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Kurzfassung

Herkommliche Simulationen hochfrequenter Wellen in Tokamak-Plasmen kénnen den Einfluss
von kurzskaligen Elektronendichteschwankungen nicht korrekt beschreiben und produzieren
auBlerdem keine akkuraten Ergebnisse, wenn Reflektometriefille mit spitzen Eintrittswinkeln
untersucht werden. In dieser Masterarbeit wird ein neuer Code (WKBeam) entwickelt, der auf
einer Phasenraumbeschreibung der Wellen aufbaut. Mathematisches Fundament sind Wigner-
Weyl-Symbole. Grundlegende Hintergriinde werden besprochen und an die Problemstellung der
Mikrowellen in Fusionsplasmen angepasst. Als Ergebnis wird die wellenkinetische Gleichung
formuliert. Ein numerisches Losungsschema fiir diese Gleichung wird dargestellt und imple-
mentiert. Es wird anhand von vereinfachten Modellen gezeigt, dass die Ergebnisse des Codes
gegen korrekte Resultate konvergieren. Zum Schluss wird die Simulation fiir Heizungs- und

Reflektometriefille in den Tokamaks ASDEX Upgrade und ITER verwendet.

Abstract

State of the art high frequency wave simulations in tokamak plasmas are not able to describe the
effect of short scale electron density fluctuations on the beam propagation and have accuracy
problems when employed under reflectometry conditions with steep injection angles. Within
the framework of this master thesis, a new code (WKBeam), based on a phase space description
of the beam obtained from Wigner-Weyl symbol calculus, is developed. The basic theoretical
background is reviewed and adapted to the purposes of microwaves in tokamak plasmas, with
the wave kinetic equation as a result. A numerical scheme solving this equation is presented
and implemented. Convergence of the new code to correct results is shown for benchmarks with
various simplified models. Finally, it is employed for heating and reflectometry applications in

the tokamaks ASDEX Upgrade and ITER.
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Introduction

In times of climate change, worries about the safety of fission power plants, and an increasing
power demand, it would be extremely beneficial to have a save and reliable energy source. One
future option under investigation is nuclear fusion. Historically, people understood in the 1920s
that the huge amount of energy the sun emits is produced by nuclear fusion processes and in the
1950s, a rough estimate done by E. Teller and E. Konopinsky showed that in principle it would
be possible to exploit fusion power also on earth, envisaging a fusion power plant [1]. It was
recognized soon that this is an ambitious goal and even if during the last 50 years huge technical
progress was achieved, still some obstacles are left. An introduction to contemporary approaches
and problems for nuclear fusion can be found in [2]. As a fuel, a mixture of deuterium and tritium
is considered. This is advantageous because the fusion reaction of deuterium and tritium into
Helium is not based on weak interactions unlike the proton-proton chains taking place in the sun

and hence provides a large cross section which is a welcome property for a fusion power plant.



1. Introduction

Therefore, the reaction
D+ T —* He +n+ 17.6 MeV (1.1

is planned to be exploited. In general, since the nuclear forces act on very short distances,
there is the problem that the deuterium and tritium nuclei must be brought close together to
react. This requires to overcome or tunnel through their Coulomb barrier. It turns out that a
temperature of 10 keV is needed to provide the required energy. In order to confine the fuel, one
promising concept is the tokamak. In this device, a plasma is confined with a magnetic field.
The confinement is based on Lorentz force. It constrains the charged plasma particles to helical
trajectories around the magnetic field lines. The circular motion in the plane perpendicular to
the field lines is called gyration. A particle mainly following the field lines within the tokamak
chamber cannot escape!. The magnetic field lines for the tokamak ASDEX Upgrade (AUG)
are shown in figure 1.1. On the left, the toroidal plasma chamber can be seen. On the right,
only a cut through the torus is shown. This plane is referred to as poloidal plane. The direction
perpendicular to such a plane is called toroidal direction. The magnetic field lines do not point
purely in the toroidal direction, but they are twisted so that the they span surfaces, referred to as
magnetic surfaces and shown on the left in figure 1.1. This is the plasma configuration considered
in the applications discussed later in this thesis.

Through the fusion reaction (1.1), a-particles with a kinetic energy of F, = 3.5 MeV are
produced. They are charged and thus confined by the magnetic field. Their high energy allows a
heating of the plasma. For a commercial power plant, energy losses must be minimized so that
the a-particle heating compensates them and basically no external heating is required. In present-
day tokamak experiments, external heating is needed to obtain the targeted plasma parameters.
Moreover, even in a reactor, methods are required to drive part of the current flowing in a tokamak.
One such method is based on the injection of electromagnetic waves resonating with the gyration
of the electrons around the magnetic field lines. Their angular frequency in cgs-units is therefore

in the range

g B (1.2)

CMe

!Collisional and turbulence transport, however, can lead to a loss of particles and energy. These losses, together with
the requirement of operational stability, lead to the temperature requirement of 10 keV mentioned above.
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Figure 1.1.: Tokamak ASDEX Upgrade. Left: the toroidal plasma chamber of the tokamak with
closed magnetic field lines lying on one surface (red). Right: a cut through the torus.
The red lines are cuts through the surfaces the magnetic field lines are lying on. The
surfaces inside the bold one are closed within the chamber. The bold surface (called
separatrix) is the first to hit the tokamak walls at the bottom. [Pictures taken from
AUG gallery.]

where B is the magnetic field strength, e the electron charge and m, the electron mass. This
frequency is referred to as electron-cyclotron frequency. Waves which are in resonance with this
cyclotron frequency or higher harmonics have the ability of transferring their energy to the plasma
and drive an electric current. Typically, the required frequency is of the order of 100 GHz? and
thus millimeter wave beams are considered. In general, the magnetic field decreases from the
symmetry axis of the tokamak outwards: B = B(R) where R is the distance to the symmetry
axis. Therefore, properly tuning the microwave frequency, the distance R where the wave gets
absorbed can be chosen. Varying the injection angle of the beam, it can also be determined the
vertical location of absorption and the amount of driven current. Together, this allows to target at

a magnetic surface.

’The electron-cyclotron frequency can be obtained from the simple formula 2[GHz] = 28 B[T].



1. Introduction

In a plasma there also might be regions where no propagating wave exists for a given frequency.
They are referred to as evanescent regions. Instead of propagating, a wave launched from outside
the plasma mainly gets reflected at the boundary of evanescent regions, referred to as cut-off
layer. In the reflectometry technique, this property is exploited: A beam might be launched with
injection parameters such that it gets reflected. Then, the reflected beam can be measured and
conclusions on the plasma properties might be drawn for diagnostics purposes.

The calculation of electromagnetic waves in the electron-cyclotron frequency range usually
employs the fact that the wavelength is much smaller than the typical scale associated to the
variation of the plasma parameters [3], [4], [5]. In the presence of fluctuations of the plasma
parameters on short scales (like those caused for example by plasma turbulence) or in the
vicinity of a cut-off layer, however, this treatment becomes invalid. It is the aim of this thesis
to address this issue. Previous work on scattering of electromagnetic waves from fluctuations
with application to tokamak plasmas is based on simplified models on wave propagation and
on diffusive models [6], [7], which are not always clearly justified. Calculations based on the
solution of the full wave equations are available only in limited cases. However, there are several
hints that wave scattering can play a significant role in determining the region illuminated by the
beam.

In this thesis, a mathematically consistent treatment based on the Wigner-Weyl calculus in
analogy to [8], [9] is developed and implemented in a new code, able to produce accurate results
for the electromagnetic wave field amplitude near cut-off layers and in the presence of background
fluctuations of arbitrary wavelength, provided that their amplitude remains small enough to allow
the use of the perturbative approach described in chapter 3.

This thesis begins with a chapter on the theoretical background, where the fundamental physical
equations to describe propagation of electromagnetic waves are presented and the mathematical
concept of symbol calculus is reviewed. The need for a suitable phase space representation for
the wave is displayed. In the next chapter, based on this framework, an equation describing the
beam propagation in phase space is developed. This is referred to as wave kinetic equation. The
derivation is performed in analogy to [9]. However, considering waves in anisotropic media, the
theory
properties of the equation are extensively discussed. A way to deduce physical quantities like the

electric field energy density or the power absorption is presented. A basis for the implementation



in the new simulation code is a numerical scheme for the solution of the wave kinetic equation.
Two possible schemes are presented in the numerics chapter. In both schemes, the reduction to
physical quantities is split into a Monte-Carlo part and a direct part in a different way. After a
brief presentation of the newly implemented code (WKBeam) for the simulation, it follows a
chapter on benchmarking tests. An investigation of the results for simplified models confirms the
accuracy of the code, also near turning points and under the presence of fluctuations. Last, in
the applications chapter, results of the simulation for realistic tokamak heating and reflectometry
applications are shown. The effect of fluctuation is compared to the estimate in [6]. These first
results confirm the importance of wave scattering for the propagation of mm-wave beams in

particular in large (reactor-like) devices.






Theoretical background

In this chapter, the problem under consideration is stated and the necessary theoretical background
is reviewed. First, the equations describing the wave propagation in magnetized plasmas are
introduced. It will be seen that a suitable mathematical framework is the Wigner-Weyl symbol
calculus, which is introduced and applied to the wave equation under investigation. Furthermore,

the standard geometrical optics approximation is recalled.

2.1. Electromagnetic wave propagation in plasmas

The aim of this section is to give an overview of the fundamental equations needed to describe
the propagation of electromagnetic waves in a plasma. In addition, the assumptions we make on
the problem are discussed.

The propagation of electromagnetic waves is described using as a starting point Maxwell’s

equations. The reader might refer to the standard textbook of Jackson [10]. In cgs-units,



2. Theoretical background

Maxwell’s equations read

V - D = 47p™, (2.1a)
V.B=0, (2.1b)
10B

47 10D

V x H=—j 2.1d
% ¢’ +08t’ ( )

where E/ and H denote the electric and magnetic field, respectively. Throughout this work, ¢

denotes the speed of light in free space. The magnetic induction B is implicitly given by
H=B—4rM, (2.2a)
where M is the magnetization. The electric displacement is
D =FE+4nP, (2.2b)

with the polarization P. The magnetization and the polarization depend on the electromagnetic
field (E, B) and describe the response of the medium under investigation to an electromagnetic
disturbance. The last two equations complement Maxwell’s equations with the physics of the
medium and, therefore, are called constitutive equations. Maxwell’s equations are invariant under

the gauge transformation

f_g o LV
M =M - 2L, (2.3a)
P=P+VxV (2.3b)

for the magnetization and polarization, V' being an arbitrary vector field [11]. Hence, one is free
to move to the primed quantities without changing physics. For this thesis, it is assumed that the

gauge V is chosen so that the magnetization vanishes, hence, = B. Furthermore no external
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current density 7°*' nor charges p**' are considered so that the systems (2.1) and (2.2) reduce to
1 9D
c2 Ot?

D =FE+4nP, (2.4b)

V x (VxE)+ =0, (2.4a)

with the polarization field P describing the whole response of the medium.

In the case of wave propagation in plasmas, in general, the polarization response P(t,r) at the
time ¢ and point  does not only depend on the electric field E(¢,r) at (¢, ), but it depends on all
previous instants ¢’ < ¢ [11], [12]; this is referred to as memory effect or temporal non-locality.
Furthermore, the dependence on the electric field is non-local: The response may depend on the
electric field at any point 7’ as far as the distance |r — 7’| can be covered in time ¢ — ' without
breaking the assumptions of causality. This means (¢, ') must be situated inside the backward
light cone of (¢, r). In summary, D(t,r) depends on E(t',r’) where ¢|r — | < t — t' so that
causality is fulfilled. In this thesis, we limit ourselves to the case of a linear response of the
medium, which is a well-justified assumption for the kind of waves we are going to investigate.

Such a linear relationship can be written in the form
D(t,r) = /E(t, rt' P VE{,r")dt'dr’, (2.5)

where e(t,r,t', ') is referred to as dielectric kernel. Here, due to causality, this kernel should
vanish in case ¢ |r — r/| > t — t/, but usually ¢ has contributions only in the center of the light
cone, i.e. forc|r —r'| >t —t.

In this thesis, a steady state solution is considered. This means that the dielectric kernel depends
only on ¢ and ¢’ via their difference ¢ — ¢/, namely, (¢, r,t',7") = e(t — t/,r,7’). Then, equation
(2.5) amounts to a convolution in time. According to the convolution theorem, for the Fourier

transformed functions

E(w,r) = / e“tB(t,r)dt, (2.6)

D(w,r) = / e“tD(t,r)dt, (2.7
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and, upon changing to the coordinate 7 = t — ¢/,
elw,r,r') = /ei‘”e(T, r,r')dr, (2.8)

the operation of convolution in time is translated to a simple multiplication in the frequency

domain with the result that
D(w,r) = / e(w,r, ") E(w,r")dr’. (2.9)

Here, w is the angular frequency of the wave. In the frequency domain, the memory effect in
the response operator yields a frequency-dependent kernel, i.e. temporal dispersion. Physically,
this response is related to a displacement of charged particles in the medium provoked by the
electromagnetic wave field. Then, memory effects arise due to the inertia of those particles [13].

As wave beams with one constant frequency (monochromatic beams) are considered in this

work, w is a fixed parameter of the problem and the wave equation system (2.4) reads

2

V % (V x E(w,r)) — %D(w,r) =0, (2.102)
D(w,r) = /e(w,r, rE(w,r")dr’. (2.10b)

This is a closed system which, in principle, can be solved for the electric field E.

For plasmas, rather than the kernel £(w, r,7’), we have information on its Fourier transform
e(w,r k) = /6_ik'56 (w,r,r —s)ds, (2.11)

which is referred to as the local dielectric tensor [3]. In the case of a uniform medium, the only
space dependence is via s = r — /. The Fourier transform is performed with respect to this
distance, which is in analogy to the temporal Fourier transformation in (2.8). Instead, for a
non-uniform medium, the space dependence r appears explicitly also in the local dielectric tensor.
Analogously to the definition of temporal dispersion, the non-locality of the response yields a
dielectric tensor which depends on & and this is by definition spatial dispersion. Therefore, spatial

dispersion is equivalent to the non-locality of the response. When, in particular, a medium has a

10
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local response,
e(w,r,7") =e(w,r)é(r —r'), (2.12)
the corresponding dielectric tensor obtained from (2.11) reads
e(w,r k) =e(w,r), (2.13)

which is independent of k. In this case, wave equation (2.10) reduces to a differential equation for
F which does not involve any integral operator. Physically, the response (2.10b) can be explained
by a spread of the particle velocities due to finite temperature: The particles remember the impact
of the electromagnetic field along all points on their trajectory (¢',7’), which is different for
each particle due to the thermal velocity spread. As an example, this effect is not present in
the cold-plasma approximation [12], where the response becomes local. For the purpose of this
work, the general plasma dielectric tensor is employed. It is also referred to as kinetic dielectric
tensor, given the fact that it can be derived from the kinetic theory of the microscopic dynamics
of plasma particles [4].

One common simplification is the adiabatic approximation for the dielectric tensor &(w, 7, k)
of a plasma. It consists in the use of a dielectric tensor e(w, k; n, By, T') computed for the case
of a homogeneous plasma with constant equilibrium density n, magnetic field By and temper-
ature 7" and introducing spatial dependence through plasma parameters; that is, ¢(w,r, k) =
e(w, k;n(r), Bo(r),T'(r)), where n(r), Bo(r) and T'(r) are the equilibrium profiles of plasma
parameters. Then, the space dependence of the dielectric tensor is present via the parameters of
the medium, but their spatial derivatives are neglected. This approach is a good approximation
when plasma parameters are slowly varying. In order to give a measure of the variations of a

parameter f(r), a typical length scale L, measuring the gradients is introduced, namely

/
Vil~|= 2.14
Vi~ |5, @.14)
for f = n, By, T'. This length L is used to introduce normalized coordinates
r
= —. 2.15
Ti= g (2.15)

11
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In terms of such normalized coordinates, the wave equation (2.4a) for the electric field E(w, )

and the electric displacement D(w, r) reads

2L2
V. x (Ve x E) — 22D =0. (2.16)
c
One can see that the dimensionless parameter
L
ko= = koL 2.17)
c

appears naturally. Here, kg is the wave number in free space which can be used as a reference

value for the wave vector k. Let us define a normalized quantity
N = —, (2.18)
w

which is referred to as refractive index vector. From now on, all functions will be written in terms
of functions of x (instead of r) and IV (instead of k). This has as a consequence that in Fourier
transformations the parameter x appears explicitly. For example, for the Fourier transform of a

function f, one has
f(N) = / e NT £ () d, (2.19a)

and for the inverse Fourier transform

K

flx) = (27T)m / "N f(N)AN. (2.19b)

Here, m denotes the dimensionality and is m = 3 for the case of electromagnetic wave propaga-
tion in a physical space. Furthermore, the angular frequency w and the parameter  both are fixed
parameters of the problem. In this work, for simplicity of writing, they will no longer be listed as

an argument in any functions. The wave equation (2.10) in terms of the just defined normalized

12
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coordinates reads

Ve x (Ve x BE(x)) — k2D(x) = 0, (2.20a)

D(z) = /s(ac,x')E(:U')d:U'. (2.20b)

Let us note that this wave equation is somehow mixed: the first term on the l.h.s. of equation
(2.20a) consists in a partial differential operator applied to the wave field E' while the second
term is an integral operator present through (2.20b). The wave equation can be written in terms

of a single integral operator, namely
/ (Ve ®@Vy—Ay)d(x—2') —e(x,2")] E(z')d2’ =0, (2.21)
where d(x) is the Dirac’s J-function. Here, the Gramann identity
ax (bxc)=bla-c)—(a-b)c (2.22)

is used for the partial differential operators. After integration, the first term in square brackets
amounts to V, x (V, x E). Upon introducing the Fourier transform of the square brackets with

respect to s = x — 2/, namely,

d(z,N)=N?>-N®N —¢(z,N), (2.23)
wave equation (2.21) reads
3
(;) / @) Nz NYE(a')dNdz' = 0. (2.24)
™

The dimensionality for the Fourier transform is fixed to m = 3 due to the physical problem. It is
worth recalling that both, d(z, N) and F(z’), depend on both the frequency and the parameter ,
although such dependence is suppressed in the notation.

Operators of the form (2.24) are well-known in the mathematical literature as semiclassical
pseudo-differential operators [14]. The adjective "semiclassical" refers to the explicit dependence
on the parameter ~ in the Fourier transform (2.19), as opposite to the standard definition. In this

section, such an operator has appeared naturally in the wave equation. However, no mathematical

13



2. Theoretical background

details were given. The next section is dedicated to the general mathematical framework of such
pseudo-differential operators.

In this work, we will address equation (2.20) in the high-frequency limit kK — oo, which is
also called semiclassical limit, in analogy with quantum mechanics [14]. For the special case of
microwave beams in fusion plasmas, we have « >> 1 and hence the asymptotic solution is a good

approximation of the real physical situation.

2.2. Pseudo-differential operators

In the last section, a pseudo-differential operator was identified in the wave equation for mi-
crowave beams. Here, we have to make up for the mathematical details which were skipped
in this physics section. The ideas summarized here can be found in [8], [14] and also nicely
reviewed in [15]. Since they are applicable not just to the special case of wave propagation in
plasmas, a general wave equation is considered and specified to physically relevant equations

later on.

2.2.1. Definition of symbols and multi-index notation

The formulation of pseudo-differential operators in general is presented in the next section, where
we shall need a specific class of functions referred to as symbols. For sake of clearness, in this
section the definition of symbols is explicitly given. As stated in [15], a smooth function p(z, V)

is called symbol of order p, if

0% p(w, N)| < Cog (14 [N ] 17 (2.25)

with some constant C,, 3. Thus, symbols are basically defined as smooth and polynomially
bounded functions. In this definition as well as in following parts of the work, the multi-index
notation is used. For an m-dimensional space, a multi-index « is a m-tuple o = (v, . .., Q) of
non-negative integers «;. Let o,  be multi-indices, then the following definitions apply:

e componentwise sum (difference):

atp = (a1 £ B1,...,am £ Bm), (2.26a)

14



2.2. Pseudo-differential operators

partial order:

a<Bisa<BiVi=1,...,m, (2.26b)

definition of an absolute value:

la] == a1 + - + (2.26¢)

definition of a factorial:

al == oyl ay!, (2.26d)

definitions of powers for a variable z € R™":

=t (2.26¢)

definition of derivatives with respect to the components of z € R™:

8L = o1 om, (2.26f)

2.2.2. Definition of pseudo-differential operators

In this section, pseudo-differential operator calculus is introduced. As it is done in [8], a general

wave equation
D) (z)=0 (2.27)

is considered. Here, v = v (x) is a function ¢ : R™ — R™ (so x € R™ and ¢(z) € R"™).
Therefore, the operator D acting on the wave field is an n X n matrix of operators. The "double-
bracket" notation in (2.27) means that the operator D acts on ¢ and the result is evaluated at point

x. The kernel d(z, z') € R™ x R" of the operator D is defined such that

D) () = / d(z, 2 )b (z)da. (2.28)
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2. Theoretical background

The Fourier transformed of this kernel with respect to the distance s = x — 2’ reads
d(x,N) = /e*i“N'sd(:c,a: — s)ds. (2.29)

This is a function on phase space coordinates (x, N). In general, if this function fulfils the
requirement for a symbol (2.25), the operator D is by definition a pseudo-differential operator
and d(z, N) is referred to as the symbol of this operator. For the case of plasma waves presented
in section 2.1, the Fourier transform d(x, V') of the wave operator kernel is given in (2.23). The
first two parts actually are polynomials and therefore are symbols. The last term is the dielectric
tensor which is assumed to be well-behaved. For waves in plasmas, this assumption is justified
by the smooth plasma profiles yielding a smooth dielectric tensor and by the fact that for large
wave vectors |N| — oo, the waves do not feel the plasma any more, so that the dielectric tensor
of free space is approached. This is polynomially bounded and, thus, also the plasma dielectric
tensor is. In summary, d(x, N) is a symbol and hence for the problem of microwave propagation,
pseudo-differential operator calculus applies.

It must be noted that the relationship between operators and symbols is not unique. It is necessary
to introduce a label in order to distinguish different kinds of these mathematical objects. Symbols
constructed via (2.29) are called L-symbols. Here, L stands for "left" and recalls the fact that the
position argument z for the symbol is just the left one of the kernel. In this thesis, L-symbols are
denoted with small case letters.

Formally, the operation of constructing a symbol a(z, N) given a pseudo-differential operator

A is called symbol map
ol A a(z,N). (2.30)

Here, the superscript L reminds one to use the transformation (2.29) to construct an L-symbol.
The inverse operation, namely the construction of an operator given its symbol, is called quantiza-
tion rule and, again, there are several ways how this can be done. One is the left side quantization
rule. Given any symbol a(x, V), the outcoming operator applied on a test function f yields

a(x,—zvx)f(x) = <;T>m/ei”(’”m/)'Na(x,N)f(x’)dx’dN. (2.31)
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2.2. Pseudo-differential operators

Here, the notation for the operator on the L.h.s. is a formal way of writing which should not be
confused with any function at arguments = and —évx. It should be rather more considered as
an object which is defined by its effect on a function f given on the r.h.s. Operators constructed
upon the L-quantization rule (2.31) are denoted with small case letters in this work.

If the symbol under consideration is an L-symbol constructed as it is presented in (2.29), the

quantization rule (2.31) just recovers the original operator, i.e.
a(z,N) = d(z,N) = a(z, —~V,) = D. (2.32)
K

The L-symbol and L-quantization rule presented above are the ones which are relatively straight
forward to understand, and a special case is the symbol (2.23) for plasma wave propagation.
The main results of this thesis, however, rely upon an alternative definition. Due to its useful
properties, deriving from its symmetric construction, the so-called Weyl symbol,

A(z,N) = /e_i”N'sa (ac + g,w — ;) ds, (2.33)

is introduced, where a(z, 2') is the kernel of a given operator A. Throughout this thesis, capital
letters are used for Weyl symbols in order to distinguish them from the L-symbols denoted by

small case letters. The symbol map appropriate to the previously defined Weyl symbols,
w.
o A A(xz,N), (2.34)

takes the operator and computes its Weyl symbol, according to equation (2.33). In analogy to the
left quantization rule (2.31), there is the Weyl quantization rule which, given the Weyl symbol

D(z, N) of an operator D, provides the operator itself, i.e.
A(z,N) = D(z,N) = A(z,—~V,) = D. (2.35)
K

This quantization rule, again, is defined via the action of this operator on a test function f:

. " ik(z—a')- +a’ N
A(wa—évm)f(w) = (2/;) /e““x 2N g (:c 233 ,N) f(z")da. (2.36)
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2. Theoretical background

Here, the inversion of equation (2.33) is used to express the kernel of the operator A(x, — %Vx)
Operators constructed with the Weyl quantization rule are denoted with capital letters in the
framework of this thesis.

The remaining part of this section is devoted to specific issues arising from the application of
the Weyl symbols to the problem of wave propagation considered in this work. The main ideas,
again, follow [8].

In equation (2.23) the L-symbol corresponding to the wave equation for wave beam propagation
is found. It was mentioned that the Weyl symbol is used instead. So a direct relation between
L-symbols and Weyl symbols is needed in order to compute the latter. In principle, it is clear
what to do: The Weyl symbol A(z, N) is computed with the Weyl symbol map (2.34) for a
given pseudo-differential operator with kernel a(z, 2’), explicitly formulated in terms of a Fourier
transformation of the kernel in equation (2.33). Once the symbol a(z, N) is known, its kernel is
obtained from (2.29). The derivation of a final formula linking a(z, N) and A(x, N) is a little

technical and therefore moved to appendix A.1. The final result is

i

A(z,N) = e2:0%q (2 N). (2.37)

Here, the partial derivatives at the exponent are a formal way of writing which makes sense only

if the exponential is expressed in terms of its Taylor series.

As a particular case which will be needed, when
a(x,N) = a1(z) + az(N), (2.38)

then the derivatives in the exponential (2.37), being mixed derivatives acting on x and NV, will
vanish and therefore only the zeroth order term of the Taylor series of the exponential contributes.

This means that the left symbol and the Weyl symbol are the same, i.e.
A(z,N) = a(z,N) = ai(x) + az(N). (2.39)

For later reference let us write a formula which allows to find the Weyl symbol C(z, N) of the

composition of two operators A and B with Weyl symbols A(z, N) and B(z, N). Again, the
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2.2. Pseudo-differential operators

technical computation is moved to appendix A.2. The final formula is

C(z,N) =A(x,N)x B(z,N) =

Az, N em 505033 g (3 Ny (2.40)

The operation denoted by "x" is called Moyal-Weyl product. The arrows on the partial differential

operators indicate the direction in which the operators act.

2.2.3. Differential operators in the framework of pseudo-differential
operator calculus

Pseudo-differential operators can be considered a generalization of differential operators: One
can express differential operators in the form of pseudo-differential operators. Actually, for the
case of the electromagnetic wave equation, the first term on the L.h.s. of (2.21) was formulated in
terms of a symbol in (2.23). In this section, a general argument is presented. A good overview on
this topic is also provided in [15].

A general partial differential operator of order p in multi-index notation is expressed as
i\ el
D = (—) Pa(x)05. (2.41)

Here, p,(x) are bounded functions with bounded derivatives on z. This operator acting on a

generic function f, in terms of the kernel d(z, '), yields the result

D(f)(x) = / d(z,a) f(a)da’". (2.42)

Therefore, the kernel of the differential operator is explicitly given by
/ Z ‘al le% /
dw,a')= > (=~) pa(@)070(z —2), (243)

le|<p

which can be verified by direct substitution. Derivatives of the §-distribution must be considered

in a weak sense, as reviewed in appendix B.
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2. Theoretical background

Symbol map (2.29) applied to the operator D with kernel (2.43) yields

d(z,N)= > (—i)lalpa(aﬂ)/e_mN'sag‘(S(s)ds. (2.44)

|| <p

This integral is computed by parts and the result reads

d(z,N) = > pa(z)N*. (2.45)
lor|<p

The function d(x, N') computed in this last equation, being a polynomial in N with smooth and
uniformly bounded coefficients p, (), is a symbol. Therefore, in general, differential operators
can be considered as pseudo-differential operators. Furthermore the symbols of differential
operators are easily constructed replacing the partial differential operator —éﬁx by the conjugate

variable .

2.3. Geometrical optics and ray tracing

The aim of this section is to present the standard geometrical optics approximation for wave
propagation. Geometrical optics provides asymptotic solutions in the high-frequency limit
Kk — 00, where « is the dimensionless parameter defined in (2.17) and it can be considered a
cornerstone of semiclassical methods. It shows the Hamiltonian structure which controls the
behavior of the wave field in the semiclassical limit and, hence, makes it possible to use ray
tracing methods [3], [5]. In this section, we shall review the basic ideas of geometrical optics
for the simple case of transverse electromagnetic waves in isotropic media. This simplification
allows us to avoid unessential technical difficulties, while retaining the basic ingredients of the
theory. For transverse waves in isotropic, spatially non-dispersive media, the response operator
(2.20b) simplifies to a multiplication with a scalar function £(x). Hence, the wave equation (2.20)

reduces to the Helmholtz equation
A E(x) 4 x*e(z)E(z) = 0, (2.46)

where V. - E = 0 has been accounted for.
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2.3. Geometrical optics and ray tracing

The high-frequency limit suggests the use of the Wentzel-Kramers-Brillouin (WKB) ansatz for

the electric field, which is
_ ikS(x) 1
E(x)=e Ap(z) + ;Al(x) +.... (2.47)

Here, S(x) is a scalar function called eikonal. It represents the phase of the wave. Instead, the
functions A;(z), j > 0 representing the polarization and the amplitude of the field, are vector
valued. They introduce explicitly the expansion of the amplitude in different orders in 1. In

analogy with the plane wave, for which
E(z) oc eV (2.48)
the local refractive index is defined as
N(z) = VS5(x). (2.49)

It is worth noting that the eikonal establishes a relationship between the position x and the
refractive index N (x): At every spatial position z, this relation uniquely defines a value for the
refractive index N (z). The substitution of the WKB ansatz (2.47) into the wave equation (2.46)

after separating different orders of x — oo, yields for the first two equations in the hierarchy

OK?) : (ValS(x))? —e(x) =0, (2.50a)
O(k) : 2V, Ag(z) - Vi S(x) + Ag(x)ALS(z) = 0. (2.50b)

For each point z, the first equation (2.50a), also referred to as eikonal equation, defines the
refractive index N (x), whereas, given this refractive index, the second equation (2.50b) describes
the wave amplitude to lowest order in the WKB ansatz (2.47). A set of eikonal and amplitude to
lowest order (S, Ag) which solves the system (2.50) solves the wave equation (2.46) in the limit
k — oo with a remainder of order 2. Equation (2.50a) is called local dispersion relation. For a
homogeneous medium, a plane wave (2.48) solves the wave equation (2.46) and, by definition, as
dispersion relation an equation is considered which defines the refractive index so that a solution

for the wave equation exists. In the context of the WKB ansatz, the adjective "local" refers to
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2. Theoretical background

the fact that the refractive index to solve the wave equation might depend on the position z, i.e.
N = N(z).
The local dispersion relation (2.50a) has the structure of a Hamilton-Jacobi equation, which is

discussed in some details in appendix C, cf. equation (C.8). The relevant Hamiltonian is
H(x,N) = N?—¢(x). (2.51)

Therefore, a solution of the nonlinear first-order partial differential equation (2.50) can be obtained
in terms of Hamilton orbits. Hamiltonian orbits are the trajectories in phase space obtained from
Hamilton’s equations of motion (C.1) as, again, discussed in appendix C. More specifically, on
an antenna plane, boundary conditions for the wave equation (2.46) are known. This includes a
knowledge on the phase, called eikonal S in the framework of the WKB approximation and allows
us to construct initial conditions for Hamilton’s equations of motion with Hamiltonian (2.51).
Such equations then are ordinary differential equations which can be solved by using standard
numerical techniques. The projection of the resulting Hamiltonian orbits from phase space into
configuration space determines a bundle of curves in the physical space called geometrical optics
rays. These constitute the light rays in basic optics descriptions. The solution of Hamilton’s
equations of motion in the framework of geometrical optics if often referred to as "ray tracing".

