 4 0.57780 4 037791
0.5777 4
0.577725 1 0.57775 0.5778 1
0.5776 7 0.577700 1
0.57770 1
0.5775 4 0.577675 1 0.5777
0.5774 1 0.577650 0.577651
.5776 4
0.5773 0.577625 0.57760 03776
-30 -15 00 15 3.0 -30 -15 00 15 30 -30 -15 00 15 3.0 -30 -15 00 15 3.0
Latent dim 12 , oLatent ohiim.13 Latent dim 14 Latent dim 15
0.57785 1 0.577725 1 0.577775
N
0.57780 0.577700 0.577750
0.57775 71 0.577675 1 0.577725
0.57770 6 0.577650 0.577700
0.57765 51 0.577625 0.577675
0.57760 o] 0.577600 0.577650
0.57755 4 T . . . T . . . . T T . . . . T . . .
-30 -15 00 15 3.0 -30 -15 00 15 30 -30 -15 00 15 3.0 -30 -15 00 15 3.0

Figure D.2: The scaled value of the neoclassical particle flux density along one latent space
dimension from -3 to 3 while keeping the value of the other dimensions fixed at -1. for the plasma
latent space a random sample is picked from a Gaussian but within 1o. The plasma sample used
is the same as in Figure 7.6.
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