One finds that Hamiltonian orbits resulting from the ray tracing procedure span a hypersurface
of the form (x, N (x)) with geometrical optics refractive index vector as given in (2.49), usually
called Lagrangian manifold. The bundle of geometrical optics rays defines a velocity field on the

physical space, which is given by
vy = VNH(z, N) = 2N(x). (2.52)
Upon accounting for (2.52), equation (2.50b) can be written in the form

1
vp - Vado + 5 (Vo 02) 4o = 0. (2.53)

This equation describes the evolution of the lowest order amplitude Ay. We can see that Ay is

transported along geometrical optics rays. Multiplied with A, equation (2.50b) takes the form of
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2.3. Geometrical optics and ray tracing

a steady-state continuity equation, namely,
Voo (ve]4of*) = 0. (2.54)

This last equation expresses the conservation of the beam energy at the leading order in the limit
k — 00. Note that no sources or dissipation is present in (2.46). The exact energy transport of
the electric field is proportional to the normalized Poynting flux:

Flz) = ~ (E'(2)V.E(@) - V. B (2) B(x)) (2.55)

1R

Analogously to [16], the WKB ansatz for lowest order in x~! yields F' = Fy + O(x~!) with
Fy(z) = 2| Ao(2) ] VoS (x) = |Ao(2)]” va(). (2.56)

Here, the velocity (2.52) and the definition of the refractive index (2.49) have been accounted for.
This shows that (2.54) describes energy conservation within the geometrical optics approximation.

The fact that equations (2.50) can be solved by tracing a set of rays makes geometrical optics
computationally very efficient. Ray tracing codes have been the main tool for the study of
waves in inhomogeneous plasmas in the short wavelength limit. Nevertheless, the approach of
geometrical optics breaks down in some situations. Two examples in a two-dimensional geometry
x = (x,y) are displayed in figure 2.1 which shows the bundle of rays (a,c) and the corresponding
Hamiltonian orbits in phase space (b,d), for the case of two-dimensional propagation of beams in
presence of a focal point (a,b) and of a turning point (c,d). In both cases the beam is launched
from the line {x = 0} and propagates towards the negative x-axis. Hamiltonian orbits are smooth
trajectories without crossings. Their congruence determines a hypersurface in the phase space.
When such hypersurface can be written in the form (2.49), we readily have a solution of (2.50a)
as presented in appendix C. One can see that this is not the case near (x = —0.25,y = 0)
for figure 2.1 (b) and near (x = —0.5,y) for figure 2.1 (d). The corresponding geometrical
optics rays are obtained by projecting Hamiltonian orbits into the configuration space and are
shown in figure 2.1 (a,c). For the situation of a focal point shown on top, all rays cross at
(x = —0.25,y = 0) thus violating the requirement (2.49) for which at every point = we can

have only one value of N. This leads to a vanishing beam width at this focal point for which
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the continuity equation (2.54) predicts an infinite amplitude. Both, the zero beam width as well
as the divergent amplitude, are unphysical for finite frequencies. A more detailed analysis [17]
reveals that the geometrical optics ray tracing method does not account for diffractive effects
that are crucial near focal points. For the case of a turning point shown in figure 2.1 (c), the rays
are reflected at x = —0.5. Again, just at the point where the rays change their direction, several
values for N are present which cannot properly be described using geometrical optics. The points
where such projection singularities occur are called caustics. For a more mathematical study on
caustic points, the reader might refer to [18].

It was seen in this section that geometrical optics is a simple approach which allows to compute
the electric field in the semiclassical limit. However, the results projected on configuration space
are inadequate for several situations as for example focal points or turning points. The physical
meaning of the WKB ansatz for the wave field consists in assuming that for each point x only one
value N (x) for the refractive index is present and hence, the field locally near each point can be
approximated by a plane wave. In order to unfold the projection singularities, one should resolve
different values /V of the refractive index at each configuration space point x. In the next section,
a quantity is presented which provides a phase space description of the electric field and hence is

suitable for such purposes.
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2.3. Geometrical optics and ray tracing

Focal point:

(a) rays in configuration space: (b) orbits in phase space:
6

®5 04 03 w02 01 0
X

Turning point:

(c) rays in configuration space: (d) orbits in phase space:

1}

Vo

Figure 2.1.: Two-dimensional geometrical optics rays (a,c) and the corresponding Hamiltonian
orbits (b,d) in phase space. The Lagrangian manifold is visible as a congruence of the
orbits. They are launched at x = 0 and propagate to the left. Two different situations
are shown: On top (a,b) the rays show a focal point. At the bottom (c,d), the media is
such that a turning point is present.
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2. Theoretical background

2.4. Spectral operator and Wigner function

In the last section, it was seen that geometrical optics is a fundamental tool for simulations of
high frequency waves and yet it is limited by the singularities of the projection from phase space
to configuration space. A phase space description not restricting the distribution of rays to a
Lagrangian manifold should solve the problem. In this section, a representation of the wave field
in phase space is introduced. Furthermore, its connection to symbol calculus is presented. Again,
the concept is not restricted to the electric field and the general field v is considered.

Let us begin with the spectral operator W (also referred to as density operator in quantum

mechanics) of the wave field ¢ = v (x) under investigation. This is defined in terms of its kernel
w(z,2') = (@) (), (2.57)

where "{" denotes the Hermitian conjugate (i.e. the complex conjugate of the transpose). If the
corresponding operator is applied to a test function f(x), the result is the projection of f on the

wave field 1, namely
W(f)(x) = / w(z, ) f(a")da’ = () / () f(a)da. (2.58)

It is convenient to introduce the notation
W = el (2.59)

for the operator T, where ¢! should be interpreted as a tensor product in the space of functions
{1}, which is (2.58).
The symbol map (2.29) applied to the spectral operator yields

w(z,N) = /e_mN'sw(;v, z — s)ds = e Ny (2)T (V). (2.60)

It is worth noting that w(z, N') might not be a symbol in the sense of section 2.2.1. Nevertheless
the Fourier transform implied by the definition of o (2.29) makes sense also for operators more
general than pseudo-differential operators. With abuse of language, we shall call w(x, N') symbol

of W, but the reader should be aware of the difference.
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2.4. Spectral operator and Wigner function

In the last step, the Fourier transform (2.19a) of the wave field 1/3(N ) has been inserted, splitting
the symbol w(z, N) into a product of the wave field itself and its Fourier transformed. Therefore,
it is clear that it is significantly different from zero near phase space points (z, N') where both
Y(x) as well as zﬁ(N ) are significant. Thus, this symbol gives a statement on the phase space
distribution of the electric field and therefore, in principle, could be used as a phase space

representation.

On the other hand, the construction of w(z, N) requires both (z) and ¢)(N), with similar
projection singularities as encountered in geometrical optics [8]. It turns out that the symmetrized
version of the symbol of the spectral operator, referred to as Weyl symbol, does not show this
problem of unexpected singularities. Moreover, as it will be seen later on in this section, a
relatively easy physical interpretation for the Weyl symbol can be given. The Weyl symbol of the
spectral operator is obtained by applying the symbol map (2.34) on the kernel w(z, z’), with the

result

W(z, N) = /e*i“N'sw <a: + ;) ot (:1: - ;) ds. 2.61)

This equation is also referred to as Wigner transform. As for (2.60), W (z, N) is not a symbol
in the sense of section 2.2.1; indeed, it is generally a singular distribution. However, the word
"symbol" referred to W (z, N) is an abuse of language which is common in literature. The phase
space representation W (x, V) of the wave field is also called Wigner function of the wave field,
although, when 1) is a vector, W (z, N) is a matrix. It has the nice properties relating its partial

integrals to physical and spectral energy distributions, namely

(;T)m/Tr W (z, N)YAN = [4(z)]?, (2.62a)
2 (2.62b)

/TrW(x,N)dx = (V)

for a wave field in an m-dimensional space. Here, Tr denotes the trace of a matrix. In case of
the electric field, ¢ = F/, integral (2.62a) yields the electric field energy density (energy density
resolved in x), whereas the second integral (2.62b) provides the spectrum of the electric field
(energy density resolved in V). Therefore, the Wigner function would be a good candidate as

a phase space energy density. Unfortunately, in general, the Wigner function might become
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negative, thus such interpretation is not generally appropriate. One refers to the Wigner function
as an energy quasi-density in phase space. However, we remember that the Wigner function
integrated as is done in (2.62) behaves like an energy density in phase space.

To get familiar with the Wigner function, in the following two examples are presented. In the

second one, in particular, the Wigner function becomes negative at some points.

2.4.1. Example 1: Geometrical optics ansatz

In the WKB ansatz (2.47) for geometrical optics, to lowest order in x~!, the electric field is

approximated by
BE(z) = Ay(z)e™¥@). (2.63)

For simplicity, we shall assume that E'(x) and Ag(x) are scalar fields, implying that the polariza-
tion of the electric field is fixed. Formula (2.61) with 1) = E provides the Wigner function of the
electric field

W(:L'a N) _ /e—i/-cN~s+mS(aC+S/2)—inS(I—S/Q)AO (IL‘ + ;) AS <$ — ;) ds. (2.64)

It is assumed that the amplitude A(x) and the refractive index vector N (z) = V,S(z) are slowly
varying in space. Therefore, a Taylor expansion of the amplitude to zeroth order and of the

eikonal to first order are appropriate with a remainder O(x~1):
W(z,N) = / eI =Va8)s | Ao (z) 2 ds + O(k71). (2.65)

Given the fact that the only s-dependence in the integral is at the exponent, it can be computed
analytically and one finds

2

W(z,N) = ( -

)m A@)]? 6(N — V.S) + O(s). (2.66)

For a physical electric field, the dimensionality must be set to m = 3. The result in (2.66) shows
again that the restriction of the geometrical optics ansatz consists in taking one value for the

refractive index N for each position z, as it is expressed here by the J-distribution.
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2.4. Spectral operator and Wigner function

2.4.2. Example 2: Superposition of plane waves

Here an example is presented which shows the problem of the interpretation of the Wigner
function as an energy density in phase space. Let the electric field be the superposition of two

plane waves,
E(z) = " No 4 gmineNo, (2.67)

with refractive indices Ny and — Ny, respectively. Computing the Wigner function (2.61) yields

2

Wz, N) = < >m 6(N — No) + 6(N + No) + 2cos (262 - No)6(N)]  (2.68)

K

and from this Wigner function the electric field energy density, obtained via (2.62a), is
|E(z)]> = 24 2cos (262 - Ny) . (2.69)

The first two terms in (2.68) reproduce the phase space energy density contributions one would
have expected for the two plane waves which are singularly supported at the prescribed values
of the refractive index, i.e. N = Ny and N = —Ny. In addition, the term 2 cos (2kx - Np) 6(N)
appears, which leads to the well-known interference pattern in the energy density (2.69). It
is centered at N = 0 and oscillatory in z which means that W might become negative when
N = 0. Such negative values for the Wigner function are incompatible with the interpretation
of W as a phase space energy density. However, when the limit x — oo is considered, the
oscillation period asymptotically goes to zero. Therefore, integrating the Wigner function even
on a small interval, the oscillatory part will vanish because positive and negative contributions
cancel out. Nevertheless, it can be proven that in the semiclassical limit x — oo, the Wigner
function approaches a well-defined positive measure on phase space, the calculation of which is

the main purpose of this work.
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The wave kinetic equation

The previous chapter contains an overview on pseudo-differential operator calculus, symbol
calculus and basic ideas from geometrical optics. In addition, a phase space representation of the
wave field in terms of the Wigner function is presented. Equations describing the behavior of the
Wigner function in phase space are now required.

In this chapter, such equations are derived. We begin with the simple case of propagation
without absorption and fluctuations of the medium. Next, also these two effects are included
and a discussion on some special related topics follows. The chapter is completed by the outline
of a framework for a phase space description of wave beams: This comprises the extension of
physical boundary conditions for the wave field to phase space, as well as the reconstruction of

physical observables from the Wigner function.
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3. The wave kinetic equation

3.1. Weyl phase space representation of the wave equation

In this section, the evolution equation for the Wigner function is derived from the wave equation,
neglecting absorption and short scale fluctuations. These physical effects are introduced later in

section 3.2. The derivation follows the work of McDonald [8].

Let us begin with an abstract wave equation of the form
Dy =0, 3.1

where D is a pseudo-differential operator referred to as dispersion operator. It is assumed that this
operator is Hermitian and, thus, also its Weyl symbol D(z, N) is a Hermitian matrix. Physically,
such an assumption does not allow us to describe the effect of absorption, which corresponds to a
non-Hermitian part in the wave equation operator. However, it is useful to present the basic idea
of phase space formulation of the wave equation for a simpler problem first.

The abstract vector D1 is multiplied with its adjoint from the right, the multiplication being in

the sense of the tensor product defined in equation (2.58). The result is
Dy Dt = 0. (3.2)
Multiplied from the right with the inverse (DT> ! it yields
Dyt = 0. (3.3)
Here, the spectral operator W as defined in (2.58) is identified:
DW =0. G4

This shows that, if a non-vanishing solution W is considered, the dispersion operator is singular
and the inverse D! cannot be properly defined. Hence, the step from (3.2) to (3.3) is not trivial
to justify. For the moment, we note that even if the inverse itself does not exist, it can be given
sense to it in terms of propagators, addressed in section 3.4, so that formally we can assume that

the inverse exists.
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3.1. Weyl phase space representation of the wave equation

Equation (3.4) is translated into an equation involving the Weyl symbol D(x, N) of the disper-
sion operator and the Wigner function W (z, V) of the wave upon making use of the symbol map
(2.34) and the symbol product rule (2.40), with the result

s

i —
D(w, N) W (w, N) = D (&, N) e 508 -08 8]y (o Ny = 0. (3.5)
When the Taylor series of the exponential is used, equation (3.5) becomes

o0 .
Zl(lyD(x,N) (9 - x —on-32) Wia.N) ~ 0, (3.6)
= k! \ 2k

in the sense of asymptotic series in the semiclassical limit x — oco. Specifically, the sign "~" is
used instead of the equality to recall that asymptotic series do not converge to a unique sum, but
have a remainder of order O(x~°°), this is, smaller than O(x~") for every positive 7.

It was stated in section 2.1 that for the case of millimeter wave propagation in fusion plasmas,
the background parameters are such that the semiclassical limit is a reasonable approximation.
If also fluctuations which might have a much shorter scale length are considered, this could no
longer be true, requiring a special treatment for fluctuations presented in the next section.

In the limit K — oo, different orders of k™! can be separated. The two leading orders for

equation (3.6) read

O(1) : D(z, N)W(z,N) =0, (3.7a)

Ok —%D(I, N) (85 - On — Oy - 82) W(ar, N) = 0. (3.7b)
In equation (3.7) both D(z, N) and W (z, N) are matrices, and a matrix product is implied. In
addition one should note that the derivation of (3.7) by direct separation of orders in (3.6) is
not entirely rigorous, as a perturbation series for W should be employed instead. However, it
is possible to show [19] that equation (3.7) correctly determines the semiclassical limit of the
Wigner function; hence, W (x, V) in (3.7) should be interpreted as the semiclassical limit of the
Wigner function.

The O(1) equation (3.7a) yields a non-vanishing solution for the Wigner function 1 only on
the surface defined by det D(xz, N) = 0. This is called dispersion variety. Equation (3.7a) is

therefore equivalent to the dispersion equation. In this thesis, with some abuse of language, it
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3. The wave kinetic equation

is also referred to as dispersion relation for simplicity. The O(x~!) equation (3.7b), using the

definition of the Poisson brackets (C.4), states
{D,W} =0. 3.8)

Let us remark that, for matrix-valued arguments, Poisson brackets imply a matrix multiplication,

namely,
{D, W}, ={Dik, Wi} = OnDir0xWij — 0z DirON Wi, (3.9)

with Einstein’s sum convention.

Equation (3.8) has the form of a steady state kinetic equation and will yield the evolution of
the Wigner function from an antenna plane into phase space, cf. chapter 4. It will alternatively
be referred to as evolution equation or wave kinetic equation. In principle, formulas (3.7) being

simple enough, would be a good starting point for further calculations.

3.2. Derivation of the wave kinetic equation for dispersive,

weakly dissipative, and random media

In the last section, the idea how an equation describing the Wigner function can be formulated
was presented. However, the effect of fluctuations could not be treated directly, because random
fluctuations might have short scale oscillations breaking the limit x — co. Moreover, inclusion
of wave absorption breaks the Hermiticity of the dispersion operator. In this section, instead,
a somewhat more sophisticated approach is used. Fluctuations are treated separately and the
limit K — oo is only considered when it is appropriate. In addition, the limit of weak dissipation
is considered. The derivation follows basically [9]. The underlying idea for the separation of
different orders was presented in [20] years before and consists in dividing the operator D into
one contribution Dy, a separate contribution d D containing the (possibly short scale length)

fluctuations of the medium and a third part 52D 4 containing the effect of absorption, i.e.

D =Dy+6Dp+ 62D 4. (3.10)
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3.2. Derivation of the wave kinetic equation for dispersive, weakly dissipative, and random media

The parameter J plays the role of an ordering parameter. It will be assumed small, reflecting
the assumption of a weakly fluctuating and dissipative medium. This ordering is discussed in
more detail later in this section. The lowest-order part of the wave operator Dy as well as the
fluctuating part D are assumed to be Hermitian, whereas the absorption part D 4 is described by

an anti-Hermitian operator.

The wave equation written in terms of this perturbed operator is
(D0+5DF+52DA)w:O. (3.11)

In analogy to the previous section, this wave equation is multiplied with its adjoint from the right,

with the result that
(Do + 6D + 82D ) 05" (D} + 0Dp + 6° D}y ) = 0. (3.12)

Here, we properly put the adjoint signs also to the Hermitian operator Dy. Analogously to the last
section, when the inverse of Dy is considered, propagators are involved and D, Land (Dg) -
must be distinguished, cf. section 3.4. Instead, the "{" is dropped for the operator D g, accounting
for its Hermiticy and regularity.

Again, the spectral operator W = )T is identified in equation (3.12). Multiplying with Dy !
from the left and with (DS) - from the right, one obtains

W = Wy—6 <WDF (Dg)‘l + DO—1DFW>
52 (DolDFWDF (Dg)‘l + Dy ' DaW + WD}, (Dg)‘l) : (3.13)

where contributions of order O(63) and higher are neglected. The term W) has been added on
the r.h.s. so that when fluctuations and absorption vanish (§ = 0), the Wigner function W is a

solution of the corresponding wave equation (3.4), labeled with an index "0" in this section:

DoWy = 0. (3.14)
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3. The wave kinetic equation

As a consistency check, let us do the step backwards from (3.13) to (3.12), i.e. multiplying
equation (3.13) with Dg from the left and with D(T) from the right. This makes the additional term
W)y disappear and justifies its introduction by hand in (3.13).

Equation (3.13) contains the random term D accounting for random fluctuation of the medium.
Therefore, the solution W is a random variable: In correspondence of a realization Dg of the
random fluctuation of the medium we find a solution WW'; moreover, a sample of the random field
Dr will produce a sample of solutions for the spectral operator W, characterized by a certain
distribution. Here we are only interested in a deterministic equation that describes the average
of W. With this aim equation (3.13) is averaged over several realizations of the fluctuations,

denoted by E(-). It is assumed that the mean value of the fluctuation vanishes, i.e.
E(Dy) = 0. (3.15)

On the r.h.s. of equation (3.13), there are products of W and Dp. When it comes to the
computation of the average [E(-) of such terms, there is the difficulty that the solution W will
depend on the realization of the fluctuation Dp and, thus, W and Dp are not statistically
independent. This problem can easily be avoided by using equation (3.13) iteratively to remove
W from the r.h.s. until only terms dependent on Wy and terms of order O(6?) and higher are left.

Neglecting those high-order terms, the result yields

-1
W = Wy — 6D ' DpWo — 6WoDr (D)
-1
+ 82Dy ' DpDy ' DpWo + 62Dy ' DpWo D (DY)

+ 6*WoDp (Dg)‘l Dp (Dg)‘l — 6Dy DAW, — 82Wo D, (Dg)‘l . (3.16)

Next the averaging of the wave equation over fluctuation realizations is performed. According
to (3.15), all terms linear in D will vanish, but the average of higher powers of D must be

retained, with the result

E(W) = Wy + 6°D; 'E (DFD(;lpF) Wo + 6°Dy 'E (DpWoDp) (D(T))_1
+ P WHR (DF (Dg)‘l DF> (Dg)‘l

-1
— 82Dy ' DaWo — 8*Wo D'y (Df) (3.17)

36



3.2. Derivation of the wave kinetic equation for dispersive, weakly dissipative, and random media

Multiplying with Dg from the left, the equation simplifies to
2 —1 2 Yl 2
DoE(W) = §°E (DFD0 DF) Wo + 62E (DpWoDp) (DO) —2DAWo.  (3.18)

Here, the wave equation for the non-fluctuating and non-dissipative case (3.14) has been accounted
for. It is seen that, as a consequence of the ordering of equation (3.10), the effects of fluctuations
and absorption enter at the same order in §. Equation (3.17) allows us to compute the spectral
operator averaged over fluctuation realizations E(TV), given the non-perturbed solution Wj; the

difference between the two is
E(W) — Wy = O(6%). (3.19)

As we restrict ourselves to orders of O(52), Wy on the right in equation (3.18) can be replaced

with E(TV) with negligible fourth order corrections. This provides a closed equation describing

E(W):
DoE(W) = 0°E (DpDy ' Dp) E(W) + 6°E (DrE(W) D) (Dg)*l — 2D 4E(W). (3.20)

As pointed out in section 2.1, considering wave propagation in plasmas, equation (3.20) is
an integro-differential equation. It describes the average spectral operator E(W), and it has
deterministic coefficients. When such coefficients depend weakly on the position x, semiclassical
asymptotics can be applied even though Dp in the original equation (3.11) exhibits short-scale
random variations.

In analogy to the previous section, equation (3.20) can be formulated in terms of Weyl symbols

and the Wigner function using the Moyal-Weyl product rule (2.40):

Do+ E(W) = 6 (¢ (DpDy ' Drr) ) » E(W) + 6°E (0" (DFE(W)Dp) ) + Dy !

— 62Dy xE(W). (3.21)

The products involving fluctuations Dp ADp with A = Dy Lor A = E(W) on the rh.s. are
referred to as triple products. Note that the average operator [E commutes with the symbol map

o', thus, changing the order of application has no effect on the result.
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3. The wave kinetic equation

As a next step, these triple products are investigated: The effect of an operator Dp ADp on a
test function f(z) is computed explicitly. First, the effect of D is discussed, then A acts on the
result of this operation, and at last D is applied on the left. It is assumed that the operator D
containing the fluctuations is local and does not involve differential operators. This will suffice
for the applications considered in this thesis. The Weyl symbol map (2.33) shows that in this case
the Weyl symbol Dp(z, N) of D does not depend on N, i.e. Dp(x, N) = Dp(x). The action
of the operator on a test function f(z) then simply consists in the multiplication with the Weyl

symbol:

Dr(f)(z) = Dr(x)f(z). (3.22)

Also A given in terms of its Weyl symbol A(z, N) applied on this result, according to the Weyl

quantization rule (2.36), yields

(ADr) (f)(z) = <;T>m/em(xz/>'NA (m ; f,N) Dr(«)f(2)dNdz'.  (3.23)

The last application of D again just being a multiplication with D (x) gives the final result

(DrADp) (f)(z) = (;)m/em(xxf).]v
z+a

« Di(z)A ( ,N> Dp(a)f()ANdz'.  (3.24)

In this last formula the kernel of the triple product Dp AD g

(DpADy) (z,2') = (;) / @) N Do) A (x J; < ,N) Dp()dN  (3.25)

is identified. The symbol map (2.33) yields the corresponding Weyl symbol

oV (DpADy) (2, N) = (f) [ ey
7T

X Dp (x—i—;)A(:c,N)DF (x—é) dN'ds. (3.26)

When symbol calculus was presented in section 2.2, it was stated that the Weyl symbols we are

dealing with are matrix-valued functions and it is not obvious if they commute. However, the

38



3.2. Derivation of the wave kinetic equation for dispersive, weakly dissipative, and random media

fluctuations are an input for the simulation. Thus, it is advantageous to rearrange the symbols
in (3.26) such that fluctuations are singled out. Therefore, the matrix multiplication is written
out explicitly in terms of matrix components using Einstein’s summation convention on repeated

indices:

w _ ([ &\" ik(N'—N)-s
- (DFADF)M(:C,N)_<27T> /e< )

X Dpa <a: + ;) Dry, (x - ;) Ag (z, N)dN'ds.  (3.27)

After applying the statistical average operator [E which commutes with both integrals, and formally

exchanging the order of integration, fluctuations are entirely described by

k™ —iK -8 s S
Giabj(l‘, AN) = (27[‘) /e AN-sg <DF,ia (ﬂf + 2) Dpy,; <$ — 2>> ds, (3.28)

which is up to a prefactor the Wigner transformation applied to the two-point fluctuation correla-
tion function E (D jq(x)Dpp;(2’)). With definition (3.28), formula (3.27) for the Weyl symbol

of the triple product simplifies to the convolution
oV (E (DFADF))U (z,N) = /Giabj(a:,N — N Ay (z, N)dN'. (3.29)

One should note that A is usually singular in the cases we are considering; in fact, if A is either the
propagator Dy ! or the averaged Wigner function E(W), A(z, N) is singular on the dispersion
variety. On the other hand, G(x, V) is typically smooth, so that the convolution regularizes A.
The result " (E (DrADp)) is assumed to be a symbol, an assumption which is fulfilled in
the cases of interest. This justifies the use of the Moyal-Weyl formula in (3.21), which upon

accounting for (3.29) yields

(Do BOV)), 2, N) = 8| [ e, N = N)Dg o, NJaN' | < BOV )y 2, )
48 | [ Gl N = NOEOV ) (2,) a | () (2, )

— 82D g ik (z, N) * E(W)g (2, N). (3.30)
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3. The wave kinetic equation

At this point there are two ordering parameters involved in the theory. One is ¢, which measures
the strength of fluctuations and of absorption and is assumed to be small. The other is x, which,
in the short wavelength limit, is assumed to be large and enters through the Moyal-Weyl products.

A simple ordering is suggested in [20], namely:
k=62 (3.31)

The ordering of absorption effects to be O (/1_1) as compared to the Hamiltonian part of the
dispersion operator describing wave propagation is customary in the theory of high-frequency
waves in plasmas [3], [4], [S]. Physically, this is appropriate for weak effects of fluctuation and
absorption. Considering zeroth order terms O(1) of equation (3.30), the r.h.s. does not give any

contribution and one obtains
Do(z, N)E(W)(z, N) = 0. (3.32a)

This is the dispersion relation already found in section 3.1 for the case without fluctuations and
absorption. So the solutions E(WW)(z, N) are still singularly restricted to the dispersion variety
det Dy(z, N) = 0. For the order O(x~!) equation, terms of order O(62) have to be kept on the

r.h.s., with the result that

—% {Do(, N), E(W)(z, N)};; = /Giabk(x, N - N)
[ Dt VRV ) )

+E(W)a (2, N') (Dg); (z, N)} dN’
— D i(z, NYE(W)(z, N). (3.32b)

Here, again the definition of the Poisson bracket (C.4) is used. This last equation is the wave
kinetic equation in case fluctuations and absorption are present.

In this section, applying the semiclassical limit whenever appropriate, dispersion relation (3.32a)
and an evolution equation (3.32b) for the statistically averaged Wigner function of the wave
field are derived. The effects of fluctuations and absorption are taken into account under the

assumption that their level measured by § and 62 fulfils 6> ~ x~!. As a matter of fact, the
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3.3. Mode decomposition

functions involved are tensors because the wave field under investigation is vector-valued. In the
next section, it will be seen how the problem can be decomposed in normal modes so that a scalar
description is appropriate. One more point needs to be discussed further, namely, the existence of

the formal inverse D, ! This issue is delayed to section 3.4.

3.3. Mode decomposition

In the last section, the dispersion relation (3.32a) and the wave kinetic equation (3.32b) have been
derived. They describe the propagation of the Wigner function of the wave field. As vector valued
waves are considered, the Wigner function is a tensor. It would be easier to deal with scalar
functions. In this section, a mode decomposition of the vector valued wave field is performed.
Furthermore, we shall prove that the scalar functions that describe the modes independently are
real valued. Therefore, the wave equation is projected on the eigenmodes of the wave field. Note
that this section reviews a sketch of the derivation, which involves a lengthy calculation [21].
We consider the asymptotic series expansion of the averaged Wigner matrix, thus splitting the

different orders of E(W), i.e.
N O (p N Lo N —2
E(W)(x,N) =W (z,N) + ;W (z, N)+ O (/@ ) ) (3.33)

with the zeroth order contribution W (?) representing the semiclassical limit we are interested
in. Here, W) is the first-order corrector which we do not compute explicitly; it is however
important to check that corrections remain bounded so that (3.33) makes sense as an asymptotic

series. With the perturbation series (3.33), the first two orders of wave equation (3.30) read

Do(z, N YW (2, N) =0, (3.34a)
Do(z, NYWW (2, N) = V(WO)(z, N), (3.34b)

where V(W) contains the Poisson bracket as well as fluctuations and absorption:

VWO (z, N) = Vp(WO)i(z, N) + V(WD) iz, N) + Va(WO)(z, N)  (3.35)
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3. The wave kinetic equation
with

Ve(W®)y(z, N) = = { Dola, N), WO (a, N)} (3.360)
ij
Ve(W),;(x, N) = /Gmbk(:c,N— N') {D&ib(%N')(W)o,kj(%N)
! T -1 !
+ Wo.ap (2, N') <D0>k' (x,N)}dN (3.36b)
J

VAW O)ii(z, N) = —=Da (@, N)Wo i (z, N). (3.360¢)
Since the averaged Wigner matrix is Hermitian, we are interested in Hermitian solutions of
(3.34). Letey(x, N) (e = 1,2, ..., n) be the set of ortho-normal basis vectors which diagonalize

Dy (z, N). Then, it follows from equation (3.34a) that a Hermitian solution 1W(%) is also diagonal

in this basis, so that it is appropriate to write

Dy(z,N) =Y Ho(z,N)ea(z, N)el,(z, N), (3.37a)

WO (z,N) =3 walz, N)ea(z, N)e,(z,N) (3.37b)

with H, and w, being the eigenvalues of Dy and W (), respectively. Then, equation (3.34a)

takes the form of decoupled scalar equations,
Hy(z, N)wa(z, N) =0 (3.38)

for a = 1,...,n (no implicit sum). This is the dispersion relation for the decomposed modes
labelled by «. It states that the Wigner function w,, (z, N') for mode « is singularly supported on
the dispersion surface H,(z, N) = 0 corresponding to mode c.

Unlike the previously presented matrices, the first-order contribution W (%) is not necessarily

diagonal, but it can be decomposed using e, as a basis, namely

W (z, N) Zw (z, N)eq(z N)eﬁ(m N). (3.39)

We wish to construct Hermitian-valued solutions even including the first-order approximation.

This is obtained from a Hermitian first order corrector matrix W), The condition that W) is
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3.3. Mode decomposition

Hermitian implies that the coefficients wgﬂ) in equation (3.39) must be of the form

wll) = wl)", (3.40)

«

where the "*" denotes complex conjugation. With Hermitian solutions, the first-order equation

(3.34b) and its Hermitian conjugate projected on e/, from the left and on e g from the right read

How() = el Ve, (3.41a)
Hyw') = e Vies. (3.41b)

Equation (3.41b) is subtracted from equation (3.41a), with the result that

a=p: 0 = eL (V — VT) €as (3.42a)
a#B: wl)= ch (V _ VT) @ (3.42b)

H, — Hg

Here, the condition for a # 3 has been divided by H, — Hpg, assuming that no degeneracy of
the eigenvalues H,, is present, so that this difference never vanishes. Physically, this assumption
implies that no mode conversion occurs in the considered phase space domain. In this thesis
linear mode conversion [22] is not considered as typically it is not an issue for the applications
under consideration.

Equations (3.42) are necessary conditions that must be fulfilled for Hermitian solutions to exist.
Condition (3.42b) explicitly provides the off-diagonal parts of TW(1). We next have to see if this
WO solves wave equation (3.34b), which would mean that, indeed, the off-diagonal terms given
in (3.42b) are a solution for the wave equation to first order. Multiplying equation (3.42b) by H,

one obtains

HuelVes — Hyel Vieg

1) _
How, 5 = Ho — Hy

(3.43)
Note that a comparison of (3.41a) multiplied with H and (3.41b) multiplied with H,, yields

HgelVeg = Hyel Vies. (3.44)
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3. The wave kinetic equation

This relation is used to replace the second term in the numerator in (3.43), yielding

1) HaeiYVeﬁ - nggVeg
af = H, — Hg

Hyw = el Veg. (3.45)

Hence, the r.h.s. of wave equation (3.41a) is recovered. This shows that, indeed, the off-diagonal

terms of the Hermitian W (1) solve the equation.

In order to obtain the wave kinetic equation, V' from (3.35) is substituted into the necessary
condition for the diagonal terms (3.42a). Let us split the computation in the Poisson bracket
part, fluctuation part and absorption part and start with the last one: Upon defining a real valued

absorption coefficient
Yo =€}, {i(DA -~ DM Cas (3.46)
the projection on part (3.36¢) reads
el (Vaw®) = Viw®)) e, = 2iqqua. (3.47)

For the part describing fluctuations, we first need to specify the "inverse"

o(@, N)el,(z, N
Do )= 3 elgi(x,)]if)(f = (5:48)

«

Here, in the denominator a small imaginary contribution —z¢ is added by hand. The inverse is
obtained in the limit ¢ — 0. However, this imaginary part ensures existence of the inverse even
if vanishing eigenvalues are considered. A more detailed discussion on this issue follows in

section 3.4. Then, inserting (3.36b) into condition ((3.42a)) yields

b (VoW = viw)) /ZGW z, N, N')
wa(xa N) wﬁ(a;,N ) B )
[Hﬁ(w,N’)—z’e Ho(z,N) +ic ¢ dN (3.49)

where "c.c." denotes the complex conjugate part and

Gap(z, N,N') := elyi(a:,N)emk(x,N)e}ia(ac,N’)eg’b(x,N’)Gmbk(x,N -~ N'). (3.50)

44



3.3. Mode decomposition

One can verify that G,g(x, N, N') is real-valued as a consequence of the condition Dy = D}.

The term in square brackets in (3.49) is purely imaginary, hence,

el, (VF(W<O>) - V}(W(O))) o = 2@/2 Gop(z, N, N')
5

wa(xaN) ’UJﬁ(l‘,N,)

I dN" (351
m [H/g(x,N’)—ie H,(z,N) +ie 1)
Finally, the Poisson bracket part is found to be [21]

el (VoW ®) = VEWO)) eq = i {Ha, wa} . (3.52)

Inserting equations (3.47), (3.51) and (3.52) into condition (3.42a) via the decomposition (3.35)

yields the mode-decomposed wave kinetic equation

*%’ {Ha(va)awa(l‘aN)} = i/;Gaﬂ(fE,N, N/)

wa(xaN) wﬂ(CL‘,N/) /
I dN
o [Hﬁ(;p,N/) e " Ho(z, N) 1 ic
+ Yoz, N)wo (z, N). (3.53)

It can be seen that also the Wigner function of mode 3 has an impact on the evolution of mode «.
This is interpreted as mode-to-mode scattering due to the presence of fluctuations. For the case of
waves in plasmas, on one hand, the modes are assumed to be non-degenerate and the different
branches of the dispersion variety in phase space well-distinguished by a minimum distance
A Npodes at a given point x. For the problem of fluctuations in fusion plasmas, we assume that
the fluctuation spectrum G(z, N, N') is such that the "gap" ANpoges to change mode is not
bridged, i.e. G(x, N, N') decreases fast with increasing N — N’ and for [N — N’| > A Npodes»
the contribution is negligible. In this work, we neglect mode-to-mode scattering, assuming that
fluctuations act in a region of the plasma where the modes are well separated. A general estimate
of the validity of this assumption is left for future work. Note that there is no theoretical necessity

for this simplifications. Mode-to-mode scattering is turned off by imposing

Gap(@, N, N') = Go(2,N,N')dag, (3.54)
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3. The wave kinetic equation

where 0,3 is Kronecker’s delta. This fluctuation spectrum is substituted into wave kinetic equation

(3.53) and multiplied with 27. The result reads
{Huo(z, N),wo(z, N)} = Sa(wa)(z, N) = 294 (2, N)wa(z, N). (3.53)

Here, Einstein’s summation convention does not apply, so there is no sum on «. The operator S,

acting on wy,

Su(we)(x, N) i= —2 /Ga(m,N, )

We (2, N) we(z, N')

dN’ 3.56
Hy(z,N') —ie Hu(z,N)+ie ’ (3.56)

xlm{

is defined. It is referred to as scattering operator and, integrated on the refractive index [V, vanishes.
Physically, this expresses the fact that energy is conserved in the presence of fluctuations, which
are described by S,,.

Summarizing, in this section, the wave kinetic equation has been projected on the eigenmodes
of the dispersion matrix Dgy(z, N), so that (3.38) and (3.55) form a set of dispersion relation and
wave kinetic equation for scalar Wigner functions w,, labeled by a mode index «. In case the
solution under consideration is a superposition of those eigenmodes of the dispersion operator,
owing to the linearity of the wave equation, the problem can be solved for the eigenmodes
independently and the single contributions are added up. In writing (3.55), mode-to-mode
scattering has been neglected; when this approximation fails, the more general expression G5
should be kept in equation (3.53).

The problem of a non-defined inverse of Dy under the integral in (3.32b) was solved for the mode
decomposed equation (3.55) by adding a small imaginary part to the denominator of vanishing
eigenvalues. However, convergence of the integral in the limit ¢ — 0 should be studied further.

This is the issue of the following section.

3.4. Singular integrals

In the previous section, a set of equations for the scalar Wigner function has been derived, namely

the dispersion relation (3.38) and, upon neglecting mode-to-mode scattering, the wave kinetic
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Iy singularity .
r R
- Re
—00 I'Re + 00

Figure 3.1.: Complex plane with considered integration path (red) and singularity (blue). The
part along the real axis is denoted I're. Together with the contributions I'y and I';
parallel to the real axis, the semi circle I'¢ around the singularity and the contributions
parallel to the imaginary axis for infinite real parts, a closed path in the complex
plane is obtained.

equation (3.55). There, fluctuations are accounted for in an integral which originally involved the
inverse of the eigenvalue H ! (x, V). This inverse, not being defined, was regularized by adding
an imaginary contribution —ze. In the limit e — 0, the non-defined inverse is recovered. However,
after integration, the result might converge. In this section, in analogy to [9], we analyze the
convergence of the integral describing fluctuations in the scattering operator (3.56) in the limit
e — 0.

Note that this regularization procedure is well-known in physics in the framework of propagators,
e.g. in the field of quantum electrodynamics [23]. However, in this physical problem, the sign
of the imaginary part is determined by causality. Instead, we are solving a steady state equation
and no such argument can be applied. Therefore in this thesis we pick the sign which yields
reasonable results.

First, an integral on generic functions f and g which has the same structure as in (3.56) is

investigated, namely

_ [T f@)
I = /_ o (3.57)

Let the function g in the denominator exhibit a zero point at 2y € R, i.e. g(x¢) = 0. Now, the
integration path in figure 3.1 is considered. A decomposition of the integration in the single

contributions along I'y, I's and I, yields

749( d /rReg( v+ dz + Zdr,  (3.58)

x) — i By —ie " e gl@) —ie " Jr. glw) — i
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3. The wave kinetic equation

where the contributions at Re x — +oo are negligible in the limit ¢ — 0 and residue theorem
states that the integral along the closed path vanishes. Equation (3.58) can be solved for the

integral along the real axis (3.57):

Y (G R R () B () N
16—/FRC g(x)_ifd B /1“1+F2 g(l’)—ied ,/rE g(a:)—ied ’ (3.59)

In the limit € — 0, the first integral on the r.h.s. is denoted principle value integral

M r = —lim 7]“(95) x
P/g(:c)d 1 dz, (3.60)

01141, g(z) — 1€

and the second integral can be computed with the residue theorem. It is only half a circle around
the singularity at zg + i€ and hence the integral yields half the contribution of the pole of order

one at the singularity, i.e.

f(z) flxzo+ie) ; f (o)

—1i ————dx =irlim R = . 3.61
) r. g(z) —ie v AR g(xo + ie) 7Tc‘)g/(‘)a:(a:o) 361
With these results, the integral . in the limit ¢ — 0 reads
f(z) LG
Iy =P / ——dr +imt———. (3.62)
9(x) g/ 0z (xo)

The second contribution may also be written in terms of an integral on a J-distribution, namely:

_ f(z) ,
Io — P/g(x)dx + m/f(q:)é(g(:r))dx. (3.63)

Given real valued functions f and g, the principal value is purely real, whereas the contribution
of the singularity is purely imaginary.

After the foregoing discussion on the generic integral (3.57), we go back to the scattering
operator (3.56). Note that the integral involved there recovers the structure of (3.57) and hence is

computed analogously to (3.63):

Su(wa)(z, N) = 27 / G, N, N') [wa (2, N') § (Ha(z, N))

—wo (2, NS (Hy(z, N')) |dN. (3.64)
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3.4. Singular integrals

In this scattering operator, the minus sign in front of the second term in squared brackets is put,
because the complex conjugate of the denominator is considered. In addition, the principal value
parts, yielding real contributions, are dropped in (3.56), where uniquely the imaginary part of the
square brackets contributes to the wave kinetic equation.'

In the scattering operator (3.64), one singular J-distribution is integrated away, namely
§ (Hy(z, N')), whereas the other one, 6 (H,(x, N)), is not involved in the integration and
hence remains a singular contribution. Therefore, also the 1.h.s. of the wave kinetic equation
(3.55) should be singular. We note that the Wigner function is indeed singular due to the dispersion
relation (3.38). The singularity can be made appear explicitly by splitting the Wigner function
into a well-behaved, regular function @, (z, V) and the singularity in terms of a J-distribution,

ie.
W (x, N) = Wo(z, N)6(Huy(z,N)). (3.65)
Substituted into the Poisson brackets on the L.h.s. of equation (3.55), they become
{Huo(x,N),wo(x,N)o(Ho(x,N))} = {Hup(z, N),wa(x,N)} 6(Hy(x, N)). (3.66)

Here, the simplified Leibnitz rule (C.7b) and the fact that { H,(x, N), Hy(xz, N)} = 0 due to
anti-symmetry of the Poisson brackets (C.7a) is used. Formula (3.66) makes sense in terms of
distributions. The derivatives of the d-distribution involved in the Poisson brackets must be seen
as derivatives in a weak sense as reviewed in appendix B. The splitting of Poisson brackets (3.66)

together with scattering operator (3.64) inserted into the wave kinetic equation (3.55) yield
6(Ha($7 N)) {Ha(l', N)a ﬁ)a(w’ N)} = {271‘ / Ga($, Na N/)(S(Ha(.%, N,))

X [We (x, N') — Wa(z, N)] AN’

- 2'ya(:c,N)wa(1:,N)}5(Ha(a:,N)). (3.67)

'The real part (principal part of the integral) contributes to equation (3.34b) for the corrector W), which is not
solved in practice.
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3. The wave kinetic equation

A necessary condition imposed by this equation is

(Ho(z, N), (2, N)} = 21 / Gz, N, N')5(Ho(z, N))
X [y (z,N") — Wo(x, N)] AN’
— 294 (2, N)ia (2, N) (3.68)

forall (z,N) € {(/, N') : Hy(2', N") = 0}.

This last equation now describes well-behaved functions W, (x, N). The dimensionality is
reduced to 2m — 1 because one component of (z, V) is fixed by the condition H,(z, N) = 0.
The dispersion relation is intrinsic in (3.65), where the singular contribution of the Wigner
function is split up.

In this section, we have seen that a physical interpretation can be given to the mathematically
not defined integrals in the scattering operator (3.56). It was recognized that they give rise to a
singularity which is consistent with the one due to dispersion relation. A wave kinetic equation for
well-behaved functions with the dispersion relation already intrinsic (3.68) was derived in order
to point out the meaning of the singular integrals. When the numerical solution is considered,
however, a more practical starting point is the dispersion relation (3.38) and wave kinetic equation
(3.55) derived in the previous section. The singularity in the integral then is written out explicitly

using the scattering operator (3.64).

3.5. Boundary value problem for the steady-state wave
kinetic equation

Within the last sections, the dispersion relation and the wave kinetic equation were extensively
discussed. In the formulation (3.38) and (3.55) for mode decomposed wave fields, they constitute
a set of equations which describes the behavior of the scalar Wigner function for one single wave
mode. In order to solve these equations, some boundary condition for this Wigner function is
needed.

For the considered physical problem, the wave field on an antenna plane is assumed to be known.
For the moment, the geometry of the antenna plane is taken as in figure 3.2 (a). It is represented by

the set A = {z = (x,y) € R x R™ 1. x = 0}. The geometric object representing the antenna
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3.5. Boundary value problem for the steady-state wave kinetic equation

(a) antenna in configuration space: (b) antenna in phase space:
y y
A /N
e X 2 X

A Aps

Figure 3.2.: Geometry of the antenna plane (red) (a) in configuration space and (b) extended to
phase space. The spatial dimensions y € R™~! and the refractive index N € R™
are shown as if they were only one dimensional due to illustrative limitations.

plane in phase space is the set Aps = {(x,y,N) € R x R™~1 x R™ : x = 0}. Once the wave
field is known on the physical antenna plane A, the Wigner transform (2.61) allows to compute
the scalar Wigner functions W, (x = 0,y, Ny) of the initial field with Ny, € R™! being the
component of the refractive index N corresponding to the coordinates y. At last, the dispersion
relation (3.65) gives the Wigner function w,,(z, N)| A

As a summary, equations (3.38) and (3.55) together with this boundary condition pose a boundary

value problem for the Wigner function wq (x, N):

Hy(x, N)wy(z,N) =0, (3.69a)
{Huo(z, N),wo(xz,N)} = Sa(wa)(x, N) — 294 (z, N)wy(z, N), (3.69b)
we(x, N)| A, = known boundary value. (3.69¢)

The absorption coefficient is given in (3.46) and the scattering operator can be found in (3.64).
The simplifying geometry presented in this section is not appropriate for applications in toka-

maks. Therefore, it is generalized to more realistic situations in section 7.2. However, this

generalization consists basically in a rotation of coordinate axis and therefore does not contain

any interesting physics.
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3. The wave kinetic equation

3.6. Reconstructing physical observables

In the last section, it was shown how boundary conditions for the Wigner function are formulated
and, hence, how one moves from the physically posed boundary conditions in configuration space
to phase space. To complete a framework for the phase space description of wave beams, in
the end, also the way backwards needs to be done: Once the Wigner function in phase space is

known, it must be reduced to meaningful physical observables.

It is postulated here that such physical observables are computed as integrals of the form

K

(A), = <27r>m /Q Az, N)w(z, N)dzdN. (3.70)

The integration area is {2 = VW x V where  and N run on WV and V, respectively. An integral
of the form (3.70) provides the value of A(x, N) (called observable in this thesis) weighted
with the Wigner function w on the area (2. Here, w(x, V) is the scalar Wigner function of a
specific pre-selected wave mode. Integrals (2.62) averaged over a volume are special cases of
(3.70), obtained by the special choice of the integration area V = R™ or W = R™ for (2.62a) or
(2.62b), respectively. If, in addition, the observable A(x, N) is slowly varying, the interpretation
of the Wigner function as an energy density is appropriate. Instead, interference effects might be
missed if the observation area is chosen small in all direction, this is KAz < 1 and kAN < 1
for the typical edge lengths Ax and AN of W and V, respectively. This was pointed out in
example 2.4.2.
In the following some observables are considered and their physical meaning is shown.

e The simplest observable is A(z, N) = 1. In this case, integral (3.70) is

Dy = (;)m ./va w(z, N)dzdN (3.71)

This is just the phase space energy density summed up over the phase space volume W x V.
Therefore, (1), ., yields the energy inside this volume. We consider the fixed point z,

and the area

WC{zxeR":|z—2z| <d}, (3.72a)
Y =R", (3.72b)
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3.6. Reconstructing physical observables

with d < L,,, where L, is the variational length of the Wigner function,

‘ w(z, N)

d ’ ~ [V,w(z, N)|. (3.73)

Then, integral (3.71) is a good approximation for

k\™ _
(L & (%) Wl [ (@ M. (3.74)
Here
W] = / dz (3.75)
w

is the volume of W and it is assumed that w(z, N') does not change significantly when x is
moved around inside the area VY. This is true by definition of the variational length L,,
(3.73) for the Wigner function and the area W (3.72a). In (3.74), the integral (2.62a) is
recovered. This yields the norm of the wave field amplitude squared which is, in case we
are dealing with an electric field, proportional to the electric field energy density and hence
a physically meaningful observable. Therefore, we call the integral (3.74) built upon the

observable 1 the normalized energy density

K

E(x) = (zﬁ>m/mw(ac,N)dN. (3.76)

Here, the adjective "normalized" recalls the fact that no physical units are involved.

Another interesting point is the construction of the energy flow. To this aim, the wave
kinetic equation (3.69b) is integrated on /N. Under this integration, the scattering operator

(3.56) vanishes, as stated before. The result yields
/ (H,w} (7 N)AN = —2 / +(%, N)w(z, N)dN. (3.77)
For the derivatives of the Poisson brackets as defined in (C.4), the product rule is applied:

{H,w} (z,N) = OnH(z, N)Oyw(x,N) — 0, H(xz, N)Onyw(z, N)
=0, (ONH(z, N)w(z,N)) — On (0 H(z, N)w(xz, N)) . (3.78)
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3. The wave kinetic equation

Here, the second derivatives of H cancel out. This result is substituted into integral (3.77)
and the second term does not contribute due to the fact that w(z, N) is assumed to vanish

at the boundaries N — +oo. The remaining parts are
&U/Z?NdeN = —2/’yde. (3.79)

Defining the normalized energy flux F'(z) and the absorption 7(z)

Fz) :( ) /aNH 2, N)w(z, N)dN, (3.80)
¥(x) —2(2';) x’N;(‘;() V)N (3.81)

equation (3.79) has the shape of a continuity equation

V- F(x)+~(x)€E(z) = 0. (3.82)

For absorption turned off, v(z) = 0, the energy flux is conserved. Instead, if absorption is
turned on, it constitutes either an energy drain when ~(x) > 0 or an energy source when
~(x) < 0. Upon taking as observables the group velocity of the wave field, i.e. A(z, N) =
On H (z, N) and the absorption coefficient A(x, N) = 27(z, N ), an approximation for the
flux F(x) and the absorption 7 (z) at some point = can be given. As integration area for

integral (3.70), still (3.72) is used.

In this section it was seen that physically meaningful quantities are computed in terms of

integral (3.70). In particular, the absorbed power will be interesting for heating in tokamaks when

applications are considered.

Still, a numerical scheme to solve the wave kinetic equation needs to be presented. The next

chapter is dedicated to this issue. As it was seen here, the Wigner function is not needed

pointwise, but always integrated over some phase space area. A numerical scheme which is

especially powerful for the computation of such integrals should be used.
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Numerics

In the theory chapter 3, the Wigner function for a mode-decomposed wave field is described by
the dispersion relation (3.38) and the wave kinetic equation (3.53). It was noted in section 3.4 that
the dispersion relation restricts the Wigner function to the class of functions singularly supported
on the dispersion surface whereas the evolution equation has the form of a steady state kinetic
equation. Considering the physical problem of microwave beam propagation with dimensionality
m = 3, the wave kinetic equation is a six-dimensional partial differential equation to be solved
for a singular solution. Furthermore, it involves the integral scattering operator (3.56) which
describes the effect of fluctuations. The boundary condition posed in section 3.5 belongs to the
problem.

We note that a numerical solver for such boundary value problems based on a standard dis-
cretization technique will not work in practice. In order to apply such a solver, first one should
remove the singularity. This in principle is possible as it was presented in section 3.4. Also the

dimensionality then would be reduced to 2m — 1 = 5. Anyway, this is a quite high dimensionality;
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4. Numerics

Figure 4.1.: Antenna plane in configuration space with launched rays. Green rays are the geo-
metrical optics rays, the black ones are the configuration-space projections of the
Hamiltonian orbits required for the numerical schemes for the wave kinetic equation.
The initial conditions are such that a focal point is present.

furthermore a global parametrization of the dispersion variety would be required in such reduction
approach. Together with the integral operator involved, it would make the partial differential
equation solver at least numerically expensive. Therefore, in this chapter, numerical schemes are
presented which are more powerful for the purpose of this work. They are especially good when
physical observables are computed as in (3.70).

In the framework of this thesis, two approaches have been developed. The one presented in
section 4.1 solves the wave kinetic equation for the Wigner function. It turns out that, even if
in principle this approach could be extended to the case when fluctuations are present, it is not
particularly appropriate. However, it can be considered a basis for section 4.2, where a scheme
which is also able to cope with fluctuations in a natural way, is presented. The procedure there
is to solve slightly modified equations and to use the result of those to compute the Wigner
function. Both methods are based on a Monte-Carlo scheme and in section 4.3, an estimate for
the statistical uncertainty of the result is given.

Both numerical schemes require tracing Hamiltonian orbits in phase space, introduced in
appendix C. This amounts in solving exactly the same equations as in the geometrical optics ray
tracing method, cf. section 2.3, namely Hamilton’s equations of motion (C.1). For this reason, the
expression "ray tracing" is copied from geometrical optics, even if phase space orbits are meant
instead of rays, with abuse of the vocabulary defined in appendix C. However, the reader should

be warned of an important difference: The geometrical optics method allows only to launch
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4.1. Direct approach

one ray from each point on the physical antenna plane in the projection to configuration space.
Instead, in general, there is no such restriction for the phase space description solved in this
chapter. It will be seen in the following sections that both numerical schemes, indeed, will use a
distribution of initial parameters spread over the antenna plane in phase space, i.e. for a given
point z in configuration space various initial values for the refractive index N are considered. A
sketch of ray trajectories with initial parameters as in the geometrical optics approach and with
initial parameters as suggested by the numerical schemes solving the wave kinetic equation is
shown in figure 4.1, pointing out the difference.

Given the fact that in this chapter only one mode « for vector valued wave fields is considered,
the mode label is no longer needed and dropped. All functions which are discussed belong to this

specific, preselected mode.

4.1. Direct approach

This section is dedicated to a first numerical scheme to solve the wave kinetic equation without
scattering by fluctuations. This is referred to as direct approach, considered as a basis for the next

section, where fluctuations are introduced.

For fluctuations turned off, the wave kinetic equation (3.55) reads
{H(z,N),w(x, N)} = =2v(z, N)w(z, N), @.1)

where, again, the index « labeling the mode is dropped. The dispersion relation (3.38) and the
boundary condition posed in section 3.5 are additional requirements the solution must fulfil.

It is reviewed in appendix C that the evolution of the Wigner function along Hamiltonian orbits
(z(7), N(7)) is given by the Poisson brackets, i.e.

dw (z(7), N(7))

3 ={H,w} (z(1),N(1)). 4.2)

They are expressed in terms of equation (4.1). This yields the ordinary differential equation

dw (x(7), N(7))
dr

= =2y (x(7), N(7))w (z(7), N(1)) . (4.3)
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In appendix C, Liouville’s theorem is discussed. It states that Hamiltonian orbits started from
different points in phase space do not cross. Let (0, yo, No) be a point on the antenna plane A
extended in the phase space, and let (z(7,yo, No), N(7,y0, No)) be the solution of Hamilton’s
equation (C.1) with the Hamiltonian H (z, N) relevant for the considered mode. Since Hamilto-
nian orbits do not cross, we can regard the function (7, yo, No) — (x(7, yo, No), N (7, y0, No))
as a coordinate transformation in the full phase space.

Given the evolution equation (4.3) along Hamiltonian orbits, the natural choice of coordinates is

(7,¥0, Vo). The equation is integrated and the result yields

w(T,yo0, No) = exp {—2/0 v(7', yo, N[))dT/} w(T = 0,y0, No). 4.4)

We suppose that the rays are launched on the phase-space antenna plane Ay,. This means (7 =
0, yo, No) maps to a point (x, V') on the phase space antenna plane. Therefore, w(7 = 0,y0, No)
is known from the boundary condition. Then formula (4.4) provides the Wigner function at
any given point in phase space (7, yo, Vo). It is worth noting that solution (4.4) automatically
satisfies the dispersion relation (3.65), as, by construction (cf. section 3.5) w(7 = 0) does, and
the Hamiltonian is conserved along the orbit which is solution to Hamilton’s equations of motion.

The physical observables are computed in terms of the integral (3.70). Given the solution
of the Wigner function parametrized with (7,yo, Vo) as in (4.4), for the integration it is more

appropriate to change to the coordinates (7, yo, No):
/ Az, N)w(z, N)dzdN = / A(1,y0, No)w(T,vy0, No) |J(T,y0, No)| drdyodNg. (4.5)
Q Qf

Here, the integration area ' for (7, yo, Np) is meant to cover the corresponding area €2 for (x, N),

1.€.
Q"= {(7,y0,No) : (x(7,y0, No), N(7,y0, No)) € Q}. (4.6)

In addition, the Jacobian of the coordinate transformation is defined by

d(xz,N)

A 4.7
a(T,y0, No) @7

|J (7, y0, No)| 32’
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The next important point for the computation of the integral is to find an expression for the

Jacobian along the orbits. Therefore, as an abbreviation for the two sets of coordinates

u:= (z, N) € R*™, (4.8a)
v = (1,y0, Ny) € R*™ (4.8b)

is introduced. The Jacobian matrix in this notation is

8ui
T — 4.9
where 7,7 = 1,...,m are the matrix indices. The evolution equation of the Jacobian matrix
components J;; reads
d 0 Ou; 0 Ou;
i _ i (4.10)

a7 o au, ~ ou, or

We note that the evolution of the coordinates « is obtained from Hamilton’s equations of motion

(C.1). They can be cast into the form

= M ——. 4.11
dr J Ou; ( )
with the matrix
0 -IL,
M;; = , 4.12)
L, 0

containing the m-dimensional identity matrix denoted by I,,. Substituting the time derivatives

(4.11) into (4.10) yields

d 0 OH

d, 93,90 4.13
dr "% 0v; Zk@uk ( )

As M is a constant matrix, it can be put in front of the partial differential operator. Moreover,

the derivative with respect to v; using chain rule is replaced with derivatives with respect to uy.
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Then, the evolution of the Jacobian matrix along a Hamiltonian orbit (4.13) is given by

d O*H oy O*H
—Jii =My———— = My———Ji;. 4.14
dr " ik OuOuy, Ov; ik Ou0uy, J ( )
Equation (4.14) now is an ordinary differential (matrix) equation with the solution
J(1,50, No) = exp {/ MDszr’} Jo(yo, No), (4.15)
0

where D? H is the Hessian matrix of H. Furthermore, the Jacobian matrix at 7 = 0 is denoted
with Jy. For the integral (4.5), only the determinant of the Jacobian matrix is needed. The

structure of matrix equation (4.15) is
A=eBo (4.16)
with A, B, C' matrices. The equation relating the correspondend determinants is
Al =P C). (4.17)
Upon accounting for this identity, the evolution of the Jacobian deduced from (4.15) reads

|7(7, y0, No)| = exp {/0 Tr (MDH) dT’} | Jo(yo, No)| 4.18)

Given the definition of M (4.12), it can directly be verified that the integrand inside the exponential
on the r.h.s. vanishes identically. Therefore, the Jacobian determinant remains constant along the

Hamiltonian orbits and in the integral (4.5), it is replaced with the initial value:

I:/QA(x,N)w(:r,N)d:rdN

= /Q,A(ﬂ yo, No)w(T,y0, No) |Jo(y0, No)| drdyod No. (4.19)

The integration area €’ is defined in (4.6). The Jacobian at time 7 = 0 is easy to compute,
assuming that the antenna is in free space where the ray trajectories are known analytically and

hence the relation between the sets of coordinates « and v is known.

60



4.1. Direct approach

For the computation of integrals as in (4.19), a mixed approach is employed. The Wigner
function w(T,yo, No) is known along Hamiltonian orbits. This means that, for fixed values
of yg and Ny, it is known continuously for all 7 from the ray tracing technique, which allows
us to compute the 7-integration directly as integrals along Hamiltonian orbits. Instead, for the
integration on initial conditions (yo, No), a Monte-Carlo strategy is employed. The Monte-Carlo

approximation for integrals

/ g(z)dz = 1 i 9(z1) (4.20)
A LI p(z:)

z €A
can be found in several textbooks (e.g. in [24]). Here, ng samples of values z1, ..., 2z, are

generated following p(z) as a probability distribution and z is any set of coordinates. As it will
be seen in section 4.3, the approximation is good if ng is large. For the integral I (4.19), the

Monte-Carlo sum yields

I~ 1/ i A(7, yi, Ni)w(T,yi, Ni) Uo(yzaNi)’dT_ 421)
no = p(vi, Ni)
(yi,Ni)eQ;,N(T)
Here, ng Hamiltonian orbits labeled with ¢ = 1,. .., ng are launched on the antenna plane with

initial phase space coordinates (x = 0,y;, IV;) following for the initial parameters the probability
distribution p(y, N) and € 5 (7) labels a projection of the area 2’ on the y and N-coordinates,

i.e.
;7N(T) = {(y,N) e R¥m1 . (r,y,N) € Q} (4.22)

The natural choice of the probability distribution p(y, V) is given by the initial Wigner distribution
w(T = 0,y, N). With this choice orbits are initialized on the intersection of the extended antenna
plane A, and the dispersion variety of the considered mode.

In this section a scheme is presented which is appropriate to compute directly physical ob-
servables in terms of the integral (3.70). This scheme works for the case when fluctuations are
not present. However, the solution given here is based on the relation between the coordinates
(7,v0, No) and (x, N'). When fluctuations are turned on, it will be seen in the next section that the

Hamiltonian trajectories should be modified to take this effect into account. Then, the coordinate
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transformation is no longer naturally present via the ray tracing technique. This obstacle, in princi-
ple, could be overcome just by tracing additional orbits to establish the coordinate transformation.

However, this would make the implementation ineffective and complicated.

4.2. Indirect approach

In this section, a different numerical scheme is presented which is not based on an orbit-following
coordinate transformation and hence can be generalized in a more straight forward way to the
case when fluctuations are present. Like the one in the previous section, it is based on a ray
tracing strategy. The separation of integration variables into one which can be computed along
the rays and the others to compute in terms of a Monte-Carlo estimator is achieved not solving
the boundary value problem posed in (3.69), but a slightly modified problem: The initial value

problem with evolution equation

gi(T,l‘,N) +{H, f}(r,z,N) =S(f)(r,2,N) — 2v(x, N) f(7,2,N) (4.23)

and known initial condition f(7 = 0, x, V) is considered. This evolution equation is basically the
same as the one valid for the boundary value problem, but it is extended with a 7-dependence by
hand. The solution f = f(7, 2z, N) for the moment is a generic time-dependent function which

does not have any physical meaning.

The scattering operator can be written in the form

SN, N) = [ o, NN (7,0, NVAN' = S, N)f (0, N), - @424)

where
o(x,N,N') = 27G(x,N,N")é (H(z,N")), (4.25a)
S(z, N) = / o(z, N, N")dN'. (4.25b)

In order to prove this form of the scattering operator, one needs the identity

G(x,N,N’) = G(x,N',N), (4.26)
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which states that the kernel G(z, N, N’) is symmetric under exchange of N and N’. In turn,

this symmetry property follows from the definition of G,(z, N, N') (3.50), together with the
property

Gmbj(x, NI — N) = ijm((L', N — N,). (4.27)

This can directly be verified upon accounting for the definition (3.28).

For the time-dependent problem (4.23), a Monte-Carlo scheme is known [24]. The main steps in
this section are hence first to find a solution f(7, z, N) using this scheme, next to see how, out of
this result, a solution for w(x, V) can be constructed and how the boundary condition for w and
the initial condition for f are related. And finally, as usual, the Wigner function must be reduced
to observables by means of (3.70).

Let us start discussing the relationship between solutions of (4.23) and the orbits of a specific
stochastic process for the case v = 0, i.e. when the medium is lossless. This generalizes the
relationship between Poisson brackets and Hamiltonian orbits addressed in appendix C. The
effect of absorption is then introduced by a suitable weight along each realization of the stochastic
process, as discussed in reference [24].

The relevant stochastic process (X (7), N (7)) is defined as follows. First, a Poisson process
{74} is generated with mean ¥ = sup ¥(x, V); this defines values 7 = 73, for the parameter
7 and thus intervals [, 7x+1). In each interval (X(7), N (7)) is a classical solution of the

Hamiltonian equations of motion with initial condition (X (%), N (7)), namely

O~ oH(x.N), (4.282)
N
O = auH( ). (4.28)

At each boundary point 7 = 73, a jump may be applied. The jump involves the refractive index
variable A and not the position X, as the scattering operator S describes wave-vector scattering
only. The probability of a jump event at the point (z, N) is given by ¥(z, N) /3. If a jump event
occurs at the phase-space location (z, V), the new momentum is drawn from the local distribution

of probability o (z, N, -) /%X (x, N). It is possible to prove that the probability distribution of orbits
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p(7, x, N') of such process satisfies the Fokker-Planck equation ( [24], section 2.5.2).

% (7,2, N) + {H,p} (7,2, N) = S(p) (.2, V). @29)

which is just equation (4.23) with v = 0. Since p(7, z, N) is a probability distribution we must

have
/p(T,x,N)dde =1, (4.30)

and it is enough to fix the normalization of p(7 = 0, z, N) as (4.29) preserves the phase space
integral of p(7,z, N).

Given f(7 = 0,2, N), one can set
ap(t=0,z,N) = f(r =0,z,N), witha = /f(T =0,z, N)dzdN, (4.31)

and the solution of equation (4.29) with the initial condition p(7 = 0, z, N) is related to the
solution f(7,z, N') of (4.23) with v = 0 and the initial condition f(7 = 0, x, N) via (4.31). This
relation is used to evaluate expectation values of physical observables over a phase-space domain

Q, namely

/ A(z, N)f(r,z, N)dzdN = a/ A(z, N)p(1,z, N)dzdN, with v = 0, (4.32)
Q Q

where the probability distribution p(7, z, N') can be sampled by tracing the orbits of the stochastic
process (X (7), N (7)). More specifically, an estimator for such expectation values is built by
sampling the initial distribution p(7 = 0, z, N') with ng initial parameters {(z;, N;)};2, in phase
space and then tracing the orbits of the above-described stochastic process; the orbit originating
from (z;, N;) is denoted (X;(7), N;(7)). By construction, for every 7 > 0, the set of points

{X;(7), Ni(7)}7, is a sample drawn from the distribution p(7, 2, N'), hence

/ A(z, N)f(r,z, N)dzdN =~ @ Z A(X;(7),N;i(1)), withy =0,  (4.33)
° "0 () Ni(r)en

where the sum extends to all orbits such that (X;(7), N;(7)) €  at the considered 7.
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In presence of absorption (v # 0), each orbit is weighted by the "amount of losses" along the

trajectory, namely
Wi(r) = e 2Jg Wa)Ni)de (4.34)
The general form of (4.32) accounting for both scattering and dissipation is

/ Alw, N)f(ro, N)JdzdN & S A7), M(7)Wi(7). (4.35)
“ O (i) Ni(r))en
A proof of the general form can be found in [24], section 3.2, theorem 2.5.4.!
Next, a solution for w(z, N') based on function f which solves evolution equation (4.23) should
be constructed. Therefore, this last equation is formulated for the Fourier transform of f in the

variable T, i.e.

A

flu,z,N) = / e f(r,z, N)dr. (4.36)

Here the variable u is used for the dual of 7; it may be understood as a frequency associated to 7,
but it should not be confused with the physical frequency w. Derivatives with respect to 7 are

replaced by —iu in the Fourier transformed equation with the result that
—iuf(u,x, N) + {H, f} (u,z, N) = S(f)(u, 2, N) — 27(z, N) f (u, z, N). (4.37)

Here, the Poisson bracket, the scattering operator and absorption are not affected by the Fourier
transformation because they are independent of 7. Now it is obvious that this equation, in case
u = 0, is just the same as the steady state evolution equation (3.69b) for w(x, N). Therefore, a

solution for the Wigner function w can be found in the form
w(z,N) = f(u=0,z,N) = /f(T,a:,N)dT, (4.38)

given the fact that f(7, x, V) fulfils its evolution equation (4.23).

"Note that in this textbook only the proof for the special case 2 = R*™ with a differentiable observable A € C" is
presented. The theorem, however, is applied to the more general case 2 C R?™ in this thesis.
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If f(7,z, N) is singularly supported on a dispersion surface, i.e. on the surface H(xz, N) = 0,
by construction also w is so. Instead, it is not straight forward to find initial conditions for f
which reproduce desired boundary conditions for w. As a simplification, the functions f under
investigation are restricted to a certain class: Let us consider only initial conditions which are

singularly supported on the antenna plane defined in 3.5, i.e.

f (7= 0,%0,y0, No) = 6(x0) fo(yo, No)- (4.39)

This is an arbitrary assumption and will be justified by the fact that even under this constraint, any
boundary condtition for w can be reproduced. In other word, no generality is lost by imposing
this condition on the auxiliary function f.

We assume that near the antenna plane there is a non-fluctuating and dissipation free medium,
so neither scattering events nor absorption take place and the Hamiltonian orbits starting at
xo = (X0, yo) around the antenna are given by Hamilton’s equation of motion (C.1a), namely in

integrated form

x = xo + Ax(7), (4.40a)
y =vyo + Ax(7), (4.40b)
where the covered distance is
T OH,
A = 2dr’ 4.41
X(T) O aNX T ) ( a)
T OH
A = 2dr’ 4.41b
y(7) o o, " ( )

with the Hamiltonian H, around the antenna plane. Then, around the antenna plane the solution

of (4.23) is

f(7—7$’ N) = f(T = 0,0, Yo, NO) =9 (X - AX(T)) fO(y - AY(T)7 N) (4.42)
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and the corresponding Wigner function obtained from (4.38) and restricted to the antenna plane

reads

w(x=0,y,N) = /(5 (—Ax(7)) foly — Ay(7), N)dr = M. (4.43)

o]

Here, the integral is easily performed thanks to the d-distribution involved. Solved for fy and

taking into account the definitions (4.41), this last equation reads

aHa(X =0,y, N)

ON. w(x=0,y,N) (4.44)

fo(y,N)Z‘

and provides the initial condition for f given the boundary condition for w. Although there
is this restriction to a special class of functions f, still any kind of boundary conditions for w
can be reproduced. This shows that, by using (4.23) with initial conditions (4.39) and (4.44),
the boundary value problem (3.69) can be solved with no loss of generality except placing the

antenna in a region where no scattering and absorption take place.

As a last point, the reduction of the Wigner function to physical observables (3.70) must be

performed. For this purpose, in the integral, the Wigner function is written in terms of f:
/ A(z, N)w(z, N)dzdN = // Az, N)f(r,z, N)dzdNdr, (4.45)
Q 0

where the phase-space and 7-integration have been exchanged and equation (4.38) is used. The
inner integral over phase space is replaced by the Monte-Carlo estimator (4.35) with the result

that

/ Az, N)w(z, N)dzdN ~ / {0‘ S AN | dr. (446)
@ "0 (2, () N ()9

If O; denotes the i-th orbit of the stochastic process, i.e.
Q; = {(Xi(r), Ni(1)) : 7 > 0}, (4.47)
and

Lig = {r: (X(r),Ni(r)) € Q} (4.48)
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is the interval in 7 for which the point (X;(7), N;(7)) on ray i stays within 2, the sum and the

integral can be exchanged as follows:

/D> AN = S | AN @49
(Xi(r) Ni(7)€ Q,n00"
The simplest numerical procedure is chosen for the remaining integral over the T-interval I; ,
namely, a Riemann quadrature based on the T-stepping points 7; used in generating a numerical
approximation (X; ;, N; ;) = (Xi(7;),Ni(7;)). At last, upon accounting for (4.46), (4.49) and

the above-mentioned approximation we have

/A(x,N)w(az,N)da:dNN— > A(Xiy, N j)Wi(T) ATy, (4.50)
Q

0 5. ~0£0
Tj Efl Q

where A7; = 7;41 — 7; is the local step in 7.

The practical implementation of formula (4.50) requires a ray tracing and a binning procedure:
Once numerical approximations (X; ;,/N; ;) of the orbits Q; are generated by a ray tracing
procedure, and the domain 2, also referred to as bin, is selected, one has to find which orbits cross
2 and what is the crossing interval I; o. The implementation of both ray tracing and binning is
described in chapter 5.

The Monte-Carlo estimator (4.50) can be considered the final result of this section, from which
the expectation value of physical observables, i.e. the 1.h.s., may be deduced, inserting quantities

on the r.h.s. known from ray tracing.

4.3. Statistical uncertainty

The numerical approaches presented in the last two sections are partly based on Monte-Carlo
estimators which are random variables and hence are subject to a statistical uncertainty. The aim
of this section is to provide an estimate of the statistical uncertainty. This will provide a feeling
for the reliability of the result. Furthermore, when benchmarks are performed, possible deviations
of a solution with respect to the reference solution can be compared to the statistical uncertainty

as a consistency check.
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4.4. Change of Hamiltonian

The Monte-Carlo estimators (4.21) or (4.50) have the structure of a sum like
1
I=— I;. 4.51)
no ; !

The terms in the sum are obtained from a statistical process and hence the sum is a random
variable. Here, I; /n is the contribution of a single ray i. The empirical variance of the single ray
contributions can be introduced as [24]

JR

Vi 452)

The only input for this expression are the single contributions I; of the Monte-Carlo sum (4.51).
This allows to determine the quantity without big additional efforts. It is shown then that the

statistical uncertainty of the Monte-Carlo estimator is given by
or =4/ —. (4.53)

1/2

The well-known dependence o7 o< n, '~ can be identified here, which results in a slowly

decreasing statistical uncertainty when more and more rays are traced.

4.4. Change of Hamiltonian

The numerical schemes presented in this chapter are based on Hamiltonian ray tracing, where
according to (3.37a) the eigenvalue of the Weyl symbol Dy(x, N) of the dispersion operator
Dy for the appropriate mode serves as Hamiltonian H. It is clear that, if the Hamiltonian
H(z, N) is multiplied by some non-vanishing function £(x, V), the orbits in the dispersion
variety { H(x, N) = 0} remain the same, but the parameter 7 along the orbits changes, cf. the
Hamilton equations of motion (C.1). There is one natural choice of the Hamiltonian, namely
the one obtained from the wave equation directly as explained in section 3.3, which provides
correct results. However, Hamilton’s equations of motion (C.1) might simplify for a Hamiltonian
multiplied by some &(x, V), especially when the plasma dispersion tensor for magnetized plasmas
(7.22) is involved, leading to complicated eigenvalues which are solutions of a cubic equation,

but yielding an easier Hamiltonian (7.34) when the multiplication technique is applied. Here it is
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shown how to rescale properly the various terms in Hamilton equations of motion and the wave

kinetic equation to obtain correct results with such rescaled Hamiltonians, following [21].

The natural Hamiltonian is denoted H (x, V) and a modified Hamiltonian
H(x,N) :=¢&(x, N)H(z, N) (4.54)

is considered. It is assumed that the evolution of a generic phase-space quantity A(7, z, N) along

a Hamiltonian orbit is given by

dA 0A
E 87 + {H A} = 77( ) (4.55)

where A(x, N) is assumed to be singularly supported on dispersion surfaces and 7(A) is some
operator 77 applied on A. This is the structure of evolution equations present in both numerical
schemes, namely (4.2) and (4.3) with A = w and (4.23) with A = f. For the case of propagation
in fluctuating and weakly dissipative media discussed in chapter 3, the operator 7 is composed by
the effect of fluctuation described by S(-), cf. (3.56) and the absorption coefficient -y (3.46).
Next, the Poisson bracket involving the modified Hamiltonian H (z, N) is computed. We remind
the reader that A is considered singularly supported, requiring a treatment of the Poisson brackets
in the weak sense of distributions. As reviewed in appendix B, the integral representation of this

distribution is considered: Applied on the test function ®, it reads
[f.4) /cp 2. N) {H, A} (2, N)dzrdN (4.56)

with the generating function {ﬁ , A} (z, N). Writing out the Poisson brackets (C.4) explicitly
yields

/ {HA}ddN / (an)%:j x<—>N>dde

_/ (8H8A 8§H8A

N or T v s N) dzdN. 4.57)

Here, the notation "z <> N" stands for a repetition with x and N interchanged in derivatives.

The arguments (z, N') have been dropped for simplicity. In the next step, the second term is
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integrated by parts over x (N for the interchanged terms), leading to

/<1> [F,4} dran = / (@ggf[g‘i _ ai (@%H) Az o N) dzdN

OH 0A 0¢ 0H

In the second line of this equation, the product rule has been applied for the second term. Note that
contributions which involve the product H A vanish, due to the assumption of singular support of

A on the H = 0 surface. The surviving terms can be combined as two Poisson brackets, namely
/  {H, A} dzdN = / O (¢{H, A} + {H, ¢} A) dzdN. (4.59)

So dropping the integral, in the sense of distributions, for the Poisson bracket of the modified

Hamiltonian H , one finds
{H,A} = {€¢H, A} = ¢ {H, A} + {H,£} A, (4.60)

Here, the first term on the r.h.s. is the rescaled Poisson bracket involving the natural Hamiltonian
and the second term accounts for the evolution of the prefactor £&. Defining a modified time

parameter 7 along the rays such that

dA 0A ~
0A 0A
equation (4.60) reads
dA 0A
E_§E+§{H7A}+{Ha§}f4' (4.62)

For the first Poisson bracket the natural evolution equation (4.55) is inserted. The second Poisson

bracket is replaced with

(H.¢) = E{H,s} ~ e - m =

: {H, g} . (4.63)

M|
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Here, rules (C.7b) and (C.7a) for Poisson brackets have been applied as well as the definition of
H (4.54) in the last step. With the modified time parameter (4.61), equation (4.62) reads

da _
dF

1d¢

En(A) + E@A (4.64)

This equation shows the additional term dlog¢/d7 which should be added to the numerical
weight (4.34). It is however possible to account for the contribution of log ¢ in a simple way. A

different quantity
A(z,N) := g~ (z, N)A(z, N) (4.65)

which is linear in A is considered. It is easy to show that by properly choosing g, an evolution
equation for A without any additional term can be formulated: Substituting (4.65) into (4.64)
yields

dA  dA

dg - ~
el S 1y gy |
G~ 9a T g aleA)+

d

I

A. (4.66)

m
&l

For the choice g(x, N) = £(x, N), one has the simpler evolution equation
dA .
— =7n(&A 4.67
= = (e, (4.67)
which is in desired form. This equation can be solved with the numerical schemes to determine
A. Then A is obtained directly from equation (4.65).
Note that in the theory chapter on the wave kinetic equation 3, the Hamiltonian also explicitly
appeared in the scattering operator, cf. (3.64), and that the natural Hamiltonian is meant. If
for any reason an other Hamiltonian is in use, it must be accounted for this with the aid of the

correction factor at this point as well, yielding the fully corrected scattering cross section
0alz, N, N') i= 21Go(w, N, N')&(z, N)&(x, N')8 (Halz, N')). (4.68)

Here the factor {(z, V) absorbs the necessary rescaling in the evolution equation and the factor

&(x, N') accounts for the use of the tilded Hamiltonian in Dirac’s delta.
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Implementation

In this chapter, the implementation of the second numerical scheme described in section 4.2 is
summarized. First, the implemented equations and the structure of the code are presented. In a
later section, more details on the implementation from the computer science point of view are
provided. A user guide can be found in appendix E.

Given the fact that the code is based on the wave kinetic equation and that it considers the
semiclassical limit, which is related to the WKB approximation, it will be referred to as wave

kinetic code or alternatively as WKBeam, standing for Wave Kinetic Beam tracing code.

5.1. Physical structure of the code

In this section, the implemented equations are summarized. The structure follows the compu-
tational one, i.e. the extension of boundary conditions to phase space first, then the ray tracing

technique and at last the reduction to physical observables.
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5.1.1. Boundary conditions and initial conditions for the rays

The physical boundary condition for the simulation is the electric field at the antenna plane,
the geometry of which is discussed in section 3.5. The use of coordinates © = (x,y) with the
meaning of the direction normal to the antenna plane x € R and the coordinates in the antenna
plane y € R™~!, where m is the dimensionality of the problem, is helpful and allows us to
generalize the antenna plane to the tokamak requirements, cf. section 7.2. As a first step in the
code, initial conditions for the rays to be traced are generated. Relevant quantities are reviewed in
this section and the implemented probability distribution is formulated.

In the code, for simplicity a Gaussian beam profile on the antenna plane is used. This is realistic
enough for later tokamak applications [25]. Furthermore, it allows an analytical computation of
the Wigner function on the antenna plane. The calculation is reported in appendix D, with the

Wigner function (D.11)

om . (m+1)/2
K —D/2/dot B
x 6(Nyx — Ny0) (5.1)

—HY":I)Y_K[(Nyyﬂ_Nv)'FSY]'@il [(Ny,0—Ny)+5Sy]

w(x=0,y,N)=

as a result. The value Ny g = Ny (y, Ny)) is fixed by the dispersion relation as a function
of (y, Ny). The implementation allows us to choose between m = 2 or m = 3. The input
parameters describing the beam profile are in this case the initial beam cross section, described
by the matrix ® and the initial curvature radius of the beam wave front, information which is
contained in the matrix .9, cf., again, appendix D.

As discussed in section 4.2, the probability distribution for initial parameters (x;, IV;) for the
ray tracing is p(7 = 0,x, N). Upon accounting for the relation to the function f (4.31), the
restriction to the antenna plane (4.39) and the matching to the Wigner function on the antenna

plane (4.44), this probability distribution reads

1
p(z,N) = o lox| 6(x)w(x = 0,y, N), (5.2)
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with a normalization constant «, discussed later in this section. Here, vy is the x-component of

the ray velocity projected on configuration space, defined as

0H,
= . 5.3
v ON. (5.3)
As a standard Hamiltonian around the antenna plane, the free space Hamiltonian
H,(z,N)=N?-1 (5.4)

is considered. The only situation presented within this thesis where this is not a good choice is
the lens-like medium, section 6.2, where Hamiltonian (6.19) must be used.

Around the antenna plane, via equation (C.11), (5.4) yields the velocity
|vx| = 2Ny (5.5)

Inserting this velocity component and Wigner function (5.1) into (5.2) provides the probability

distribution
p(@, N) o | Nie| 8(x)3( Ny — Nio)e ™ By =rl(Nyo=Ny) Sy 07 H(Nyo =Ny +8¥] - (5,6)

For implementation purposes (Metropolis-Hastings algorithm, see appendix F), the normalization
constant for this probability distribution is not important and is not further addressed here. It is

obvious that this function can be factorized into
p(z, N) = 0(x)0(Nx — Nx,0)py (v, Ny) (5.7
with a function uniquely dependent on (y, Ny)
py(y, Ny) o [Ny o(y, Ny)| ¢~ 2y —r[(Ny,0=Ny)+Sy]- €~ [(Ny,0—Ny)+5y] (5.8)

where Ny o(y, Ny) is obtained as a solution of dispersion relation with H,(z, V') as Hamiltonian.
Due to the J-distributions in (5.7), x = 0 and, once the values y and Ny are chosen, also

Ny = Ny are fixed, which is also how they are determined in the code. Instead, (y, Vy) follow
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the probability distribution (5.8), which is not a standard one and hence requires Metropolis-
Hastings algorithm for its sampling. This algorithm is reviewed in appendix F. It internally needs
to propose random numbers, following a probability distribution labeled with "proposal”, which

should be as close as possible to the probability density function p(y, Ny ). We choose

pproposzﬂ(y, Ny) = py(Y7 Ny)a (5.9)

[Nx,0(y, Ny)]

which, indeed, is close to py(y, Ny) if the rays leave the antenna plane mainly in x-direction, i.e.

‘NX70(Y7 Ny)‘ ~ 1.

5.1.2. Phase space description

From a mathematical point of view, the scheme presented in section 4.2 for the solution of
the wave kinetic equation requires the integration of ordinary differential equations, namely
Hamilton’s equations of motion (C.1) and the evolution of W in differential form of (4.34), i.e.

the set of equations

f:i = On H (X, Ni), (5.10a)

t/v" = —0. H(X;, N;), (5.10b)
=

aw, |

i = 2(x, N)W;. (5.10¢)

Note that, unlike the derivation in the numerics chapter 4, equations (5.10) are integrated along a
constant interval A7 and all scattering kicks which may occur during this step are applied after
the integration on A7, cf. figure 5.1. This scheme is a good approximation to the numerical
scheme described in section 4.2 when the step A7 is small. The single computational steps are
explained in more detail in the following.

The integration is discretised using the Runge-Kutta method. For a detailed description on
the numerics behind, the reader may refer to the textbook [26]. Given the initial values X;(7%),

N (7)) and W;(7y;) at 7, and their derivatives %“\;’ , %NTZ', dé/ri, the Runge-Kutta solver provides

the values at a later step 751 = 7% + A7, i.e. X (7gs1), Ni(7r+1) and W;(711), for a chosen
step A7. In the adaptive Runge-Kutta method, A7 is internally subdivided into smaller steps so

that a specified tolerance of the result is reached. After each integration step, a scattering event
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—H—H —=T

T AT
|< >|< >

Figure 5.1.: Comparison of the scattering scheme described in the numerics chapter and the
implementation. Blue marks: one scattering event, red mark: two scattering events,
green mark: three scattering events. On top: 7-axis with one sample of scattering
events along the evolution of a ray, simulated by means of a Poisson process as de-
scribed in section 4.2. Below: Implemented procedure. The integration is subdivided
into intervals A7 which are not interrupted by scattering; all scattering kicks which
should be performed during the interval are applied at the end instead.

might be performed to simulate the effect of fluctuations. For this purpose, an integer random
number Ng is generated according to a Poisson distribution with mean ,,x A7 for each ray ¢
after each integration step k, where X, is a guess for an upper limit of the total scattering cross
section X(X;(7x), Ni(7k)), defined in (4.25b). The number Ng is the maximum number of kicks
in the interval AT for the current realization. Note that, in case we can afford it numerically, as a
guess for the upper limit >, the scattering cross section X itself may be taken. In order to decide
how many scattering kicks actually are performed, Ng uniformly distributed numbers p; within
[0,1) are generated and for each a scattering kick is applied if and only if p; < ¥/ x. Note
that the above-described procedure generates ng < Ng scattering kicks for the ray ¢ after the
integration step k, with ng following a Poisson distribution with mean value X A7, but requires
evaluating the total scattering cross section X not after each step, but only in case Ng # 0. If the
probability distribution o for choosing a new value for the refractive index at each jump is not a
standard function, Metropolis-Hastings algorithm (described in appendix F) is applied.

As an output of the ray tracing, the trajectories (X;(7x), NV;(7x)) and the value W;(7y) are stored
in an output file for a discrete sample of moments 75 with the step A7 in between. In addition,
transformed trajectories T'(X;(7x), N;(7x)) with some coordinate transformation 7" may be saved.
This is the information required for the reduction to physical observables, presented in the next

section.
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1

Figure 5.2.: One Hamiltonian orbit (red) entering the volume €2 (referred to as bin) for a parameter
7o and leaving for 7;.

5.1.3. Reconstructing physical observables

The reconstruction of physical observables in terms of integral (3.70) is also called binning. In
the code, it is done as a post-processing, so the ray trajectories are read and the Monte-Carlo
estimator (4.50) is computed. In figure 5.2, one Hamiltonian orbit which crosses a bin is shown.
The code executes a linear interpolation between the discrete steps 7, where the trajectory of
orbit i (X;(7%),Ni(7%)) and the value W;(7i) are known from ray tracing and recognizes the
intersections of the orbits with the bin boundaries. Thereby, the parameter 7 when the orbit enters
and leaves the bin 7y and 7, are estimated. The Monte-Carlo estimator for the integral to be
computed is given by (4.50). The constant «, defined in (4.31) and involved as a prefactor in the

Monte-Carlo sum, upon accounting for (4.39) and (4.44), reads
a:/|vxlw(x:0,y,N)dde. (5.11)

Inserting the Wigner function on the antenna plane (5.1) and the x-velocity component (5.5), this

yields
2\ ™ mel P (Nio—Ni)?
=2 — \/1— N2 DSy dNy, 5.12
“ ( K ) / Y Zzl_Il ° Y (5.12)
where Ny = (Ny,..., Ny—1) and D; and S; include information on the initial beam width and

the initial curvature radius, as defined in appendix D. This integral must be computed numerically.
Calculating the Monte-Carlo estimator then amounts in summing up all the ray contributions,

obtained from the just presented quantities.
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As a special case, if the absorption coefficient is taken as observable, i.e. A(xz, N) = 2y(z, N),
the corresponding Monte-Carlo estimator (4.46) reads
K\ o
(20 =25 / — > (X (1), Ni(T))Wi(T) | dr, (5.13)
0 (A(n).Ni(m)en
involving explicit information on the medium in « also on the r.h.s. It would be beneficial if
in the post-processing, no information on the medium is explicitly needed. Therefore we note
that taking into account the evolution of W; (5.10c), a factor v may be obtained by applying a

derivation with respect to 7:

(29) = — (;)m/ [O‘ 3 dVZiT(T)] dr. (5.14)

"0 (X, () N (r))en

Upon accounting for the fundamental theorem of calculus, this simplifies to

27)q = - (;)m L Wi - (5.15)

"0 (x,(7) N (1)) €0

T=Ti,0

This expression requires no explicit knowledge of the absorption coefficient -y, information which
is present via the change of W through a bin, simplifying the implementation and improving
performance in terms of computational time.

In the previous discussion a single area €2 (bin) has been considered. Obviously, the code, in
principle, is not restricted to only one such area, but it can deal with a whole set of integration
volumes (2, defined by
%<Ti(x,N)—a‘ini“ a; +1

n; —  a™

Qa:{(m,N)eRQm: Withz':l,...,,u}. (5.16)

e T
Here, o is a pi-dimensional multi-index o = (o, ..., ) and 7" R?™ 5 Y C RH x R?™H g
transformation to appropriate coordinates, where only the first 4 components are resolved. The

min

i and a™ in i-th direction, subdi-

boundaries of the area under consideration are defined by a ;
vided into n; bins. As an example, for the benchmarking tests, see chapter 6, two-dimensional
Cartesian coordinates (x, y) are appropriate. If we wish to resolve these two spatial coordinates,

the relevant dimensionality for the binning is ¢ = 2 and the transformation under consideration

79



5. Implementation
is

Ti(z,N) =x, (5.17a)
Ty(z,N) = y. (5.17b)

Then, the areas for the binning are squares

__ min 1
Q,Wz{(x,N)eR%;“ XoX KA

Ny xmax _ Xmin Ny
v _ — ymm v41 }

— y/max min :
ny y™=—Y Ny

)

(5.18)

with integer labels ; and v referring to the x- and y-direction, respectively.

5.2. Implementation of the code

In this section, a few details, from a computer-science point of view, for the numerical implemen-
tation of WKBeam are given. The code is written in the high-level language python [27] with the
scientific libraries numpy and scipy [28]. Parallelization, cf. section 5.2.1, is achieved by the MPI
protocol [29] through the mpi4py-package [30]. Being a script language, python is rather slow.
In order to speed up the code, some expensive parts are moved to cython [31] and precompiled.

Note that WKBeam consists of two parts which are launched independently: One is referred
to as ray tracing part and provides as an output a set of ray trajectories with attached quantities,
namely W; and T'(X;(7x), Ni(7%)), as described in section 5.1.2. A second part, called binning
part of WKBeam, reads this ray trajectories and does the reconstruction of physical observables,
presented in section 5.1.3.

In the following, the rough structure of these two independent parts of the code is discussed. In
particular, some comments on the runtime are presented. Typically, the ray tracing data which is
created on 16 cores with a runtime of 2 h is binned in a few minutes using one single core. All
simulations performed for this master thesis where processed on the Linux Compute Cluster of

the Rechenzentrum Garching [32].
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(a) master core: (b) slave core:
generate initial conditions and send wait for initial conditions
those to the slave cores from master corc
for all initial conditions sent: for all initial conditions received:
wait for the slave cores' integrate ray trajectory
answers containing the ray and send back result to
trajectories and collect those master core

L

write the output file containing
the collected results

Figure 5.3.: Program flow for (a) master core and (b) slave core.

5.2.1. Ray tracing part of the code

In section 4.3, the statistical uncertainty of physical results was presented and it was pointed out
that it decreases with the square root of the number of rays. Running the code, we find that a
reasonable number of rays is of the order of 10°, see also section 7.5. Assuming that it takes
about 100 ms to trace a ray, the total runtime amounts to several hours. For this reason the ray
tracing is parallelized: The set of initial conditions is split into several parts, each passed to a
different CPU referred to as "slave core" via MPI interface. The slave cores perform the ray
tracing and communicate the ray trajectories back to a core called "master core", which is in
charge of writing the output file. One master core is responsible for at most seven slave cores. If
there are more, several master cores are present and several output files are written. An upper
limit for the number of slave cores per master core is required, because too many slave cores
overburden the master core, thus forming a bottleneck. In python, for this purpose, the mpidpy
package is available. It labels all cores which are part of the MPI environment with an index, used
in the implementation to decide whether the source code for a master or a slave core is called.
The structure of the codes for both is also displayed in figure 5.3.

A study of the strong scaling of the parallelization is presented in figure 5.4. The plot shows
the runtime 7' of the ray tracing code, run for a standard case with a reduced number of rays,
making use of various numbers n of cores in a doubly logarithmic plot. The jobs are processed
via a queue which distributes available resources to the users of the computer cluster, providing

the runtime as an output once the code has finished.
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observed runtime
— regression, slope=-0.96

runtime (s)
=
o
w

102 .
10° 10! 10°
number of cores

Figure 5.4.: Doubly logarithmic plot of runtime versus number of cores. On top of that, a linear
regression is performed with slope —0.96.

The slope in figure 5.4 is —0.96 which almost corresponds to the ideal scaling law
T oxn L. (5.19)

This is the typical scaling whenever no communication is needed between different cores, as it is
the case for the WKBeam code, except for the communication of the initial parameters for the
rays and the results. This data transfer, however, is negligible and does not spoil the good scaling.

A user guide for this part of the code is presented in appendix E.1.

5.2.2. Binning part of the code

Once the ray tracing is performed and the output files are available, the physical observables can
be computed, cf. section 5.1.3. The corresponding part of the WKBeam code is referred to as
binning. This part of the code, as an input, uniquely requires the output files of the ray tracing
part and does not involve any python objects, which allows us to fully move the code to cython
and precompile it. The code is fast enough so that no parallelization is required.

A users guide for the binning code can be found in appendix E.2.
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Benchmarking: simplified models

Before applying the theory derived previously to realistic situations in tokamak plasmas, bench-
marking tests must be performed to check that the code is free from programming errors. More-
over, such tests allow one to clarify the limitations of the code due e.g. to the semiclassical
limit, the Monte-Carlo uncertainty (4.53) and the approximation in the calculation of physical
observables (3.74) under simple and controllable conditions. This chapter is dedicated to those
tests. Several simplified models have been considered. For each of these, analytical solutions
can be constructed, or at least other well-established numerical schemes can be used as a cross-
check. In each section, the input quantities for the numerical scheme as well as a sketch of the
derivation of a reference solution are described. Fluctuations and absorption first are turned off
and introduced in section 6.4. For later applications, it is of special interest to be aware of the
impact of numerical parameters to choose when the simulation is run, e.g. the number of rays

and the bin size. A study of this issue is delayed to section 6.5. However we note here that for the
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6. Benchmarking: simplified models

benchmarks reasonable parameters which allow us to resolve the effects under investigation are
chosen.

In this chapter, the antenna plane is, as presented in section 3.5, the x = 0 plane and beams
are launched so that they propagate towards negative values of x. This simulates the low-field
side injection in tokamak plasmas described in section 7.2, when no tilt of the antenna plane is
considered. In all benchmarks, two-dimensional geometries with coordinates =z = (x,y) € R?
are considered. As in the previous chapters, the calculations are presented in terms of normalized
coordinates in this thesis. Instead, the implementation deals with lengths in centimeter units. The
reader is reminded that those results are obtained simply by replacing in the equations x with kg
and the normalized position  with the natural position 7. The length scale of possibly involved

background variations is denoted L, in consistency with (2.14).

6.1. Free space

In this section the simplest situation is considered, i.e. the propagation of electromagnetic waves

in free space. Neither absorption nor fluctuations are present.

The wave equation (2.10) for this case reads
[AI + /-;2] BE(z) = 0. 6.1)

It was made use of the fact that free space is isotropic and hence the electric field can be described
as a scalar. Furthermore, the response of free space is local and the dielectric operator is nothing
more than the identity. Therefore, equation (6.1) has the form of a Helmholtz equation. The
corresponding L-symbol, as was explained in section 2.2, is obtained by replacing the partial

derivative 0, in the dispersion operator with —ix N and hence is given by
d(z,N) =2N? - 2. 6.2)

Here, a constant prefactor of — % has been introduced. This is an arbitrary choice which leads to
a non-trivial factor &, cf. equation (6.4) thus allows to test the rescaling procedure presented in

section 4.4. The L-symbol (6.2) depends uniquely on N and can hence be cast to the form (2.38).
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6.1. Free space

So, according to section 2.2.2, the corresponding Weyl symbol is identical, i.e.
H(z,N) =d(x,N) =2N? - 2. 6.3)

Investigating scalar waves, this Weyl symbol is a matrix of dimensionality 1 and thus equivalent
to its eigenvalue which is considered as Hamiltonian. Comparison of Hamiltonian (6.3) with the
Hamiltonian considered around the antenna plane (5.4) yields the correction factor, cf. equation

(4.54),
&(z,N) =2. (6.4)

In order for this case to be a useful benchmark, a reference solution of the partial differential
equation (6.1) must be obtained. To this aim, the coordinates are split into x = (x,y). Like
in section 3.5, y € R is the coordinate parallel to the antenna plane. A Fourier transform with

respect to y is performed, i.e.

A

B(x,N,) = / =Ny B(x, y)dy. 6.5)
This is substituted into the wave equation (6.1) with the result
(02 + 1 (1= N2)) E(x, Ny) =0. (6.6)

Now, x being one dimensional, this last equation is an ordinary differential equation. Integrated it

yields
E(x, Ny) = e *VIZNEE(x = 0, Ny). (6.7)

Note that (6.6) is a differential equation of second order, thus yielding two independent solutions
with refractive indices Ny = 4,/1 — N}?, representing two possible branches of the dispersion
relation. The one relevant to propagation toward the negative x-axis considered in (6.7) is
-/ 2
Ny = —,/1—Ny.
In this solution, the Fourier transformed electric field on the antenna plane £(x = 0, Ny) is in-

volved as a boundary condition. The field on the antenna plane itself has the usual Gaussian beam
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6. Benchmarking: simplified models

profile (D.1) with vanishing central refractive index Ny ¢ and the central amplitude normalized to

A=1,1ie.

i

E(x=0,y) = ez Sy—5m®y, (6.8)

For the two-dimensional case with propagation perpendicular to the antenna plane considered
here, the matrices ® and S in fact are scalars and the same as their eigenvalues, with the notation
introduced in appendix D implying ® = D. The wave field (6.8) can be Fourier transformed

analytically, yielding the boundary condition for (6.7):

o )1/2 1,

E(X — O,Ny) — /e—mNny(X — ij)dy = (D —g e 2"'D-iS (6.9

In order to compute the electric field in space E(x,y), the inverse Fourier transform of (6.7) is

computed. It reads

1/2 N2
K i ; 2y — Ll Y
E =(— /eWY'Nyefmx/lfNyxe 2" B=i5 dN.,. 6.10
(X7Y) (27T(D—ZS)> y ( )
Due to the square root in the exponential, an analytical computation of this integral cannot be
performed. However, a useful approximation is obtained if the power spectrum of the beam, i.e.

the norm squared of (6.9)

~ 2 2 1_rD _pr2
B(x = 0,Ny)| T N

=it U (6.11)

is analyzed. It is identified to be a Gaussian distribution centered around Ny, = 0 with width

o=4/L2 i*bs = Apart from situations in which the beam is extremely focused (S large) or the

beam width is of the order of the wave length (D/k 2 1), the spectral width is much smaller then
1. This means that only small values of IVy contribute to the solution, making it appropriate to

use the Taylor expansion

w/1—Ny2:1—%1\@%0(]\73) (6.12)
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6.1. Free space

(a) result of the WKBeam code:
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(b) difference WKBeam - reference solution:
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(c) statistical uncertainty of WKBeam:
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Figure 6.1.: Beam in free space with frequency f = 140 GHz, initial beam width w = 3 cm and
initial curvature radius R = 100 cm. ng = 100000 rays have been traced and the size
of the bins is Ax = 1.5 c¢cm and Ay = 0.29 cm. It is shown: (a) the result obtained
by the wave kinetic code, (b) the difference to the analytical reference solution, (c)
the statistical uncertainty.

and neglect fourth order terms. This is called paraxial approximation and allows us to compute

the integral in (6.10) analytically, with the electric field as a result:

1 —ikx—§ ——
E(x,y) = e s X 6.13)
Coy) = T in s

The norm squared which is compared to the result of the wave kinetic code is

: 1 e
[E(x,y)" = e (ASOTHDOT, (6.14)
(1= 8% + (Dx)?)
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6. Benchmarking: simplified models

A set of beam parameters satisfying the paraxial approximation (in physical units, appropriate in
the code: typical frequency of microwaves in tokamak applications f = 140 GHz, initial beam
width of w = 3 cm (large compared to the wave length), slightly focused by a curvature radius
of R = 100 cm) is chosen. The results are presented in figure 6.1. The result of WKBeam (a)
is computed in terms of the Monte-Carlo estimator (4.50) and its statistical uncertainty (c) is
given by (4.53). It can be seen that the difference between the analytical, paraxial solution and
the numerical one (b) is close to zero and of the order of magnitude of the statistical uncertainty.
Furthermore, this difference shows an erratic behavior typical for statistical processes. The wave

kinetic code nicely reproduces, up to the statistical uncertainty, the reference solution.

6.2. Lens-like medium

As a next simplified model, a medium with space-dependent refractive index
n’(y) =1-y* (6.15)

is considered in this section. This refractive index allows non-evanescent wave propagation only

for |y| < 1. The wave equation, describing a two-dimensional scalar wave field, reads

o2 1 92

With the same arguments as in the previous section on free space, the Hamiltonian to be employed

for the ray tracing is obtained by replacing d,, with —ix IV, leading to
H(x,y, Ny, Ny) = 2 (N2 + N2 = 1+y?) (6.17)
with the correction factor defined in (4.54)

&(z,N) =2, (6.18)
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6.2. Lens-like medium

where as a Hamiltonian around the antenna plane (5.4) is not appropriate and replaced by the

Hamiltonian considered natural for this benchmark in the sense of section 4.4
Ha(x,y, N, Ny) = N7 + N2 — 1 +y>. (6.19)

A reference solution to the wave equation (6.16) can be calculated. We recognize that its y-part

looks like the harmonical oscillator problem in quantum mechanics. The ansatz
E(x,y) = Ex(x)Ey(y) (6.20)

substituted into equation (6.16) allows to separate it in independent equations for x and y, namely

the system
82
<32 + ,.;2> Ex(x) = K*CEx(x), (6.21a)
X
2 82 / ! /
yo gy ) By (V) = CEy(y) (6.21b)

with some constant C' € R and the definition of rescaled quantities

y = Ky, (6.22a)
C' = kC. (6.22b)

The x-equation (6.21a) is an ordinary differential equation with constant coefficients and easy to

solve. The result reads
Ey(x) = Ae rV1=Cx (6.23)

with an amplitude A if propagation to the left is assumed, determining the sign of the exponential

in analogy to the free space section 6.1.

For the y-part (6.21b), solutions are provided in [33] in terms of the Hermite polynomials

H,(y"). For any n € Ny, the Hermite-Gaussian mode

Eyn(y) = Hu(y')e 2 (6.24)
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6. Benchmarking: simplified models

solves the wave equation. The corresponding constant C' = C/ depends on the mode index n

and, in quantum mechanics, has the physical meaning of energy. It is given by
C! =2n+1 withn € Ny. (6.25)

The wave equation is linear, so a general solution is found as a superposition of these eigenmodes,

namely
oo
E(xy) = Ape ™VIZHE5H, (Viy) e, (6.26)
n=0

Here, A,, are coefficients to be determined given the boundary condition E(x = 0,y). The model
of a lens-like medium being also discussed in [34], the computation of the coefficients A,, may

be borrowed from there: We recall orthogonality of Hermite polynomials

/ ™" Hon () Hy (') = 2701/T (6.27)
and recover this integral when integrating on y the electric field on the antenna plane E(x = 0,y)
obtained from (6.26) multiplied by the m-th Hermite-mode

12

Eym(y') = Hu(y')e 2", (6.28)
Kronecker’s d then simplifies the sum, with the result that

/e—%ﬁysz(\/ﬁy)E(x =0,y)dy = 2mm!\/FAm- (6.29)

K
Solved for the coefficients, this reads

1

Am = 2mm)!

\/E/e_éWHm(\/EY)E(X = 0,y)dy. (6.30)
T

As initial conditions, a Gaussian beam profile as considered in appendix D is chosen. In this
section, only beams of vanishing initial phase-front curvature, i.e. S = 0, and with vanishing

central refractive index in the antenna plane are studied. Under these conditions, the electric field
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6.2. Lens-like medium

on the antenna plane (D.1) simplifies to
E(x=0,y) = e 2#D¥*, (6.31)

The coefficients (6.30) are then, in terms of the normalized y’,:

1

Am = 2mim!

/ e 2 (DY I (4 Vdy' (6.32)

These integrals are computed recursively in [34], with the result

!
R Gty
Azz—<2l)”2l el ) (6.33a)

A1 =0, (6.33b)
where 7 := 1+ D. Upon making use of the floor function defined as

|f] i=max{n€Z:n< f}, (6.34)

according to (6.26) modes n with

k—1

2

n>| | =:no (6.35)

are evanescent and, fading away exponentially on the length scale of the wave length, do not
contribute considerably far from the antenna plane. Therefore, these modes are neglected and

only the first ng are taken into account.

Let us discuss the periodicity in x-direction of the wave field amplitude of the reference solution

(6.26). At a given position x, the phase shift A¢,,,,, between two Hermite-modes m and n, is

Aqun:/i(\/l—2m+1—\/1—2n+1>x. (6.36)
K K

A periodicity in x is purely determined by this phase shift, cf. (6.26). The condition for the

superposition of the Hermite-modes to be periodic is that, for x = p with a period p, A¢,,, is a

multiple of 27 for any m and n. Regarding these phase shifts (6.36) containing square roots, we
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note that in general the ratio of A¢,y,, and Ag,,,,, is not rational for (m,n) # (m/,n’), making
it impossible that all are multiples of 27 for the same value of x. This means that the solution in
general is not periodic. However, it can be shown that in the limit x — oo, a periodic solution
is obtained: The square roots in the phase shift (6.36) then may be Taylor expanded, i.e. up to
first-order terms O (k1)

(2n+1)2 — (2m +1)?

Adpmn = (n —m)x + ™ X. (6.37)

Upon neglecting the second term on the r.h.s and taking into account that only even numbers n
and m are considered, cf. (6.33), the phase shift is a multiple of 27 for x = 7, determining the
periodicity of the solution, p = 7. The second term may be neglected for small |x|, namely
Ax| < (6.38)

1o
for np the number of relevant modes with non-negligible amplitude (6.33a). For beams propagat-
ing over a larger distance, however, the first-order term spoils periodicity.

In the following, results are presented, again, in physical units. For the test runs of the simulation,
first a very high frequency, f = 14000 GHz, and an initial beam width of w = 0.1 cm are used.
With a typical variational length scale of the refractive index L = 3 cm. The amplitude in (6.33a)
drops fast with increasing index, justifying the assumption that the number of relevant modes 71 is
of order 1. Then, the above-presented parameters, yielding x ~ 9 - 103, ensure a periodic solution
over the whole observation range. The results are presented in figure 6.2. The difference between
WKBeam and the reference solution (b) is close to zero. This confirms that the wave kinetic code
produces reasonable results for the chosen set of parameters. In addition it is confirmed that the
result (a) is periodic in x, with a period p = 9.4 cm.

Next, the beam is simulated for another set of parameters, for which we expect a faster breakdown
of the periodicity: The frequency is reduced by a factor of 100, i.e. f = 140 GHz, causing also
a reduction of the parameter . In addition, the initial beam width is multiplied by a factor of
10, w = 1 cm. This leaves the parameter D unchanged, cf. (D.13a). According to (6.32) this
results in similar contributions of Hermite-modes as compared to the beam parameters before.
Hence, also the number of relevant modes g is equivalent. Even if the high-frequency limit

k =~ 90 > 1 is still fulfilled, a periodic solution is predicted by (6.38) only for |Ax| < 30 cm.
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(a) result of the WKBeam code:
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Figure 6.2.: Beam in a lens-like medium L = 3 cm with frequency f = 14000 GHz, initial beam
width w = 0.1 cm. ng = 20000 rays have been traced and the size of the bins is
Ax = 0.4cm and Ay = 0.004 cm. It is shown: (a) the result obtained by the wave
kinetic code, (b) the difference to the analytical reference solution, (c) the statistical
uncertainty.

The results can be seen in figure 6.3. In this figure, two effects can be discovered: Indeed,
solution (a) is no longer periodic, as it was foreseen considering the input parameters for the
beam. Furthermore, the difference (b) of the outcome of WKBeam (a) to the reference solution
is significantly larger than the statistical uncertainty (c), pointing to an inaccuracy beyond this
uncertainty. The semiclassical limit may serve as an explanation: The spots seen in the difference
plot (b) show a typical interference pattern with a scale of d = 0.2cm ~ A. This can be
attributed to the interference of the Hermite-Gaussian modes composing the beam. As addressed

in section 2.4.2, the semiclassical limit of the Wigner function is defined in weak sense only,
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(a) result of the WKBeam code:
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Figure 6.3.: Beam in a lens-like medium L = 3 ¢cm with frequency f = 140 GHz, initial beam
width w = 1lcm. ng = 20000 rays have been traced and the size of the bins is
Ax = 0.57 cm and Ay = 0.033 cm. It is shown: (a) the result obtained by the wave
kinetic code, (b) the difference to the analytical reference solution, (c) the statistical
uncertainty.

implying an average of such interference pattern over a scale length of several wave length A.
This effect is discussed further in the next example. Such interference effects in principle are also
present for the parameters used in figure 6.2. However, the wave length there was A = 2-1073 cm,
which is too small to be resolved with the chosen bin size, such that the approximation of the

semiclassical limit does not lead to inaccuracies.
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6.3. Linear layer

6.3. Linear layer

The simplified model under investigation in this section has a linearly decreasing squared refrac-

tive index for propagation to the left, i.e.
n?(x) =1+x. (6.39)

This medium does not allow beam propagation beyond a cut-off layer, this means for x < —1,
where n(x) becomes imaginary. This model is interesting particularly with regard to reflectometry
applications in tokamak plasmas, because reflections can be reproduced. The wave equation with

refractive index (6.39) yields

2 9,
<8X2+8y2+’f(1+x)> E(X7Y):O' (6.40)

The Hamiltonian for the wave kinetic code is constructed in analogy to the free space case in

section 6.1 and yields
H(x,y, Ny, Ny) = 2 (Nf +N2-1- x) (6.41)
where the correction factor is, again,
&(x,N)=2. (6.42)

For the construction of a reference solution, we refer to [35]. A Fourier transformation with

respect to y of the wave equation is performed. This leads to

? A
<8X,2 - X/> E(Xl, Ny) = 0. (6.43)
Here, the rescaled coordinate
X = —g2/3 (1 Tx— Ny2) (6.44)
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has been introduced. Since Ny is a constant of motion in this case, equation (6.43) is the well-
known Airy equation with the solution referred to as Airy function Ai(x’). Hence, the Fourier

transformed wave field reads
E(x, Ny) = f(Ny)Ai (—-2/* (14x = N2)). (6.45)

The function f(Ny) contains the boundary conditions, i.e. the electric field at the antenna plane.
Note that, in case the beam gets reflected and comes back to the antenna plane, only the originally
launched contribution E5(y), i.e. the contribution propagating in negatice x-direction, must be
taken into account, for consistency with the wave kinetic code. Around the antenna plane, i.e.
x ~ 0, we have X’ ~ —r?/3 (1 — N}?) > 1, which justifies the following approximation: As

discussed in [36], in the regime x’ < —1, the Airy function can be approximated with

sin (%(—X’)3/2 + %)
VA

In this approximation, the contribution propagating in negative x-direction is obtained if the

Ai(¥) ~ (6.46)

sin-function is replaced with the right exponential, i.e.

sin(-) — %ei('). (6.47)

This inserted into (6.45) results in

. e_%“(l"'x_NyZ)B/Q
E(x, Ny) = f(Ny)

' 2,/TK2/3 (1 +x— Ny2)1/4.

(6.48)

For x = 0, this expresses the spectrum of the wave field considered as boundary condition on the

antenna plane. Solved for f(Vy) and inserted into (6.45), the previous equation leads to

(1 —N3)1/4

~2x(1-N2)*?

E(x,Ny) = 2y/ax/3 Ai (=% (14x = N2)) E(x = 0,Ny). (649
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6.3. Linear layer

(a) result of the WKBeam code: (b) reference solution:
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Figure 6.4.: Beam in a linear layer with inhomogenity scale L = 90 cm, frequency f = 140 GHz,
initial beam width w = 6 ¢cm and initial curvature radius R = 180 cm. ng = 10000
rays have been traced and the size of the bins is Ax = 0.031 cm and Ay = 0.15 cm.
The beam is launched at (x = 0,y = 0) with an injection angle of 5.7° with respect
to the negative x-axis. Around the turning point it is shown: (a) the result from the
wave kinetic code, (b) the reference solution, (c) the difference between WKBeam
and the reference solution and (d) the statistical uncertainty of the wave kinetic code.

The inverse Fourier transform provides the wave field

1/4
E(x,y) = \;/3 ( —(N]2V)2)3/2 Ai (=% (14x = N2)) B(x, Ny)dNy.  (6.50)

The electric field on the antenna plane is assumed to be (D.1).

As a consistency check, let us assume that wave propagation around x ~ 0 is studied, with the
physical meaning of a negligible influence of the refractive index variation. Then approximation

(6.46) and, upon assuming propagation to the left also (6.47) is appropriate for the remaining
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6. Benchmarking: simplified models

(a) field amplitude along the center of the beam: (b) smoothed field amplitude along the center of the beam:
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Figure 6.5.: Beam propagating in a linear layer with L = 17.7 cm, frequency f = 64 GHz, initial
beam width w = 3.19 ¢m and initial curvature radius R = 512cm. ng = 10000
rays have been traced and the size of the bins is Ax = 0.023 cm and Ay = 0.13 cm.
The injection is parallel to the x-axis. It is shown (a) field amplitude along the center
of the, i.e. the x-axis, (b) data from (a) smoothed according to equation (6.53).

Airy function in (6.50), with the result that

1_ N2 1/4 2 N2Y3/2 (1 N2)3/2
y ) e 3 |:(1+ NY) (1 NY) :|dNy (651)

K .
E _ v ikyNy [ = 7y
(5,¥) 271'/€ <1+X—N3

We should recover formula (6.10) for free space in this limit. Indeed, a Taylor expansion of the

expression in the exponent around x = 0 yields

(1+X—Ny2)3/2— (1—N3)3/2%g,/1—Ny2x (6.52)

with the expected consequence.

As an example, in figure 6.4 the results for the case of a reflected beam are shown, with (6.50)
as a reference solution and the integral computed numerically. It can be seen that in the reference
solution (b) an interference pattern is visible. Instead, it is absent in the weak semiclassical limit
k — oo considered in the wave kinetic code (a). Therefore, the difference (c) exceeds by far the
statistical uncertainty (d). However, the shape of the beam intensity is well reproduced by the
wave kinetic code.

The smaller the injection angle is chosen, the more the interference pattern is pronounced. The

WKBeam code even produces results for zero injection angle, presented in figure 6.5. Again,
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6.4. Fluctuations in free space

the interference pattern which is present for the reference solution up to the antenna plane is not
reproduced by the wave kinetic code, cf. figure 6.5 (a). In addition, the numerical result drops
to zero at the cut-off layer x = 17.7 cm whereas the reference solution shows an evanescent
field contribution even beyond. Instead, there is a good agreement in (b), where the result is
smoothed over the interval s = 2cm > 0.47cm = ), large compared to the free space wave

length A\ = 27 /ky. The smoothing is realized by mean of a convolution:

1 =xD2 4 (y=y)?

AZ oo (X, ) = / e 2 7 A%(X,y)dxdy’. (6.53)

Hence, also for the reflectometry case, the smoothed amplitude is an accurate quantity. The
formalism adapted in the wave kinetic code, however, does not allow a reproduction of the

detailed interference pattern exhibited by the exact solution.

6.4. Fluctuations in free space

The benchmarks presented in previous sections do not involve fluctuations. Here, a simplified
model of a random media is presented to test the numerical scattering scheme for fluctuations,

namely the wave equation

<§; + ;;2 +K2(1 4+ 5n2(x,y))> E(x,y) = 0. (6.54)
Once again, the dimensionality is specified to m = 2 and scalar waves are considered. Therefore,
all matrix-valued quantities reduce to scalars. Fluctuations are introduced via a random contribu-
tion to the refractive index én?(x, y). For the special case of no fluctuations, 6n?(x,y) = 0, wave
equation (6.54) reduces to the free space wave equation (6.1). Hence, the free space Hamiltonian
(6.3) is still an appropriate choice with correction factor & = 2. The fluctuating part 6n?(x,y) in
the wave equation is a simple function of the coordinates (x,y), not involving any complicated

operators. For the fluctuation part of the dispersion symbol, this yields

Dp(z,N) = Vron?(z), (6.55)
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6. Benchmarking: simplified models

where the ordering parameter 0, cf. equation (3.10), is accounted for by the prefactor /x on the

r.h.s. The following statistical properties are considered:

E (5n2(x,y)) -0, (6.562)

(x—x")? _—y")?

E <5n2(x,y)6n2(xl,y’)) = AZe” T aa? (6.56Db)

The first property (6.56a) states that the mean value of the fluctuations vanishes. The two-point
correlation function (6.56b) inserted into (3.28) yields the spectral scattering amplitude

K3 A2

Gz, N) = AxAye " (ANZ+AYNT) (6.57)

Then, the scattering cross section as presented in (4.68) yields
o(x,N,N'") = 8rG(x, N — N)é (H(z,N")) . (6.58)

The parameter 3. for the Poisson process which produces scattering events is obtained as an
integral on the scattering cross section o, cf. equation (4.25b). Inserting the Hamiltonian (6.3)

into (6.58) and integrating in Nx-direction on Dirac’s delta, this integral reads

NN
S(z, N) = 2 / G(“T—I) dN. (6.59)
| VY| Nj=—/T-N7

Note that Dirac’s delta in (6.58) in principle, yields a contributions for all branches of the

dispersion variety, i.e. for N, = 4, /1 — N}’?. However, for this benchmark a beam composed by

orbits propagating to the left, i.e. Ny = -1+ O (Ny2> , is considered and the chosen parameters
(kAx ~ 2.6, cf. figure 6.7) suppress large jumps in the refractive index of the order ANy ~ 2,
which could lead to backscattering. This is seen in the fluctuation spectrum (6.57), where the
factor e AXANT ~ 10712 jg present. In turn such jumps would be required for the orbits
to reach the positive branch with N, = 1+ O (N}’?) , justifying that we restrict ourselves to
the branch N, = —\/W in (6.59). The remaining integral in (6.59) can be computed
numerically, with G provided by equation (6.57).

Once a scattering event is produced, according to the numerical scheme in section 4.2, the new

refractive index N’ is chosen following as a probability density o(z, N, N'), defined in (6.58).
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6.4. Fluctuations in free space

Upon accounting for the free space Hamiltonian, this probability distribution is

/ G(J"’N—N/) / 2
ol N, N') o 52020 (N + /1= N2). (6.60)

Given the fact that prefactors are not of importance here, they are dropped and the equation
is restricted to a proportionality statement. As mentioned also in section 5.1.2, the probability
distribution is no standard distribution, so no standard functions can be used to generate the
required random numbers. Therefore, the value for N; is generated with Metropolis-Hastings

algorithm, see appendix F, where
_k2Ay2 a2
Pproposal X € Ay (Ny Ny) (6.61)

serves as proposal probability distribution required by the algorithm. Once the value for N}’, is

picked, N/, is determined by the dispersion relation for Hamiltonian (6.3):

N, = —\/1- N2, (6.62)

as expressed by the d-distribution in (6.60).

To construct a reference solution, snapshots of the fluctuation dn?(x) are generated randomly
so that the statistical properties (6.56) are fulfilled. The original wave equation (6.54) is solved
for every single set of fluctuations and the resulting electric field amplitude squared is averaged.
This quantity then is suitable to be compared with the wave kinetic code. Of course, given the
complexity of equation (6.54) for each realization of the fluctuations 6n?, a numerical solution is

required. As a model for the fluctuations, 6n? is represented in Fourier series

Y o
on(x,y) = > Bape ™0 e ™50, (6.63)

a,b
where @, ;, are random numbers. The wave equation is solved by the spectral method in the

variable y transversal to the propagation direction. Specifically, the electric field in such mode

decomposition reads

E(x,y) = 3 En(x)e™ 50, (6.64)
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6. Benchmarking: simplified models

yielding the wave equation

<88X22 - i%ﬂ + ;@2> Ep(x) + k2 agl; Dp_gpe” ™50 By (x) = 0. (6.65)
Equation (6.65) being of second order must be equipped with two boundary conditions. The beam
is launched at x = 0 and assumed to propagate to the left, so the electric field on the antenna
plane at x = 0 is mode-decomposed and E,,(x = 0) serve as boundary conditions. Physically,
the second condition to be modeled is the information that the beam propagates to the left. In
equation (6.65) this can be described by introducing an absorption layer with non-vanishing
absorption coefficient v(x) for x € (Xmin, —Xo) by hand, where xpi, < 0 determines the left
boundary for the numerical solver and —x¢ < 0. It is assumed that this layer completely absorbs
the beam intensity so that the observed beam is purely propagating in the negative x-direction and
the boundary condition E,, (Xmin) = 0 applies at x = xpi,. Instead, the solution is not affected
by the absorption in the range xo < x < 0, so in this area the solution for the wave equation

(6.65) without absorption is obtained. The wave equation with absorption reads

(;{22 +iy(x) — ”2;;:2 + /<;2> B (x) + K2 ; Dpy_q e’ ™50 Ey(x) = 0. (6.66)
This equation with the above-stated boundary condition constitutes a two-point boundary value
problem on the interval [Xp;p, 0], which is solved by a finite element library.

Note that absorption might not be perfect, causing a small contribution of the beam which gets
reflected at the boundary x = x,i,. This can make appear an interference pattern on top of the
desired solution, cf. figure 6.7 and 6.7 (f).

Here, fluctuations are fully characterized by the coefficients ®, ;. They are chosen randomly
with a distribution such that the properties (6.56) are fulfilled. For the random generation, the

ansatz

Doy = By pei®at (6.672)
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6.4. Fluctuations in free space

is used. Here, &3&71) are deterministic coefficients to be determined later on and
aap = ol + ol (6.67b)
are random phases picked according to

al) = —a ., uniformly distributed in € [0, 27) for a > 0,

a

with superscript (i) = (x), (y) (6.67¢)

Ansatz (6.67) reproduces the stochastic properties (6.56). In fact, the average of the fluctuation in

terms of mode decomposition (6.63) reads

( ) Ze”“ 0675 &, IE( mavb) : (6.68)

Here, the ansatz (6.67a) is used and the averaging only applies on the random numbers (6.67c).
The way the random numbers are constructed (6.67¢) ensures that this expectation value vanishes,
in agreement with (6.56a).

Next, the mean value of the two-point correlation function (6.56b) is evaluated: This fixes the

deterministic coefficients (fmb. Substituting (6.63) into (6.56b) yields

!/ 1!
. ay—a,y 2 -bx—b'x
E(6n?(x,y)on(x',y") E D, D7 ,b,e o e w0
a,b,a’ b’

<E (ei(afzx)a,(;f))) E (ei(aéwag))) ) (6.69)

are chosen in a statistically independent way, the expectation

Since the coefficients ' and al()y)

(%) (%)
value can be split as in equation (6.69). As an example, the average E (ez(a“ % )> running on

the x-component is discussed; the y-part can be treated analogously. Three cases are distinguished:

e a # a' and a # —a’: The random numbers a((zx) and 04((;,() are statistically independent, the

L x) (%) x ()
B (e ) k(e ) () —o. (6.70a)

average yields
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6. Benchmarking: simplified models

e a = —a’: According to (6.67¢), the random numbers fulfil oz((lx) = —agf). The average
reads
E (e“aéx)—aixf))) —E <e2iafzx)> =0, (6.70b)
e a = a’: obviously, oz((lx) = oz((;,() and the average is
E (&Wéx)—aff’)) —E(1)=1. (6.70¢)
In summary, we find
E <ei(a5tx>‘“ixf))) = Soars (6.71a)

where ¢, o/ is Kronecker’s delta and, in analogy,
(o) )
E <e’(%y —y )) = Gy (6.71b)

These results are substituted in equation (6.69) with the result

2 ipar=Y omipx=x
e 0 e X0 (6.72)

E(0n?(x,y)on? (<, y')) = > |®ap
a,b

where on the right no random variables occur any longer. Mathematically, equation (6.72) is a
decomposition into a Fourier series of the two-point correlation function. Given the two-point

-2
correlation function (6.56b), the Fourier coefficients ’<I>a7b , upon accounting for the substitution

x=x—xandy =y —y/, read

2 2 %2 & " 72 ibd
2 A /xo/ Ty 2miek o /y° e 17 055 g5 (6.73)
2x0y0 J—x0/2 —Yo

’(I)a,b

The integrals can be computed analytically if the integration boundaries are placed to infinity.
This is a good approximation with the assumption of a small fluctuation correlation length, i.e.

Ax < xg and Ay < yy, since it affects the tails of the Gaussian in the integral, with the result
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6.4. Fluctuations in free space

that

2 2
AxAy - [1852 a2+ 830
e 0 .

= 97 A? Y0
Xo0Yo

~ 2
‘(I)a,b

(6.74)

This condition for the coefficients (f>a7b, yielding real and positive numbers for their norm squared,
can be fulfilled, justifying ansatz (6.67a) to reproduce the two-point correlation function (6.56b).
Equation (6.74) then determines the norm of the deterministic fluctuation coefficients. The
coefficient for one realization of fluctuations @, ; is given by (6.67a), where the deterministic
number <i>a7b is multiplied with a random phase. Therefore, the phase of ® has no importance.
Without any restriction, the coefficients ® are chosen to be the real and positive square root of

(6.74):

~ AxA -
Qyp =4/2m 2 Ae
X0Yo

2 2
ooty a2
*0 Yo

(6.75)

The result of one run of the full wave solver is the electric field £;(x,y). Here, i labels the run.

The averaged field energy density for K runs is computed as

(yE(x v) ) i 1Ee(x,y)?. (6.76)

The corresponding statistical uncertainty is estimated by

K 2
%2 \IZ (1B 3 —E (|EGy)[P)) (6.77)

In this section, two test runs for different sets of parameters are presented. For the beam
frequency, f = 50 GHz is chosen. The initial beam width is w = 1.5 cm, the initial curvature
radius R = 20 cm. This yields a good focusing, compensating for the spreading of the beam due
to diffractive effects so that in the range of observation x[cm] € [—10, 0], without fluctuations,
an approximately constant beam amplitude is obtained. The fluctuation correlation lengths are
Ax = Ay = 0.25 cm. For the mode decomposition, 80 modes in x-direction and 19 modes in

y-direction are in use.
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(a) fluctuations dn?:
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Figure 6.6.: Beam launched at x = 0 and propagating to the left with and without the effect of
fluctuation. (a) deviation of the squared refractive index n? due to the randomly
generated fluctuation with parameters A = 0.05, Ax = Ay = 0.25 cm, (b) beam
intensity for fluctuations turned off, (c) beam intensity, when the fluctuations (a) are
taken into account.

In figure 6.6, as an example, the effect of fluctuations on the beam propagation is shown for the
turbulence realization presented in the first panel (a). In part (b) on the left, the beam for free
space without fluctuations is displayed, whereas on the right, the result of one single run of the
full wave solver is shown (c). The fluctuation is randomly generated as described before with the
parameter determining the strength of fluctuation A = 0.05. It can be seen that the beam under
the influence of fluctuations has no longer the nice, Gaussian shape it has in free space. Around
x = —3.5 cm there is a relatively strong gradient of n? pointing downward, deflecting the main
contribution of the beam to the bottom. In addition, the beam propagates through the positive
density blob centered at x = —3.5 cm, y = —0.25 cm, acting like a lens focusing the beam. This
increases the beam intensity to a maximum value of around 1.75, exceeding the maximal intensity
of around 1 for the beam neglecting fluctuations, cf. figure 6.6, (b).

To allow a comparison with the wave kinetic code, 1380 runs of the full wave solver for different
realizations of the fluctuations have been performed and the average (6.76) has been computed
according to (6.76). For A = 0.05, the result is shown in figure 6.7. The effect of the fluctuation

is seen best in the comparison (e) to the analytical free space solution without fluctuations which
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6.4. Fluctuations in free space

is well reproduced by the wave kinetic code in the absence of fluctuations. The difference shown
there vanishes on the antenna plane at x = 0, where the beam is launched and hence not yet
affected by any properties of the medium. Instead, after propagation through the fluctuating
region, the beam intensity is increased at its boundaries and decreased in the center, corresponding
to a spreading of the beam. The decrease is by about 20% of the maximum beam intensity. Most
important for the benchmarking is that the difference (f) between the wave kinetic code and the
full wave solver is only 3% of the maximum beam intensity. This is the order of magnitude of the
statistical uncertainty of both, full wave solver (b) and wave kinetic code (d), and one order of
magnitude smaller then the effect of fluctuations (e), indicating that the effect of fluctuations is
well-resolved and the results are correct. In figure 6.8 the same comparison is presented for a
higher level of fluctuations, A = 0.1. The higher level of fluctuation increases its effect on the

beam. Still, the comparison of kinetic code and full wave solver gives satisfactory results.
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a) result of the full wave solver:
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Figure 6.7.: Results for a beam in free space with fluctuation strength A = 0.05, fluctuation
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correlation lengths Ax = Ay = 0.25 cm, beam frequency f = 50 GHz, initial
beam width w = 1.5 cm and initial curvature radius R = 20 cm. It is shown: (a)
the averaged result of the full wave solver and (b) its statistical uncertainty, (c) the
results produced by WKBeam with (d) the corresponding statistical uncertainty, (e)
the difference between the wave kinetic code and the analytical result neglecting
fluctuations and (f) the difference between the wave kinetic code and the full wave
solver, an interference pattern aligned with the y-direction is observed, due to the
effect discussed after equation (6.66).
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(a) result of the full wave solver:
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Figure 6.8.: Results for a beam in free space with fluctuation strength A = 0.1, fluctuation
correlation lengths Ax = Ay = 0.25cm, beam frequency f = 50 GHz, initial
beam width w = 1.5 cm and initial curvature radius R = 20 cm. It is shown: (a)
the averaged result of the full wave solver and (b) its statistical uncertainty, (c) the
results produced by WKBeam with (d) the corresponding statistical uncertainty, (e)
the difference between the wave kinetic code and the analytical result neglecting
fluctuations and (f) the difference between the wave kinetic code and the full wave
solver, an interference pattern aligned with the y-direction is observed, due to the
effect discussed after equation (6.66).
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6.5. Convergence test

As announced in the introduction to this chapter, we shall discuss the impact of numerical
parameters on the result of the wave kinetic code, i.e. the number of rays and the number of bins,
defining their edge lengths. For this analysis, a beam with frequency f = 50 GHz, initial beam
width w = 1.5 cm and initial curvature radius R = 20 cm is launched and observed in an area
x[em] € [-10,0] and y[cm] € [—9, +9]. The beam propagates in free space. With the chosen
parameters, the beam has an approximately constant width over the whole observation range. We

define

2
J IBG )P = | Brealoe, )] dxdy
f|Eref(XaY)|4dXdy

Errory 5 := (6.78)

and refer to this expression as error norm. It is one single number which expresses the global
accuracy of the solution of the wave kinetic code | E(x, y)|? in comparison with the analytical
reference solution |Erf(x,y)|?, cf. (6.14). If and only if both are the same, the error norm

vanishes. An estimate of the error norm in terms of the statistical uncertainty reads

[ o%a(x,y)dxdy

. (6.79)
f|Eref(X7Y)| dXdy

Uncertaintyy , :=

Here, 02 denotes the standard deviation of the Monte-Carlo estimator for £2 (4.53). In case
statistical uncertainty is the only source of inaccuracies, (6.78) and (6.79) are the same.

Performing a scan over the number of traced rays and the number of bins, we obtain the results
in figure 6.9. The number of bins is given by n, = nyn,, where ny and ny denote the number of
subdivisions of the area under investigation in x-direction and y-direction, respectively. For the
test presented here, these subdivisions are chosen such that n, = ny.

It is seen that, in general, the more rays are traced the lower the statistical uncertainty is. This
result was predicted by section 4.3. The error shows the same behavior. Comparing error norm
and statistical uncertainty, it is conspicuous that for a large number of bins, they are the same. This
is because then the bins are small and the approximation made in (3.74), namely the assumption
that the wave field amplitude is constant over the whole bin, is a good approximation such that
the only inaccuracy is due to statistics. Instead, if only few bins are taken, at some point, more

specificly log;, 1y ~ 3.55, corresponding to 60 bins in each direction, the error norm explodes,
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Figure 6.9.: Top: Error norm. Bottom: statistical uncertainty. Both depending on the number of
traced rays ng and the number of bins covering the observation area ny.

while the statistical uncertainty still decreases. This can be explained by the growing bin size
which is, at some point, just too rough to reproduce the fine structure of the beam. Instead,
inside each bin the contributions of a lot of rays are summed up, leading to a small statistical
uncertainty. Here, this is the case when Ay = 0.3 cm, which starts to be comparable to the
beam width w = 1.5 cm. The precise formulation of a criteria for the automatic determination
of the maximum bin size allowed before the error explodes is left for future work. However,
as a guideline for this thesis, we say that the bin size should be considerably smaller then the
structures to resolve. For such parameters, this section has shown that the error is as large as

expected from the statistical uncertainty.
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Results for tokamak plasmas

The benchmarking in the previous chapter has showed that the wave kinetic code WKBeam yields
results that are in satisfactory agreement with the reference solutions. Therefore, we can now
exploit the code for real, physical tokamak situations. The equations involved in such situations
are more complicated than those describing the simplified models. Furthermore, the simple
geometry with the antenna plane well-aligned to Cartesian coordinate axis considered for the
benchmarks is no longer appropriate.

The geometry for physical situations is three dimensional, so for the applications in this chapter,
m = 3 is specified, with a Cartesian coordinate vector x = (x,y,z) and a Cartesian refractive
index vector N = (Ny, Ny, N,).

This chapter is organized as follows: First, the geometry of the tokamak and the antenna plane
are presented as well as some useful coordinate transformations. Next, there is a discussion on the
lowest-order contribution of the dispersion tensor Dy for magnetized plasmas and a Hamiltonian

is constructed. This is followed by the model for fluctuations and absorption.

113



7. Results for tokamak plasmas

magnetic surfaces

E \\\\\

v "

Figure 7.1.: Left: Section of the "donut"-shaped tokamak. The Cartesian coordinate system
(x,y,z) has its origin on the axis of rotation. In each poloidal plane, a coordinate
system (R, ¢, z) is localized. The R-axis points radially outwards, the p-axis in
toroidal direction and the z-axis is the z-axis of the Cartesian coordinate system.
Right: Coordinates in one poloidal plane. The magnetic surfaces suggest the use of a
coordinate system (p, #) in the poloidal plane. The point (Rg, zo) is the position of
the magnetic axis.

7.1. Tokamak geometry

The wave kinetic equation is formulated in terms of Cartesian coordinates. However, the tokamak
has a special toroidal symmetry which suggests the use of a cylindrical coordinate system. So
both, the Cartesian as well as the cylindrical coordinate system, are in use and a coordinate
transformation is needed. To illustrate how coordinates are defined, the "donut"-shaped tokamak
with the attached coordinate systems is shown on the left in figure 7.1. A cut through the tokamak
tube containing the R- and z-axis is called poloidal plane, whereas the direction perpendicular
to it is referred to as toroidal direction. The toroidal symmetry of the tokamak involves every
equilibrium quantity including the background plasma profiles. For our purposes, these are the
electron density n., the magnetic field B and the electron temperature 7. The magnetic field is
such that the field lines lie on closed surfaces called magnetic surfaces. The central magnetic
surface collapsing to a single line, is called magnetic axis. The cut of the magnetic surfaces and
the magnetic axis through the poloidal plane is shown on the right in figure 7.1. The surfaces

can be labeled e.g. with the magnetic flux ¥ flowing through them or alternatively with p = /.
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7.1. Tokamak geometry

Hence, an alternative coordinate system in the poloidal plane (p, 6) is introduced, where p = VI
and 6 is the angle as shown in figure 7.1. Note that the flux in this thesis is normalized so that
p = ¥ = 0 on the magnetic axis and p = ¥ = 1 at the separatrix (last close flux surface). The
coordinate p it is also referred to as normalized minor radius coordinate, which is motivated by
the fact that it measures the distance from the magnetic axis under the simplifying approximations
of circular magnetic surfaces and a constant magnetic field. Given the fact that the electron
density and the temperature equilibrate fast on magnetic surfaces [37], it is appropriate to assume
that they are functions on p only. Instead, the magnetic field depends on (R, z). However, the
larger (toroidal) component of the magnetic field is in first approximation a function of R only,
and decreases as 1/ R away from the z-axis.

Given the Cartesian coordinates (X, y, z), the components (R, z) of the cylindrical coordinate
system are given by the following relations obtained from geometry:

R (Va+¥

= . 7.1

Z Z

Given a vector A in components (AR, Ay, A,), the transformation to Cartesian coordinates is a

simple rotation around the z-axis, i.e.

Ay cosp —sinp 0\ [Agr
Ay [ =|sing cosp 0| A,]- (7.2)
A, 0 0 1 A,
with the rotation angle
_ y
(p = arctan =. (7.3)
X

In later applications, e.g. section 7.5, the beam propagation usually is considered close to the
xz-plane, defined by ¢ = 0. Let us note that in this specific case, the unit vectors eg, e, and
e, of the cylindrical coordinate system correspond to ey, ey and e, in the Cartesian coordinate

system, respectively.
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7.2. Orientation of the antenna plane

The antenna plane is not necessarily aligned to the Cartesian coordinate system as presented in
section 3.5. Instead, for tokamak applications, the antenna is considered to be a plane containing
the point z, = (X4, Ya, Za) With an orientation specified by two angles ¢ and ¢, called poloidal
and toroidal angles, respectively. The unit vector normal to the antenna plane in terms of Cartesian

coordinates, in ASDEX Upgrade convention, is

Ny — cos VY cos ¢
n=\ny|=1]—cosdsing |- (7.4)
Ny, —sind

For the generation of initial ray conditions, a Cartesian coordinate system (&1, {2, & ) is attached
to the antenna plane. The direction perpendicular to the antenna plane is labeled with an index
" 1" whereas the directions which span the plane are indexed with "1" and "2". The origin is set
at z,. Then, in terms of these coordinates, the geometry of section 3.5 is appropriate and the

corresponding Cartesian coordinates are obtained from the coordinate transformation

X &1 Xa
y|=TW0,0) | & |+ |val- (7.5)
Z §1 Zg
Here,
—sindcos¢p sing —cosdcos
T(Y,¢)=| sind¥sing —cos¢ —cosvsing (7.6)
—cos 0 —sin

is a rotation matrix and it is accounted for the shift (xo, yo,zo). In analogy, the refractive index

vector is rotated:

Nx Nal
Ny = T(P&a ¢) Na2 . (77)
Nz NaJ_
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For the tokamak ITER (under construction), another convention has been introduced [38]: It is

obtained by replacing the angles in 7'(¢, ¢) by tilded versions, defined as

¥ = — arcsin (sin ¥ cos ¢) , (7.8a)
<;~5 = —arctan an ¢. (7.8b)
cos v

7.3. Coordinates aligned to the magnetic field

The plasma in a tokamak is anisotropic due to the presence of a magnetic field B. However, we
will see, cf. section 7.4.1, that the local properties of the plasma are invariant under changes of the
gyrophase ¢, introduced later in this section in (7.10). This suggests to introduce a coordinate
system aligned to the magnetic field and to express the refractive index in the dispersion operator
symbol in terms of the components N and IV, 3 perpendicular to the magnetic field and N}
parallel to it. The basis vectors of the two coordinate systems in use are denoted with (ex, ey, €;)
and (eLl, €19, 6”)

The transformation can be written in terms of a rotation @ (), which is in matrix notation

NJ_l Na:
N | =Q" | N, |, (7.9)
NH N,

where QT is the transpose of (), which, in turn, is defined as the rotation matrix transforming
from the field-aligned frame to the Cartesian frame. In addition, we introduce polar coordinates

(N1, ¢n) in the plane perpendicular to the magnetic field:

N1 = cos(¢pn)Ny, (7.10a)
NLQ == sin(ng)NL. (710b)

As an example, upon accounting for the expression of () derived in (7.19), if the magnetic field is

oriented in y-direction (approximately corresponding to the toroidal direction for standard beam
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parameters, cf. section 7.2) the coordinate transformations (7.9) and (7.10) amount to

Ny = sin(¢n) Ny, (7.11a)
N, = —cos(¢n)N, . (7.11b)

Hence ¢ = 0 corresponds to a refractive index pointing in negative z-direction.
As a next step, we shall compute the rotation matrix (). This is possible based upon information
on the orientation of B only. Let us note that the coordinate transformation (7.9) is applicable to

any vector, including the magnetic field B itself:

Bx BJ_l
B, B

This expresses the Cartesian components of the magnetic field in terms of the field aligned
components. Of course, the magnetic field does not have any component perpendicular to itself,

so B|1 = B9 =0, and we obtain
B = |B| Qey. (7.13)

Here, the norm of the magnetic field is | B| and the direction is contained in the rotation matrix Q).

Equation (7.13) can be considered as a condition to be solved for ). Dividing by | B| it reads

B
@ = Qe” = Q‘lastcolumn : (7'14)

The most general ansatz for the rotation () is the parametrization with the three Euler angles «, 3

and ~ as follows:

Q = R3(a)Ra(B)R3(7). (7.15)
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Here R3(&) denotes a rotation around the third axis, i.e. the z- or ||-direction, by an angle £ with

matrix representation

cosé  siné 0
R3(§) = | —siné cos€ 0
0 0 1

and Ry(§) denotes a rotation around the second axis with matrix representation

cosé 0 siné
Ry(§)=| 0 1 0
—siné 0 cosé

When these matrices are substituted into (7.14), we find

cos asin f3
B _ . .
B~ —sinasin g |,

cos 3

which is a condition for the angles o and 3, with the solution

fan 22

& = — arctan —

a BX,
\/B2 + B2

B = arcsin Ty

(7.16a)

(7.16b)

(7.17)

(7.182)

(7.18b)

It is worth noting that the vector (0, 0, B ), which represents the magnetic field in the field-aligned

frame, is invariant under rotation around the third axis, R3(y). Hence, (7.14) does not constrain

the angle ~. Therefore, this angle should be arbitrary. Indeed, it does not appear in condition

(7.17). Hence, without loss of generality, we set v = 0, with the final result

cosacosf sina cosasinf
Q = R3(a)R2(B) = | —sinacosf cosa —sinasinf3

—sin 8 0 cos 3

(7.19)
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7.4. Weyl symbol for electron-cyclotron waves

In this section, the Weyl symbol D(z, N) of the wave equation operator for electron-cyclotron
wave propagation in tokamak plasmas is discussed. For the framework of this thesis, it was
presented in section 3.2 that this operator is split into a part referred to as dispersion operator
Do(z, N), one part § Df-(z, N) describing the fluctuations and a contribution 62D 4 (z, N') which
describes the effect of absorption. For the case of waves in magnetized plasmas, the symbols
involved are matrices and Dy(z, V') must be diagonalized as explained in section 3.3 to simplify to
a scalar problem. This section is split into several parts, where the above-mentioned contributions

are presented separately.

7.4.1. Cold-plasma dispersion

The eigenvalue of Dy(x, N) corresponding to the mode under investigation is considered as
natural Hamiltonian in the ray tracing code. In this subsection, Dy for magnetized plasmas is
computed and a Hamiltonian is constructed.

For the propagation of electron-cyclotron waves it is customary to use the cold-plasma approxi-
mation for Do(z, N) [11], [12], [13]. This is appropriate as far as the beam is far from resonances.
Hot-plasma effects determine the resonant absorption of the wave, see section 7.4.6. A discussion

on this approximation can be found e.g. in [12]. The cold-plasma dielectric tensor is

S D 0
Ez=|—iD S 0. (7.20)
0 0 P

The index z indicates that this dielectric tensor is expressed in a frame where B is aligned to the z-
axis. The tensor in generic coordinates can be obtained by applying the coordinate transformation

expressed by the matrix @) (7.19). The coefficients S, D and P are functions of the (electron)
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plasma frequency w,, and the (electron) cyclotron frequency €2 as follows:

w2
P=1- %7 (7.21a)
w
w2
S=1- fpm (7.21b)
wQ w2
nee?

The electron plasma frequency is w, = where n, is the electron number density, e is

€0Me
the negative electron charge (e > 0), m, the electron mass and €p the vacuum permitivity. The
el B

cyclotron frequency in MKSA-units reads () = > Where | B| is the norm of the magnetic
field. Note that since n. and |B| are space-dependent, also ¢ is. The L-symbol dy(z, N) of the
dispersion operator is obtained by means of (2.23). Upon accounting for its structure, discussed

in equation (2.38), the Weyl symbol Dy(z, N) is equivalent,
Dy(z,N) = —N & N + N2I3 — e(z). (7.22)

The Hamiltonian for the ray tracing, in principle, is found by computing the eigenvalue ), of this

matrix for the mode « to be traced. This requires solving the cubic dispersion relation
det (Dgo(x, N) — Al3) =0 (7.23)

and is not trivial. Anyway, it was seen in section 4.4 that it can be multiplied with any non-
vanishing function and still a correct solution can be obtained with a rescaling procedure. Given
the fact that the determinant of a matrix is just the product of the eigenvalues, the determinant of
(7.22) would be an appropriate choice for the Hamiltonian which is much simpler to compute

than the eigenvalue. Therefore, as a relatively easy starting point, the Hamiltonian

H'(x,N) = det Dy(z, N) (7.24)

121



7. Results for tokamak plasmas

is considered. This determinant is computed as follows: First, the dispersion matrix is transformed

to the coordinate system aligned to the magnetic field, i.e.
Do, = QTDyQ = (QTN) ® (QTN) N2 — e, (7.25)
With the rotation () a unitary matrix, the determinant is not affected by such transformations, i.e.
det Dg , = det Dy. (7.26)

Inserting () defined in (7.9) and the dielectric tensor (7.20) into (7.25), the dispersion matrix

reads
N2—N2,—8 —N,Ni—iD —N,N
DO,Z =|-N|1Njo+1iD N2 — NJ2_2 -5 —NJ_QNH . (7.27)
~NIN ~NoNj N2 NP P

It is worth noting that here no assumption is made on the orientation of N in the plane perpen-
dicular to the local magnetic field. If, in addition, one sets the gyrophase ¢ so that N ;o = 0
the tensor (7.27) reduces to the well-known from [12]. The determinant of the dispersion tensor

(7.27) is an appropriate choice for the Hamiltonian:

H'(z,N) = SNt — [($ = NP) (S + P) — D?| N2

+P {(S - N”2)2 - DQ] . (7.28)

The Hamiltonian presented in (7.28) is seen to be a polynomial of second order in Ni. With the

parameters

A:=85, (7.29a)
B:=(S+ P)Nj — SP+ D* - 5%, (7.29b)
C:=S°P— D?P —2SPN} + PN} (7.29¢)
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dependent on - and V|, equation (7.28) amounts to
H'(z,N) = A(z)N| + B(z, N)NT + C(z, N))). (7.30)

The construction of this Hamiltonian was relatively straight forward. However, as it stands, it is
not a good choice for the ray tracing code. First of all, in free space, the electron density vanishes

and the Hamiltonian (7.30) reduces to
2
H'(z,N) = (N2 -~ 1) , (7.31)

showing a second-order zero. Hence, whenever the Hamiltonian vanishes, also the derivatives
with respect to N, and hence the ray velocity defined in (C.1a), vanish.

The second problem is that the Hamiltonian presented in (7.28) is valid for all plasma modes. In
case they are degenerate, as for example in free space, there is no way to properly choose the
mode. Instead, a different behavior of the mode shows up once the plasma is reached. Therefore,
employing the Hamiltonian (7.28) would require a special treatment of the free space region
around the plasma.

In the following, a different Hamiltonian is presented which solves immediately both problems
mentioned before. It is constructed based on (7.28) as a starting point. In equation (7.30) the
structure of the Hamiltonian as a polynomial of second order in Ni is obvious. In general, it is
easy to compute the two roots of such a polynomial, which allows to write it in terms of a product

of two linear factors, i.e.
H'(z,N) = § (N? = N2 (+1,2,N))) (N? = N}(-1,2,N)), (7.32)

where Nf_ (0, 2z, N') denotes the root labeled with ¢ = £1 (corresponding to the single modes) of

the equation H'(x, N) = 0 solved for N2

B B2 C

(7.33)

The different modes which arise from the cold-plasma dispersion relation are discussed e.g.

in [12]. The mode labeled with o = +1 in this thesis there is referred to as O-mode (ordinary
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mode), whereas 0 = —1 is the X-mode (extraordinary mode). For propagation perpendicular to
the background magnetic field, these modes are characterised by an electric wave field pointing
in the direction of B and perpendicular to B, respectively. If, as a Hamiltonian appropriate for
the mode o,

H(z,N) =2 (N? - Ni(o,2,N))) = 2N + }4 (B—oVB>—44C), (7.34)

is employed, it is exclusively valid for the mode o. Thus, the mode can properly be chosen by
specifying the index o. Also the slow propagation for degenerate modes is no longer present for

this Hamiltonian. If free space (n. = 0) is considered, the free space Hamiltonian
H(z,N) =2 (N? - 1) (7.35)

is recovered, cf. (6.3).
The Hamiltonian (7.34) is the one used in the ray tracing module of the wave kinetic code. The
remaining part of this section is dedicated to some issues of special interest for the implementation.
It can be seen in (7.35) that for free space parameters, the Hamiltonian does not depend on
o. This is clear because there the modes are degenerated. Also (7.34) should not depend on o
for free space. This is the case when the involved square root vanishes. The definition of the
parameters (7.29) and (7.21) are substituted into the square root and a lengthy but straight forward

computation shows

02 2

VB2 = 4AC = |D|\[4PN} + =5 (N2 - 1), (7.36)
w

For this simpler expression for the square root it is obvious that it vanishes for free space where

D =0.

One numerically troublesome point could arise when .S = 0. This happens in the plasma when

w? = w? 4 Q2, which is known as the upper hybrid resonance [12]. For the ¢ = —1 mode, such

a parameter leads to a blow up in the Hamiltonian (7.34). Instead, for the ¢ = +1 mode, a Taylor

expansion of the square root around A = 0 yields

B AC
H™(z, N)=2N? + = (1 1425

C
2 _ 2
+O(A )) =2N1 + 2+ O(A). (7.37)
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So, divergence cancels out. In any case, when numerical computations are involved and the Taylor
expansion is not performed, the Hamiltonian is composed by a term of order O(.A) divided by .A.
In the limit A — 0, this will cause numerical errors and must be avoided. Therefore, instead of

A1, aregularized inverse

A

-1
Area = A2+ €2

(7.38)

is used. Here, € is a small constant. This inverse of .4 does not blow up any longer for small .A,
but it is bounded by the values i%&. The error of this regularized inverse of .A compared to the

correct value is given by

62

.
A A2+ €2

< . (7.39)

| 62

A(A2 1 &)

As can be seen, for large A this vanishes. For A close to zero the use of the regularized inverse
avoids terms in the Hamiltonian blowing up. In the limit € — 0, the non-regularized inverse is
found. Therefore, the regularized result should converge to the correct result in this limit. A

convergence study can be found in section 7.4.4.

7.4.2. Correction factor for the Hamiltonian

According to the theory developed in section 3.3, the Hamiltonian corresponding to the mode

with eigenvector e,, of the dispersion operator is its eigenvalue
Aoz, N) = el (z, N)Do(x, N)eq(z, N). (7.40)

Instead, the Hamiltonian H(z, N') given by (7.34) is employed in the numerical solution. The

latter can be written as the eigenvalue multiplied by a non-vanishing function as in (4.54):
H%(z,N) = {(x, N)Aa(z,N). (7.41)

It is the aim of this section to compute this factor for the cold-plasma case. This is done in two

steps: First, the correction factor & (z, N) relating A\, (x, N) to the determinant H'(z, N) is
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computed, i.e.
H'(z,N) = & (z, N)Ao(z, N). (7.42)

To this goal, we note that the determinant of a matrix is the product of its eigenvalues Ag(x, N),

1.€.

H'(z,N) = det Do(z,N) = [[ As(z, N) = Aa(z, N) [] As(z, N). (7.43)
B B#a

On the other hand, the matrix of cofactors C'(x, V) of the dispersion matrix can be expanded on

the basis of the eigenvectors:
Clz,N)=>_ (H )\B(x,N)) ealz, N)el (z, N). (7.44)
a  \B£a
The trace of C'(x, V) reads
Tr C(z,N) = > el(z,N)C(z,N)eu(z,N) =>_ (H As(, N)) . (7.45)
p o \Bfa

Since the eigenvalue A, (z, N) vanishes on phase space points (z, N) along the considered

trajectories, the last sum only has one contribution:

TrC|y._o (#,N) = ] As(z, N). (7.46)
B#a

With this result, a comparison of (7.43) and (7.42) yields the factor
gl(va) =Tr C(va)’ (747)

where it is implied that (z, N) satisfies the dispersion relation A\, (x, N) = 0 which will always

be the case.

Next, the factor £2(x, IV) relating the determinant to the final Hamiltonian (7.34), i.e.

H(z,N) = &(x, N)H (2, N), (7.48)
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is obtained by a comparison of H'(z, N) in (7.32) and H(x, N) in (7.34): For the mode o one

has

2
N) = . (7.49)
ele )= (N? = N2 (~0,2, )

Finally, the correction factor as a whole is given by

2Tr T(x, N)
S (N? = N3 (=0,2,N)))

&(xz,N) =&i(z, N)&(x, N) = (7.50)

The explicit calculation is, again, straight forward but lengthy. Therefore, here only the results are
reported, computed with the help of the matrix of cofactors presented in [11]. The results are:
(2(%272>NH27%(D+%)>2
8N2+D+\/4PN2+8§ (Nﬁ—1) ’
& = : -2, (7.51a)
2, 02 2
\/4PN + 2 (NH 1)

D-2%D

w2

2
QA2 02 2\ p | @
- (wN“ +D+\/4PN”2+W2 (N2-1) ) b4+ %p
ga:—l — -2 (751b)
2
\/4PN||2+85(N2_1)

for the mode o = +1 and 0 = —1, respectively.

7.4.3. Derivatives of the Hamiltonian

In section 7.4.1, the Hamiltonian for the ray tracing in tokamak plasmas was derived. Actually,
not the Hamiltonian enters the Hamilton equations of motion (C.1), but its derivatives with respect
tox = (x,y,z) and N = (Ny, Ny, N,). In this section, the computation of these derivatives is
sketched.

We start with the derivatives with respect to N. The Hamiltonian (7.34) is given in terms of the

components of the refractive index parallel and perpendicular to the magnetic field. Hence, chain
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rule is used:

OH oH 8NJ_ 8NJ_
H=—0nyN, _ N N
o ONj VNI BN, (8NJ_16N 1t N, oM “‘)
_ OH T OH _— .
- 87NH <Q€II> + N, (cos(¢N) (Qer1)” +sin(on) (Qels) ) . (7.52)

Here, the rotation (7.9) is used to express (N1 1, N1, IV||) in terms of (Ny, Ny, N,). Furthermore,

ON |
ON o

the transformation to polar coordinates (7.10) allows us to compute Nl and

Next, the derivatives of the Hamiltonian with respect to = are computed. The terms depending
on position are the parameters A, BB, C via their dependency on electron density n. and magnetic
field B and N and N via the rotation Q). Therefore, using chain rule again, the derivatives of

H with respect to the spatial coordinates x are obtained by

o, =1 (g;{‘a + 94 z> on (868 R+ %&Ez)

dA oz B \OR™"" " oz

OH [ ocC ac OH OH

Ry (s = N N .
+50 (aRaggR-i- 5, Or ) o OVt 8NH8 - (7.53)

The transformation between the Cartesian coordinate system x = (x,y,z) and (R, z) (7.1) yields

the derivatives

(7.54)

&
=
I

O T« Hm
L
N
Il

—_ o (an)

The derivatives of the parameters A, 15 and C are obtained immediately, if their dependence on
ne = ne(R,z) and |B| = |B| (R, z) is written out and chain rule is applied. Then, the terms
describing the dependence of the Hamiltonian on the parameters A, 3 and C in equation (7.53)
are known. Still, 9, N, and 9, IV need to be computed. Since the space dependence appears via
the rotation matrix () parametrized in (7.19) by the Euler angles («, 3), the chain rule is applied

again:

ON; o ON; 0B
OJa Ox 08 Ox

0, N; = (7.55)
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with an index ¢ =1, ||. After inserting the parametrization (7.19) into the transformation (7.9),

the components IV and NN are expressed in terms of the Euler angles « and f3,

Nj = Nxcosasin 8 — Ny sinasin 8 + N, cos 3, (7.56a)
N, = [(COSQ o cos? 3 + sin? a) N2+ (sin2 acos® B + cos? a) N}%

+ sin? BN? + 2sin a cos a sin? BNy Ny

+ 2 (sin alNy — cos N ) sin 3 cos BNZP/Q , (7.56b)

yielding the derivatives %]Z{ L and 68%1'. The Euler angles have been derived in equations (7.18).

There, the magnetic field components (By, By, B,), obtained from (Bg, B, B,) via the trans-

formation (7.2), enter. With these magnetic field components, the Euler angles read

B
a = —arctan —% — arctan X, (7.57a)
R X
/B2 + B2
B = arcsin #. (7.57b)

Here, it was made use of additional theorems for trigonometric functions. The derivatives of the

Euler angles are hence

7 Bro,B, — B,0,Br B X0y — yOzX

Opx = , (7.58a)
’ Bf + B2 R?
OuB, — %w% (BrO»Br + B0, B,)

81'5:_

—— — (7.58b)
VIR Bt U

The space dependence of the magnetic field B on (R, z) is known from input files, yielding the

spatial derivatives

0B 0B

where (7.54) provides 9, R and 9, z.
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7.4.4. Symmetries and tests of the Hamiltonian

The Hamiltonian (7.34) and its derivatives used in the Hamilton equations of motion (C.1)
involve relatively cumbersome expressions. This could easily cause bugs in the implementation.
Therefore, once the ray tracing is implemented, some tests need to be performed for debugging
purposes. Moreover, we shall study the convergence of the results in the limit of the regularization
parameter € — 0, cf. (7.38), as promised in section 7.4.1.

One test the ray tracing routine must pass consists in constructing quantities which should
be conserved along the Hamiltonian orbits and to check if, indeed, they are. As mentioned in
appendix C, the Hamiltonian itself is conserved and, hence, is one such quantity. Another is found
upon applying Noether theorem. It states that each symmetry of a system under investigation leads
to a conservation law. A symmetry present in the tokamak is the invariance under rotations around
the z-axis. The Hamiltonian does not depend on the toroidal angle ¢ and remains unchanged

under such rotations by a small angle d¢, i.e.

SH = a—Hdw =0. (7.60)
Oy

The change of the Hamiltonian in general can be expressed as

OH aH OH OH OH OH
H=—_— = )
5 o 0x+ 5 " 5 N o, — 6N, + N, ~— 5N, =0, (7.61)

where a rotation around the z-axis leads z and IV, unchanged, i.e. §z = 0N, = 0 and the shifts in

the xy-plane to first order O (d¢) read

5x = —ydo, (7.62a)

5y = x6p, (7.62b)
SNy = —Nydep, (7.62¢)
5Ny = Nydip. (7.62d)

Substituted into (7.61), the variation of the Hamiltonian yields

OH OH OH OH
H=|-y— - — Ny = .
1) ( y@x +X8y NyaNX+NaN)5<p 0. (7.63)
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Since d¢ is arbitrary, the expression within the brackets must vanish. The partial derivatives of

the Hamiltonian are replaced using Hamilton’s equations of motion (C.1). The result reads

dNy dNy dx dy d
—x—2> — N,— + Ny,— = — (yNy — xN,) =0. 7.64
Y dr x dr Ydr + dr dr (y x y) ( )
We define
Ny := yNyx — xNy (7.65)

referred to as toroidal refractive index component and note that it should be conserved along
Hamiltonian orbits.

We run the ray tracing routine for one specific set of initial conditions and obtain the evolution
of H and N, along the ray which is shown in figure 7.2. The important point is the variation of
the Hamiltonian and the toroidal refractive index component along the ray through the plasma.
In this test the "time step” A7 is adapted automatically by the Runge-Kutta solver in order to
meet the prescribed error tolerance. It is seen that the conservation of the toroidal refractive index
component is within the order of 10~?. It improves, when a smaller integrator tolerance is chosen.
The Hamiltonian stays within a bound of order 10~4, but does not further improve significantly
with smaller tolerances. For analytical plasma profiles, we observe better convergence of the
error of the value of the Hamiltonian with the tolerance; therefore we attribute this behavior
to imprecisions in the numerical interpolation of the plasma profiles. For the case of N, on
the contrary, the results are better as the invariance under toroidal rotations is enforced by
construction in the interpolant. Indeed, since plasma profiles are given as functions on (R, z)
based on interpolation of tables in the input files, the background profiles are extended to the
tokamak volume by exploiting the symmetry of the torus so that the rotational invariance is
present independently of interpolation inaccuracies. Hence, the conservation of the toroidal
refractive index component in the code is restricted only to the Runge-Kutta solver. A further test
for the ray tracing consists in comparing ray trajectories of the wave kinetic code with trajectories
obtained from the well-tested [39] TORBEAM code [40]. For different initial parameters, such a
comparison is displayed in figure 7.3. The vacuum-plasma boundary is located at x = 215 cm.
There, the rays get deflected. One can see that the torbeam ray trajectory and the trajectory of the

new wave Kinetic code are in good agreement.
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Figure 7.2.: Evolution of (a) the Hamiltonian A and (b) the toroidal refractive index component
along a ray launched at x = 238 cm. A scan of tolerances for the Runge-Kutta solver
is shown. The initial conditions are chosen such that the initial values of H and N,
vanish. The plasma profiles of AUG #25485 are used, cf. appendix G. The jump at

Finally, the convergence of the trajectories in the limit € — 0 for the regularization parameter
(7.38) is investigated in figure 7.4. Frequency is decreased so that a region with S = 0 is crossed.
It is seen that there is not a clear difference between the ray trajectories for different values of e.
Instead, the conservation of the Hamiltonian starting from the point were S = 0 is influenced
by this parameter and improves for smaller e. However, the Hamiltonians for ¢ = 3 - 10~*
and € = 1- 1073 are very close one to the other even beyond this point and show a satisfactory
conservation. More test runs with even smaller parameters up to € = 1-10~" have been performed

and are not distinguishable to the e = 3 - 10~ run, confirming convergence. Based on this result

(a) conservation of Hamiltonian:
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(b) conservation of toroidal refractive index:
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about x = 218 cm corresponds to the plasma boundary.

we usually fix e = 1- 1076,
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(a) parameters 1, projection in xz-plane:
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Figure 7.3.: Comparison of TORBEAM rays with the trajectories of the wave kinetic code for
different initial ray coordinates and wave modes. The considered frequency is
f = 140 GHz. The initial propagation direction is the negative x-axis for all rays.
The initial position (x,y,z) and wave mode are: (a,b) x = 238cm, y = Ocm,
z = 10cm, O-mode, (c,d) x = 238cm, y = 10cm, z = 10 cm, O-mode, (e.f)

x = 238cm, y = 10cm, z = 10 cm, X-mode. The plasma profiles are taken from
AUG #25485, cf. appendix G.
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(a) projection of trajectory in Rz-plane:
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Figure 7.4.: Influence of the regularization parameter e.

Ray is launched at x

y = 10cm, z = 10cm, a frequency f = 85 GHz and O-mode propagation are
considered. (a,b) Projection of the ray trajectory in Rz- and Ry-plane, (c) conserva-
tion of Hamiltonian, (d) plasma parameter S. The plasma profiles are taken from
AUG #25485, cf. appendix G.
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7.4. Weyl symbol for electron-cyclotron waves

7.4.5. Fluctuation model

This section is dedicated to the issue of fluctuations in tokamak plasmas. Their effect on the
microwave beam is described via the part D in the wave operator. In this work, it is assumed

that the fluctuation in the wave operator arises mainly due to electron density fluctuations, i.e.

Ine(x)

ne(x)

Di(a) = Vi (I - £(2)) (7.66)

Here, dn.(x) describes the random deviation of the background electron density n. at point x.
This should not be confused with the refractive index fluctuation én? in section 6.4. Note that

1/2 ag it was

the prefactor 1/ in (7.66) is needed to compensate for the explicit factor 6 = x~
the case in section 6.4 on fluctuations in free space. Substituted into the spectrum of fluctuations

(3.28), this reads

I€4

(27r)3 (I - 5(w)>m I 5($))bj

w L[ minN-Nsg ((Sne (x 4 ;) e (ac - S)) ds.  (7.67)

Ne 2

Gmbj(x, N — N/) =

Here, it is assumed that € is slowly varying in = and, thus, is well-approximated with the Taylor

expansion around x to lowest order:
s
€ (a: + 2) ~e(x). (7.68)
The Wigner transform of the (relative) electron density fluctuations is denoted by

[(z,N—-N')= /e_m(N_N,)'SlE ((5716 (x + ;) One (iL‘ — ;)) ds. (7.69)

The mode decomposition is performed as described in section 3.3 and only one single mode is
taken into consideration. The scattering cross section (4.68) to be inserted into the scattering

operator (4.24) with rescaled Hamiltonian, cf. section 4.4, hence reads

4

o(z, N,N") ::(;;1_)2 % ‘eT(:U, N) (I —¢)e(x,N') ? I'(z,N — N')
x €z, N)E(z, N')3 (H(z, N")) . (7.70)
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Note that the rescaling factors & to account for a Hamiltonian different from the natural choice are
included in this expression. In addition, e(z, N) = e, (z, N) denotes the normalized eigenvector
of the wave mode « under consideration.

The code requires information on the electron density fluctuations in the plasma. This infor-
mation is provided in terms of the two-point correlation function E (dn (z + 5) dne (z — 3))
inserted into (7.69). In principle the information may be obtained from any source, i.e. exper-

imental measurements, turbulence simulations or models. As a simple starting point, for the

two-point correlation function we use the model

1 S $ 2 2 —1ls=(2)s
—E ((5ne (az—i— 2) one (s— 2)) = A2F?(g)e 25 E@)s, (7.71)

e

Let us remark that r.h.s. of (7.71) expresses the two-point correlation of relative fluctuations.
In analogy to the model (6.56b) for fluctuations in free space, the parameter A determines the
strength of fluctuations and the factor

_ (p—pp)?

F(z)=F(p)=e ¥, (7.72)

specifying the extension of the fluctuations, where the width in normalized minor radius units
is determined by Apr and the center of fluctutations is at p = pg. In the applications described
below, the fluctuation layer is typically centered at the separatrix, i.e. pg = 1. The short scale
dependency of the two-point correlation function (7.71) is present via the factor e~ 35E@)s Here,
in a coordinate system aligned to the magnetic field, the matrix Z(z) contains on its diagonals
the two-point correlation lengths L | (x) and L () of the fluctuation in direction perpendicular

and parallel to the magnetic field, respectively, i.e.

=() = diag {21 (¢), 21 (2), 5 (2) } = diag { LT2(2), LT2(2), L2 (2) } . (7.73)

Given the fact that usually the electron density fluctuation correlation length is much larger parallel
to the magnetic field then perpendicular to it, it makes sense to distinguish those two directions.
Note that in principle the theory would also allow us to assume two different correlation lengths

in the poloidal plane. However, for this first model we restict ourselves to one single value.

136



7.4. Weyl symbol for electron-cyclotron waves

This model is motivated by the one used in [41] and adapted to the wave kinetic code. It allows

us to compute the fluctuation spectrum (7.69) analytically, employing equation (7.71):

2 2 AN?Z
K2 | AN +ANT [ ]

(W)3/2 A2F?(x) é{ EL@  TE @ ‘

[(z,AN) = (2 e (7.74)
VEI (@)E)(2)
Substituted into (4.68), the scattering cross section reads
o(z,N,N') = \/f(\f ) (I —¢) e(z, N')
2 {AN%AN AN ]
x€(z, N)e(x, Ne ~ L =7 S5 (H(z, N)) . (7.75)

For the numerical scheme, the intensity Y:(x, V) for the Poisson process which produces scatter-
ing events is expressed in equation (4.25b). The Dirac’s §-function and the Hamiltonian (7.34) in
the scattering cross section allow us to immediately perform the N/ -integration, if as integration

variables the field aligned coordinates introduced in section 7.3 are used:

B KA A2F?%(z) ; NE ,
o) = gt [ e M =)0 e Mg
K2 |:AN21+ANL ANﬁ
2 = (=) _H(z) / i

N NL( H)

Here, N, (N, "‘) denotes the refractive index (7.33) which fulfils the dispersion relation. The
remaining two-dimensional integral cannot be calculated analytically. Therefore, it would be
quite time consuming to compute it after each integration step in the code. For the Poisson
process, therefore, an upper limit X,,x of the total scattering cross section Y. is used, as it is
suggested in section 4.2. Let us recall that this strategy requires an evaluation of the exact value of
Y only if a Poisson event happens, which saves computational time. The needed upper limit is the
product of a rough approximation g5 for X, obtained from (7.76), evaluated under simplifying

assumptions and approximations, and a user parameter g, i.e.

Y max (xa N) = Eguess (377 N)g' (7.77)
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The reader should be aware of the fact that the simplifying assumptions in Ygyess are not always
well-justified. However, we are rather interested in a reasonable guess for the order of magnitude
of Y then in the exact number, ensuring the important condition Y,,x > X by a proper choice
of the parameter g. To this aim, O-mode propagation purely perpendicular to the magnetic field
is considered. Then, the polarization is taken so that e(z, N') = e|., and the projection of the

fluctuation matrix D to the eigenvectors simplifies to
ef(x, N)(I—¢)e(z, N')~1—P. (7.78)

We have assumed further that fluctuations change the propagation direction only by a small

amount, yielding N ~ N’. One also has &(x, N) ~ £(z, N'), so that

1—cos A¢ N

3 A212 2 A72
RAER) 4 p(a))2 (s, V) / ¢ NITEI® dAgy.  (179)

oo N) = 2 0y

Here, the N, "‘ -integration has been performed analytically and the perpendicular refractive index
components are written in terms of polar coordinates. In the exponential, cos A¢p is Taylor
expanded to second order, making it possible to perform the last remaining integration, with the

result

Vo A2F(z)
1 VE N,

If as an example the exact value of > and the value of the guess Ygueqs are compared along a

Sguess(z, N) = & (x,N) (1 — P(x))%. (7.80)

single ray trajectory, it turns out that they are typically in good agreement up to errors of a few per

cent. We usually fix the parameter g = 2, which ensures that, indeed, >, 1S an upper bound.

7.4.6. Absorption model

The last part of the dispersion symbol which needs to be discussed is the absorption part 62D 4.
A model for absorption is derived in the frame of hot-plasma theory where the plasma particles
are not assumed to move coherently at the same speed, but also their thermal velocity distribution
is properly accounted for. Solving this hot-plasma dispersion relation, naturally an anti-Hermitian
part emerges in the dielectric tensor, leading to absorption. Thermal effects are depicted in a

kinetic theory where the plasma particles are characterized not only by their position z, but also
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by their velocity v. This is properly described in the Vlasov equation. A good overview on
the hot-plasma dispersion relation can be found in [42]. A full review on how to compute the
absorption coefficient (3.46) is presented in [4]. For the code, an already existing absorption

routine [43] is implemented. This point is not further addressed in the frame of this thesis.

7.5. Results

The remaining part of this chapter is dedicated to the results obtained from the WKBeam code
under realistic tokamak conditions. First, the equations are studied under an approximation
in order to compare the effect of fluctuations with previous works. Next, the code is run with
various parameters for ASDEX Upgrade (AUG) and ITER plasma profiles. As a final result, the
effect of fluctuations on absorption profiles, cf. section 7.5.2, and beams in reflectometry runs,

section 7.5.3, are discussed.

7.5.1. Comparison with previous works

Due to the complexity of the problem, only few publications address the issue of beam propagation
in tokamak plasmas including electron density fluctuations. In this section, we refer to a recent
paper by Tsironis et al. [6], where a rough estimate based on a heuristic model of electron density
blobs demonstrates the importance of the effect of fluctuations. A weak electron density (w, < w)
is considered. The field propagation is described in terms of a diffusion equation for the electric

field energy distribution F'(«v, 1), i.e.

0 ionis OF (o, 1)
F _ = DTs1r0ms ’ . 81
oF (1) = 5 (DBt (781)

Here « denotes the propagation angle from the x-axis, i.e.

tana = s (7.82)
Ux

with the velocity (vx, vy) and [ the length the rays have traveled through the fluctuating medium.

Constant background plasma parameters and O-mode propagation purely perpendicular to the
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magnetic field are assumed. The diffusion coefficient derived by Tsironis et al. is

93 wd 512
DTsironis _ 27 &5716 1
o

= — 7.
32 wtn2 L, (7.83)

where dn, is the electron density deviation in the center of a blob, n. is the background electron
density and Ly, is the typical blob size. This analytic result is shown below to be included in our
theory, as a special limiting case.

For comparison reasons, in this section, a diffusion equation is derived starting from the wave
kinetic equation. The same conditions as in [6] are considered: Propagation of the O-mode purely
perpendicular to the magnetic field B = |B|e, with a constant background density n.. The

appropriate eigenvalue of the dispersion tensor (7.27) for this case reads

w2
H(N):Nj—P:Nj—Hw—g, (7.84)

considered as Hamiltonian in this section. In the sense of section 4.4, this yields the trivial
correction factor {(z, N) = 1. The assumption of propagation purely perpendicular to B reduces
the dimensionality of the problem to m = 2, so the position is described by z = (x,y) € R? and
the refractive index by N = (Ny, Ny) € R2

We start with the wave kinetic equation formulated for the Wigner function with removed
singularity, i.e. equation (3.68). An implicit condition in this equation is dispersion relation

(3.38), which fixes in terms of polar coordinates

Ny = N, cos ¢p, (7.85a)
Ny = N| sin ¢y, (7.85b)

the /V| -component of the refractive index:
N, =N = -2 (7.86)

Hence, dimensionality of the refractive index is further reduced by one and the remaining

component ¢ of the polar coordinates fully characterizes the refractive index. Disregarding
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absorption, the wave kinetic equation (3.68) then reads

{H(N)vw(x,@v)}=/[5($7¢§v,¢w)w(a¢,¢§v)—5(x,¢N,¢§v)w(x,¢N)] ddfy. (7.87)

Here w is the Wigner function with removed singularity as defined in (3.65) and & (x, ¢, ¢'y)
is the simplified scattering cross section in terms of ¢y and ¢y appropriate for the simplified
two-dimensional propagation where also singularities are removed. It is obtained from the general
scattering cross section presented in section 7.4.5, i.e. (7.75), adapted to the purposes of this
section: An infinite parallel correlation length ensures that the rays stay inside the poloidal
plane and do not get deflected with non-vanishing components parallel to the magnetic field.

Furthermore, it is evaluated at values N| = N j_ which satisfy dispersion relation (7.86), i.e. in

general
7(z, 0N, dy) = /a(x,N, N’)dN|’| 3 (7.88)
N =N\ =\/1--%
With (7.75) inserted, this reads
1 . 2 3 _x2N2 _ oy
5o,y ) = 5 [(1= ) Tt ] S (et mo), (7.89)
e =1

where dn, is the maximum of the electron density fluctuations. Here, the projection of the

fluctuation part of the dispersion tensor (7.66) for O-mode propagation perpendicular to B
ez, Ny(I—¢e)e(z,N)~1—P (7.90)

is used as in (7.78), where P is defined in (7.21a). Furthermore, if I<62NJ2_/El > 1, which is the
case for the considered parameters, cf. figure 7.5, only terms |1 — cos (¢pn — ¢y)| < 1yielda

non-negligible exponential in the scattering cross section (7.89), so that the Taylor approximation

1~ cos(én — dly) ~ 5 (on — o)’ (7.91)
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is appropriate. This is the assumption of small angle scattering. If also the approximation of

small electron density N, = 1 is used, cf. (7.86), the scattering cross section (7.89) simplifies to

4
_ Lwpng K7 o2 (on-oty)’,

(x, on, dy) (7.92)

N 5? ng EJ_
With this scattering cross section, which has been obtained under the same condition as in [6],
we shall derive a diffusion equation, to be compared to (7.81). For this aim, in the general
transport equation, i.e. the wave kinetic equation (7.87), a Taylor expansion for w(z, ¢'y) around

@'y = ¢ is performed up to the second order, i.e.

811)(3:, (25]\])

D, $y) = 0w, on)+—5 5 = (F — o)
N
1 82@(% ON) /
3 og o +0(@y—ow)). (9

Physically, again, this is a small scattering angle approximation. Note that the small scattering
angle limit applied in (7.91), where scattering angles should be small compared to unity, is valid
for AUG and ITER parameters. However, for the Taylor expansion (7.93), unity might not be
the right scale to compare. In fact we have no precise error control for the Taylor approximation
and, thus, are not able to provide a precise condition on the scattering angles such that the error
becomes negligible. For a rough estimate let us assume that the typical variational scale of  is

¢, in the sense of

d*i(z, g)

~ W(z, dN) .
dok;

ok

(7.94)

Then the Taylor series makes sense as an asymptotic series when jumps A¢y = ¢y — ¢ are
small compared to this scale, i.e. |¢)y — ¢n| < ¢p. A proof of convergence is presented on the
level of the associated stochastical process later on in this section. However, the AUG and ITER
parameters used for figure 7.5 lead to ‘%%m‘ ~ 0.9 and ’q%%m‘ = 0.01, respectively, indi-
cating that the expansion (7.93) might be inaccurate for ASDEX Upgrade. Here, the variational

scale of w is approximated by the initial width of the distribution, i.e. ¢ ~ A@ini.
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Anyway, neglecting terms of order O ((¢y — ¢ N)3), the Taylor expansion (7.93) inserted into

(7.92) yields the evolution equation

0*w(x, pn)

{(H(N), @ = 5 71,040 (64 — on)” oy 5 (7195)

Here, due to 6 (z, ¢, ¢'y) = 7 (x, ¢y, &), cf. the explicit expression (7.92), zeroth order terms
of the Taylor approximation cancel out and first-order terms vanish under the integral. Hence,
the last equation only involves derivatives of the Wigner function of second order on the r.h.s.
and has the same structure as (7.81), which is a diffusion equation. We refer to this equation as
"diffusive limit", because it is obtained from the general equation under a limit of small scattering
angles, characteristic of diffusive effects. The scattering cross section & (7.92) substituted into

the integral in (7.95) can be computed analytically, with the result

8 \/27TW on? 1 8w( ,ON)
H(N — . 7.96
The diffusion coefficient obtained from this diffusive equation is
V2 21
Dyy = 1 wj one (7.97)
4 w4 n2 L J_

We identify the two-point correlation length L with the typical blob size L in the Tsironis
model. This is physically motivated by the fact that both are a scale for the fluctuation. In
addition, the propagation angle «, defined in (7.82), coincides with the angle of the refractive
index ¢y, introduced in (7.85): This is implied in Hamilton’s equation of motion (C.1a) for the
two-dimensional geometry, where H(x, N) = H(z, N ) does not depend on ¢y, so that the
refractive index points in direction of propagation. This makes the diffusion coefficient derived
in [6], namely (7.83), and the diffusion coefficient we have found here, (7.97), comparable.
One finds that they are equivalent up to a prefactor which depends on the adopted model for
blobs. Given the fact that we find the same dependence on blob size Ly, electron density n, and
electron density fluctuation level dn, means that the simple physical ideas in the Tsironis paper
are reproduced by the more complete scattering theory used in the framework of this thesis if the

same physical assumptions are employed.
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The validity of the above-discussed assumption of a diffusion limit, however, is not granted a
priori and must be verified for the physical problem under consideration. Hence, the remaining
part of this section is dedicated to the question of whether the diffusion limit is appropriate.

Numerical schemes for the solution of the transport equation and the diffusion equation are
compared. In the numerics section 4.2, a scattering scheme for the unapproximated wave kinetic
equation was presented: Given the scattering cross section (7.92), the number of scattering events
is generated by a Poisson distribution with intensity (4.25b)

4
Y= /6($,<{>N,¢’N)dd>’N ~ \/ﬁmzﬁéng

1 2
2 w* ng

L, (7.98)

where, again, the assumption of small angle scattering is made and the integration over an interval
of 27 around ¢y is replaced by an integration on R, taking into account also the tails of the
exponential in & (z, ¢, @y ), cf. (7.92), which, however, are negligible.

In case the propagation distance [ is large so that >/ > 1, the mean number of scattering events

reads
(ng) =Xl (7.99)

with a small relative statistical uncertainty, thanks to the general properties of Poisson distributions.
For each scattering kick, the variance of the ¢ distribution of the electric field squared w(z, ¢ )

is increased by (7.92)
Vo =k 2L7% (7.100)

In total, the variance increases by

\/27rw7§5n2 1

V=%Vsl = —.
§ 2 win? L,

(7.101)

For the diffusion equation, a numerical solution scheme is presented in [24]: After steps with

step size Al through the fluctuating medium, a Gaussian kick with variance

AVp = 2Dy, Al (7.102)
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(a) spectrum for ASDEX-like parameters: (b) spectrum for ITER-like parameters:
20y — no fluctuation |] 207 — no fluctuation |1
; — transport ; — transport
Z 15} — diffusion 8 15t — diffusion
z 2
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Figure 7.5.: Results of the numerical scattering scheme and the diffusive scheme. Initial spectrum
is Gaussian shaped with width A¢;;c = 2- 1072, Plasma frequency is wp = 50 GHz,
beam frequency w = 150 GHz, approximately valid for the tokamaks AUG and ITER.
For the fluctuations, in physical units typical values for (a) AUG: én./n. = 0.1,
L; =0.4cm,! = 3cm and (b) ITER: éne/n. = 0.1, L, = 2cm, [ = 10cm are
chosen, cf. section 7.5.2. Here [ is identified with the width of the turbulence layer
crossed by the beam.

is applied. After the propagation distance [ this amounts in an increase of the variance of

V2rwy én? 1
V =2D,, 1= Y122
2 wtn2 L,

(7.103)

It is seen that, indeed, the variances (7.101) and (7.103) are the same. Hence, the diffusion limit
is appropriate in case X! > 1. On top of that the assumption of small angle scattering was made,
i.e. the limit kL) > 1 is considered. (It is worth recalling that all lengths are normalized to the
common reference scale length L.

Numerical schemes for both, the general equation and the diffusion limit, are implemented. The
results are shown in figure 7.5. Typical numbers for the edge fluctuations in (a) AUG and (b)
ITER are chosen, yielding X! ~ 0.4 < 1 and kL 1~ 12.6 > 1 for AUG and 3! ~ 2.1 and
kL) = 63 > 1 for ITER. In the figure, indeed, it can be seen that for ASDEX Upgrade (a), there
is a significant difference between the solution obtained simulating the general transport theory
which shows broad tails, discussed in the next section, and the diffusive limit, overestimating
the effect of fluctuations. Instead for typical ITER parameters (b), which is also the considered

situation in [6], still a difference can be made out, but the diffusive solution constitutes a good
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approximation. The difference for AUG and ITER is due to the larger propagation distance [
(simulating a broader fluctuation layer) and the larger value of L in ITER, which makes >/ > 1
a reasonable assumption for ITER, but not for ASDEX Upgrade.

7.5.2. Absorption profiles

As mentioned in the first chapter, an important application of electron-cyclotron waves in tokamak
plasmas is for heating and current drive. The latter, in particular, has been proposed as a tool to
control magneto-hydrodynamic instabilities in fusion-grade plasmas. For this aim, it is important
to deposit the beam power in a well-specified region. Particle and energy transport on magnetic
surfaces, not affected by magnetic forces, is large. Instead, it is highly suppressed by Lorentz
force in the direction perpendicular to the magnetic surfaces. Therefore, energy deposited at any
point x € M, on a magnetic surface M, labeled by the normalized minor radius coordinate p,
cf. coordinates introduced in figure 7.1, will equilibrate fast on the set M,. Thus, people are
interested rather in the magnetic surface M, where the energy gets absorbed than in the point =

itself. The physical wave energy flux is

Fpnys(r) = iF(w), z=r/L, (7.104)

where F'(x) is the normalized flux defined in equation (3.80). It is worth noting that, in our
convention, F' has the dimensions of a squared electric field. The transport of the wave energy
density then reads

& c

V- Fpys = V- F =

ArL L (7.105)

where equation (3.82) has been accounted for. At last, inserting the definition of x, (2.17), yields

V- Fohys = — v/k)E. (7.106)

w
2
In magnetically confined plasmas the absorption coefficient is usually negligible away from
resonances, but it is large where the beam frequency matches one of the plasma resonances; for
electron-cyclotron waves, those are the Larmor frequency of the electrons (Doppler-shifted if

N # 0) and higher harmonics. For resonant absorption, the condition of weak dissipation, cf.
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section 3.2, is not strictly satisfied. Since a semiclassical solution of the wave equation with strong
absorption is still an open problem, a workaround is usually adopted: The physical absorption
coefficient is used directly in the weakly dissipative theory. This formally corresponds to the

rescaling
¥ — KY, (7.107)

where v is computed as described in section 7.4.6. At last, we have the transport equation

w
V' Forys = = €. (7.108)

The power injected by the beam through a magnetic surface M, is by definition

P(p) = / Fyhys - dS. (7.109)
M,

The quantity in which we are interested is the power AP deposited between two magnetic
surfaces M, and M, A, with Ap sufficiently small. One defines the power deposition profile (or

alternatively absorption profile) as the derivative

dP(P)NAP_l/
dp ~ Ap  Ap|Ju

Fihys -dS — / thys~dS] , (7.110)
MP

p+Ap

where we have assumed that the beam propagates from the outer surface inwards. Then, labeling

the volume between the flux surfaces M, and M, A, with AV, one has

dP(p) 1 w wL?
Sl V2O  FopyedV = £dV = Mo 7.111
dp AIO /AVP \Y% phy 47TAp /AVP 7 47TAp < ’7>Qp ( )

where dV' = L3dz, and p 1s the volume in normalized phase space given by

Q,:={(x,N):x=r/L,reAV,}. (7.112)
The WKBeam code is able to provide the information required on the r.h.s., more specifically

the expectation value <27>Qp. In order to extract it from the rays, for the binning code, a one-

dimensional grid of bins (5.16) is used with T (z, N') = p as resolved coordinate. The bin areas
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then are
Q, = {(2,N) €R®: vAp+ p™ < p < (v +1)Ap+ p""} (7.113)

with Ap the edge length of the bins, p™" the lower boundary of the grid of bins and v an integer
label. As a weight, A(x, N) = 2(z, N) would be the appropriate quantity. However, we note
that in practice, the expectation value of this observable can be computed more easily in terms of
equation (5.15).

The absorption profile (7.111) basically provides the information on which magnetic surface the
power is deposited and how narrow the absorption region is. However, it is more convenient to

normalize the derivative:

dp
dpr a0
——=(p) = 5o, (7.114)
dv ‘ETZ (p)

where V' = V(p) is the volume enclosed by the magnetic surface p. In practice, this volume is
computed in terms of an integral in the cylindrical tokamak coordinates introduced in figure 7.1,

namely

(R, z)
Vip) = / R dRdzdy = 27T/ R(p',0) ‘
{p(R2)<p} {o/<p} a(p',0)

Here, the rotational invariance of the tokamak allows us to immediately compute the (-integration

dp’de. (7.115)

and a substitution to the coordinates (p, #) in the poloidal plane is performed. In the code, the

. . O(R,z)
Jacobian determinant ’ 9(p.0)

is known from the magnetic field interpolation, so that the derivative

dv 2

=27 [ R, 9)\

J(R,z)
d(p,0)

de, (7.116)

which is present in (7.114), can be computed numerically as a one-dimensional integral. Function
(7.114) is considered the final result of WKBeam for heating and current drive applications.
Physically, 3—5 (p) gives a statement on the volume density of the absorbed power around a given

magnetic surface p.

We shall note here that for the determination of absorption profiles, the normalization used for

the electric field in appendix D, namely a central value of A = 1, is not reasonable. Instead, the
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quantity which can be controlled experimentally is the total input beam power, which can be
computed in terms of the flux propagating through the antenna plane, i.e. in physical units
cL?

Po=7 /4Nalw(x =0,y, N)dydN (7.117)
vy

with Hamiltonian (7.35) for free space and IV, the refractive index component perpendicular to
the antenna plane. The Wigner function (D.11) with the dimensionality m = 3 is substituted into

integral (7.117) and the total beam power is obtained as
L2
P, =P AP, (7.118)
4

where we have defined the dimensionless constant involving an integral to be computed numeri-

cally
=4 (2)m (D7 +97) (D3 +3)]

kP11 (N Ny )2 k—P2 (N N5 )2
x/1/1—Nge B (7.119)

Here, N, = (Nga1, Na2) denotes the refractive index aligned to the antenna plane and N, o =
(Na1,0, Na2,0) the central value for this refractive index. For the convention on the beam parame-
ters D and S (not to be confused with the cold-plasma parameters defined in section 7.4.1), the
reader may refer to appendix D. Furthermore, in this appendix, the amplitude A was dropped.

Now, instead, it is needed and explicitly written out again in the Wigner function.

Equation (7.118) can be solved for the prefactor |A[2 for the Wigner function, with the result

A7 P,
AP = 22 7.120

This determines \A\2 given the input power P, of the beam. On the level of dimensions, we have

“ A,Q} _ [power] - [time] B [energy]

- , (7.121)
[length]? [length]?

i.e. the dimension of an energy density, which is, in cgs-units, correct for an electric field squared.
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Figure 7.6.: Left: Projection of the beam on a poloidal plane on top of the magnetic surfaces of
AUG. The surface where the maximum absorption takes place is drawn in red. Right:
Absorption profiles obtained from torbeam and from WKBeam for the same beam
parameters. The errorbars indicate the statistical uncertainty of the Monte-Carlo
estimator. The plasma profiles of AUG #25485, cf. appendix G, are used, as beam
the following parameters are chosen: X-mode, frequency f = 140 GHz, initial beam
width w = 3.5 cm, initial curvature radius R = 100 cm, beam center launched at
(x,y,2) = (236 cm, 0, 32 cm) with a poloidal antenna orientation of 5° and no tilt
in toroidal direction (AUG angle convention, cf. section 7.2). For the ray tracing,
50000 rays are considered.

In this section, as input power P, = 1MW is considered. Thanks to the linearity of the
problem, a different input power will just rescale the computed absorbed power. Hence, the
results presented here may be understood as the absorbed power per 1 MW of input power.

In the following, let us discuss the outcome of the code, i.e. the power deposition profile
(7.114). In case no fluctuations are present, the same function can also be determined using the
TORBEAM code. Hence, as a benchmark, both results may be compared. For one set of beam
parameters, such a comparison is shown in figure 7.6. It can be seen in the figure that there is
a good agreement between the TORBEAM and the WKBeam solution. The solution obtained
from the Monte-Carlo estimator in the wave kinetic code is the result of a random process and
therefore subject to statistical uncertainties. To obtain a better resolution, more rays could be
used, lengthening the runtime of the code, which for typical runs shown in this section is around
1.5h on 16 cores.

In addition to diffractive effects, already described by TORBEAM, the new WKBeam code

is able to take into account the effect of fluctuations. As parameters in the model presented in
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section 7.4.5, the maximum relative strength of the electron density fluctuations dn./n., the
width of the fluctuation layer App and the parallel and perpendicular correlation lengths L and
L can be chosen. In the following, the fluctuation parameters are varied for a beam in ASDEX
Upgrade shot #25485 (cf. appendix G) and the effects on the absorption profiles are discussed.
The parallel correlation length is set to L = 1 m for all simulations. This is a reasonable number
and, being much larger then the typical scale of the beam, in practice describes the limit of an
infinite parallel correlation length. Therefore, varying this value does not affect the solution. For
the other parameters, we consider realistic values as width of the fluctuation layer Apr = 0.025,
just covering the region of steep rise, called pedestal, in the electron density profile. A typical
value for the fluctuation level is én./n. = 0.1. For the perpendicular fluctuation correlation
length, L | ~ 10pg with pg the ion gyroradius is usually considered [6]. For ASDEX Upgrade,
thisis L | = 0.4 cm.

The basic physical effects when varying these numbers can be understood in the simple physical
limit of purely perpendicular propagation of the rays, presented in section 7.5.1. The expression
for the total scattering cross section X (7.98) integrated along a ray trajectory gives us the mean
number of scattering events (ng) for this ray, whereas the width of the differential scattering
cross section ¢ (7.92) provides the typical order of magnitude of the deflection angle A¢y in

case a scattering event happens, i.e.

2 : on2
(ns) = \/2?"@2 /ray W :5 (#(7)) Lo (x(7))d, (7.122a)
Ady ~ (kN L) . (7.122b)

In order to investigate the effect of the fluctuation parameters App, éne/n. and L |, in figure 7.7
two of them are held constant at the reference value introduced above, whereas the remaining
parameter is changed. All absorption profiles in this figure with fluctuation turned on show a
reduced absorption peak as compared to the no-fluctuation solution at the maximum position
of p = 0.4. The fluctuations are seen to lead to the formation of extended tails in the power
deposition profile, except for the run with L} = 2 cm in panel (c) of the figure. There, no tails
are visible, but a broadened absorption peak is present. As also intuition would suggest, the
portion of energy getting transported to the tails increases with the width of the fluctuation layer

App and with the electron density fluctuation level én. /n., confirmed in panels (a) and (b) of the
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(a) scan on width Apg, dn./n. = 0.1, L} = 0.4cm:
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(b) scan on fluctuation level One/Ne, App = 0.025, L) = 0.4cm:
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Figure 7.7.: Absorption profiles for ASDEX Upgrade shot #25485 (cf. appendix G) with the
beam parameters of figure 7.6. For the fluctuation, various parameters of (a) the
width of the fluctuation layer App, (b) the maximum strength of electron density
fluctuation dn. /ne, (c) the perpendicular correlation length L are shown.

figure, respectively. In the limit of perpendicular propagation this can easily be understood, the

mean number of scattering events being proportional to (7. / ne)2 and to the propagation length
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AT, deflecting a higher fraction of the rays for larger values of the electron density fluctuations
and for broader fluctuation layers. Instead, changing the perpendicular correlation length L | , cf.
panel (c) of the figure, changes not only the fraction of energy found in the central peak and in
the tails, but it also crucially influences the shape of the absorption profile. This effect, as well as
the shape of the absorption profiles for L | = 0.4 cm, cf. figure 7.7 (a) and (b), is more easily
discussed by means of the spectra of the beam just before reaching the fluctuation layer and just
after propagating through the fluctuation layer, shown in figure 7.8. These spectra are computed

using as a weight for the binning A = 1 and binning areas
QiN = {(:I:,N) € RO :p™in < p(z, N) < p™,

0 < dn(a, N) — ghink < A¢N} (7.1230)

to resolve ¢ in a magnetic surface shell specified by the boundaries p™" and p™** and the

subdivision into bins
PN = ¢ 4 kAN, (7.123b)

that resolves the angular spectrum of the wave field, with the angel ¢ defined in (7.10). Here, k
labels the bins and A¢y is the corresponding bin resolution. In order to compute the spectrum just
before the beam has reached the fluctuation layer centered at p = 1, the boundaries p™" = 1.03
and p™® = 1.05 are chosen. Instead, the spectrum just inside is obtained with p™" = 0.95 and
P =0.97.

In panel (b) of figure 7.8, uniquely the contribution of scattered rays to the spectrum just
after propagation through the fluctuation layer is shown. The fact that smaller values of L
lead to a broader distribution of the propagation angle ¢, predicted by (7.122b), is confirmed.
A Gaussian fit in this figure provides the widths Agfvctuation — (.22 (.11, 0.035 for L, =
0.2cm, 0.4cm, 2cm, respectively. Instead, the spectrum with no fluctuations present has a
width of A¢y = 0.022, measured by means of a Gaussian fit in figure 7.8 (c). Obviously,
Aglluctuation 5, A\ for the parameters L = 0.2 cm, 0.4 cm. In the composed spectrum after
propagation through fluctuation, panel (c) of the figure, this leads to a background intensity

caused by the scattered rays which is much broader than the sharp contribution of unscattered
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(a) spectrum outside fluctuation layer: (b) spectrum inside fluctuation layer,
contribution of scattered rays only:
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(c) spectrum inside fluctuation layer:
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Figure 7.8.: Spectra of the beams in AUG. (a) the spectrum just before the beam reaches the fluctu-
ation layer for p € [1.03,1.05), (b) the contribution of scattered rays to the spectrum
just after the beam has propagated through the fluctuation layer for p € [0.95,0.97)
and (c) the spectrum of the beam after propagation through the fluctuation. The
beam parameters are chosen as in figure 7.6 and for fluctuation Apr = 0.025 and
dne/me = 0.1 are used.

rays, providing a tail structure in the spectrum. Instead, for L | = 2 cm, the standard deviation
of scattered rays Agfiuctuation — () 035 is of the same order as the width of the distribution of the
unscattered rays A¢y = 0.022. Therefore, the spectrum after propagation through the fluctuation

layer does not show broad tails, but it rather is still Gaussian shaped with an increased standard

deviation.
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However, the maximum value of the spectrum at ¢y = —1.48 is affected more by larger
values of L. This is explained by the mean number of scattering events, estimated in terms
of the integral of the total scattering cross section ¥ along the central ray, yielding (ng) =
0.13, 0.26, 1.31 for the run shown in figure 7.8 with L, = 0.2cm, 0.4 cm, 2 cm, respectively.
This is in agreement with the dependence (ng) o< L , predicted for the simple physical limit of
perpendicular propagation, cf. (7.122a). The actual number of scattering events for the single

rays being Poisson distributed, the probability of getting scattered at least once is
Pscattered(<n5>) =1- €7<ns>7 (7.124)

leading to Picagtered = 12%, 23%, 73% for L, = 0.2cm, 0.4cm, 2cm, respectively. This
shows that in the L} = 0.2 cm, 0.4 cm runs only a minority of the rays gets scattered, leading to
the broad tails, but not carrying away from the center too much energy, whereas 73% of the rays
are affected by scattering for L | = 2 cm, broadening the spectrum and hence crucially affecting
the shape of the power absorption profile. As mentioned in section 7.5.1, the limit of rays being
scattered several times is called diffusive regime, in contrast to the advection regime for which
only few rays are scattered.

Broad tails in the spectrum just after the fluctuation layer physically are interpreted in terms
of a contribution of energy propagating in a direction far from the central direction, leading to
broad tails of the beam itself after some propagation distance. This effect is directly translated
into broad tails in the absorption profile for L | = 0.2cm, 0.4 cm as well, see 7.7 (c), whereas
the broadened peak in the spectrum for L, = 2 cm makes the corresponding absorption profile
become broad.

The absorption profile computed for realistic parameters in ASDEX Upgrade, Apr = 0.025,
one/ne = 0.1, L, = 0.4cm, is not far from the profile with fluctuations turned off, see
for example figure 7.7 (a), and could still be in agreement with simultaneous measurements
of absorption profiles. It is interesting to see what the simulation predicts for the absorption
profiles in ITER, where, given the fact that the tokamak is not already built, no measurements
exist, but precisely aimed and collimated electron-cyclotron beams are supposed to be used for
the stabilization of magneto-hydrodynamic instabilities (such as neoclassical tearing modes),

requiring sharp absorption profiles [44]. As for ASDEX Upgrade, the pedestal region is covered
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Figure 7.9.: Absorption profiles for ITER equilibrium, cf. appendix G, with the follow-
ing beam parameters: O-mode, frequency f = 170 GHz, initial beam width
w = 5.047 cm, initial curvature radius R = 318.6 cm, beam center launched at
(x,y,2) = (699.871 cm, 0,441.441 cm) with a poloidal antenna orientation of 47°
and a toroidal antenna orientation of 20° (ITER angle convention, cf. section 7.2).
For the ray tracing, 50000 rays are considered.

with App = 0.025 and dn./n. = 0.1 is a reasonable number for the electron density fluctuation
level. Due to the increased temperature, the gyroradius in ITER is larger. This makes the choice
of L} = 10ps =~ 2 cm appropriate [41]. The results are shown in figure 7.9, where a scan on
the width App is presented. It can be seen that for the reference value of Apr = 0.025, the
absorption profile is dramatically broadened and the effect of fluctuation is more pronounced as
in AUG with the same parameters, see figure 7.7 (c). This is due to a rescaling of the tokamak:
In ITER, the minor radius will be rrgr = 201 cm, whereas in AUG it is rayg = 65cm.
Therefore, a width of the fluctuation layer of Apr = 0.025 corresponds to a physical thickness of
AF =~ 2rrgrApr =~ 10 cm in ITER whereas it is only AF' ~ 3 cm in ASDEX Upgrade, leading
to a larger number of rays getting scattered. The mean number of scattering events evaluated on
the central ray yields (ng) = 11.6, so that most rays get scattered even several times. Another
important effect of rescaling is due to propagation after the fluctuation layer: The further the beam
propagates until it gets absorbed, the more its width is enlarged by a broad spectrum of the beam.
For the AUG run, the distance of the central ray from the p = 1 surface where fluctuations are
centered to the absorption region at p = 0.4 is found to be Al ~ 50 cm, whereas for ITER, even
if absorption takes place around p = 0.87, the distance with Al ~ 100 cm is twice as large. For

test purposes, the absorption region can be shifted towards the fluctuation layer. This is achieved
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Figure 7.10.: Absorption profiles for ITER equilibrium, cf. appendix G, the beam parameters
copied from figure 7.9 and fluctuation parameters App = 0.025, dn./n. = 0.1,
L, = 2cm. The magnetic field strength is multiplied with the factor f to shift the
absorption region for test purposes.

by multiplying the magnetic field in the tokamak with some factor close to one, modifying the
position R of the cyclotron resonance, cf. section 7.1. For the ITER run, this is presented in
figure 7.10. Whereas absorption around p = 0.87 shows the dramatic broadening effect. When
the absorption lacation is shifted outwards, the effect decreases. Absorption at p = 0.98 is almost
not affected by fluctuations.

In summary this section has shown the importance of a proper estimation of the effect of

fluctuations in the tokamak ITER, where absorption profiles get crucially affected by scattering.

7.5.3. Reflectometry applications

A second interesting application for the WKBeam code is the simulation of reflectometry beams.
As it was presented in the benchmarks section 6.3 of a linear layer, using WKBeam, meaningful
results can be produced even near the cut-off layer, if the spatial average over a domain which is
large enough is considered. Reflectometry runs usually stay away from resonances and, hence,
do not involve absorption, justifying the use of the cold-plasma approximation for the dielectric
operator. This assumption simplifies wave equation (2.20) to a partial differential equation which,
in principle, can be solved by a partial differential equation solver. However, considering the
fully three dimensional geometry of the tokamak and high frequency waves, this is numerically

expensive and the wave kinetic code is still more efficient if a solution in the semiclassical limit is
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Figure 7.11.: Reflectometry run for ITER equilibrium, cf. appendix G. Projections of the electric
field amplitude of the beam in arbitrary units on the Rz-plane (a), (c) and on the
Ry-plane (b), (d). The projections are obtained as square roots of the field energy
density integrated on y and z, respectively. No fluctuations are considered for
(a), (b), whereas the fluctuation parameters App = 0.025, dn./n. = 0.1, L =
2cm, Ly = 100 cm are chosen for (c), (d). The beam parameters are: O-mode,
frequency f = 70 GHz, initial beam width w = 2.412 cm, initial curvature radius
R = 1000000 cm, beam center launched at (x,y,z) = (849.78 cm, —5 cm, 62 cm)
with a toroidal antenna orientation of 5° and no tilt in poloidal direction (ITER
angle convention, cf. section 7.2). For the ray tracing, 20000 rays are considered.
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sufficient. We tune the beam such that it is most sensitive to fluctuations. In (7.122b), an estimate
for the order of magnitude of the deflection angle A¢p in case of scattering of a ray is given and
it can be seen that A¢y < N Il. Hence, the largest change of angle is achieved by beams which
just reach their cut-off layer N = 0 in the fluctuation region, even leading to isotropic scattering
in the perpendicular plane.

As an example, a reflectometry run is shown in figure 7.11. For this run, the turning point
of the central ray is located at p ~ 0.994, lying near the center of the fluctuation layer. The
projections of the beam onto both the Rz-plane (a,c) and the Ry-plane (b,d) are shown with and
without fluctuations. The magnetic field being oriented basically in y-direction, the beam is only
affected a little by the long scale parallel fluctuations, cf. panels (b) and (d) of the figure. Instead,

the projection on the poloidal plane shows a broadened reflected contribution of the beam in
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Figure 7.12.: Spectra of a reflected beam for ITER equilibrium, cf. appendix G, in the shell
p € [1.03,1.05). The beam parameters and fluctuation parameters are the same as
in figure 7.11.

panel (c) on top of the incoming beam launched from R ~ 850 cm. The corresponding reflected
contribution in the non-fluctuating plasma (a) is narrower and points a little upwards.

Mainly the same physical results are observed in a more quantitative way considering the
spectrum of the beam when propagating towards the cutoff and backward, cf. figure 7.12. The
spectra shown in this figure are obtained from binning with weight A = 1. In order to resolve the
spectrum in N, the bins are

Q1 = {(w,N) € R®:p™" < p(a, N) < p™, +n(z, N) € [0,7),

0 < Nj(z, N) — N"™ < ANH}. (7.1252)

With the definition of ¢ (7.10) and the magnetic field mainly in y-direction, the superscript
"+" selects the rays propagating outward (in positive R-direction) and "-" the ones entering the

plasma, i.e. in negative R-direction, as confirmed in the spectra 7.11 (c,d).
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7. Results for tokamak plasmas

The bin boundaries are p™" = 1.03 and p™* = 1.05 to select a magnetic surface shell outside

the fluctuation layer and the subdivision in V) -direction is

N|r|nin,k: _ N|r|nin + kAN”. (7.125b)

In analogy, the spectrum in ¢ is constructed: A bin
QN = {(x,N) e RO :p™n < p(z, N) < p™,
0 < ¢n(z, N) — ¢k < A¢N}, (7.126a)
subdivided in ¢ -direction according to the grid
PN = T 4 kA, (7.126b)

is used. The spectra in the parallel refractive index component [V and the angle of the refractive
index in the poloidal plane ¢ are not affected by fluctuations for the incoming beam, confirmed
by panels (a) and (c) of figure 7.12. Furthermore, given the fact that the parallel fluctuation
correlation length is large, again, the parallel refractive index component of the reflected beam
(b) is not influenced by fluctuations. Instead, the spectrum of the propagation angle ¢ for the

reflected beam becomes broader if fluctuations are turned on, cf. panel (d).
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Conclusions and outlook

In the framework of this thesis, a new simulation code for high frequency waves in fluctuating
media has been developed. Based on Wigner-Weyl symbol calculus, a phase space description
of the beam, formulated in terms of the Wigner function of the wave field, was obtained. Such
description allows us to deal with projection singularities (caustics) which are present e.g. in
the standard ray tracing method. The evolution of the Wigner function is described by the wave
kinetic equation, derived in the semiclassical limit. This approach retains the diffraction effects,
while neglecting higher order wave effects in the semiclassical expansion. It was shown how
even short scale fluctuations can be taken into account in the description in a mathematically
consistent way. The unfolding of caustics allows us to produce accurate results even near turning
points, albeit neglecting in the semiclassical limit fine structured interference effects. In addition,
the phase space description makes a natural derivation of spectra possible.

With tokamak applications in mind, in particular the effect of electron density fluctuations on

electron-cyclotron waves was studied for the tokamaks ASDEX Upgrade and ITER with the aim
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8. Conclusions and outlook

of addressing the possible broadening of the power deposition profile induced by turbulence in
electron-cyclotron current drive experiments. Therefore, the realistic tokamak geometry as well
as realistic plasma profiles have been used and fluctuations are described by an analytic model.

A new code, WKBeam, has been developed on the basis of a Monte-Carlo scheme adaptedd
to the solution of the relevant boundary value problem for the wave kinetic equation. The code
has been written in python, a modern and widely available high-level language, with cython
modules for performance and mpi4py for the parallelization. Extensive benchmarks of the new
code have been carried out. A comparison shows a good agreement between the new code and the
reference solutions employed for benchmark and, for a non-fluctuating tokamak plasma, with the
well-tested code TORBEAM. In presence of fluctuations instead, the concerns of previous works
that larger machines will be affected more by fluctuations due to larger propagation distances was
confirmed. In addition, an important influence of the fluctuation correlation length on the results
was found. Previous works considering diffusive approximations which are invalid in case this
correlation length is small, cf. ASDEX Upgrade parameters, could not study this effect which,
however, makes a dramatic difference between ASDEX Upgrade and ITER results depending on
the turbulence parameters. In the thesis also a reflectometry run is shown, including the effect of
fluctuations. Such runs might be interesting for diagnostics applications.

With a view to the work we have left over for future, additional benchmarks should be performed:
Even if benchmarks with simplified models show a good agreement, there might be simple errors
in the expressions specific to tokamak applications, which could be found by direct comparison
to other codes. Moreover, regarding the importance of the effect for ITER, an independent
confirmation of correctness would be welcome. The full wave solver used for the simplified
fluctuation case might be generalized to a simple, analytical tokamak geometry, which would

allow such benchmarks. In addition, a more refined model for fluctuations could be employed [45].
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Technical derivations for symbols and
Weyl symbols

A.1. Relation between left symbols and Weyl symbols

We shall establish a relation between L-symbols and Weyl symbols. Following [8], the kernel
a(x, z’) of an operator A can be expressed in terms of the corresponding L-symbol a(z, N) using

the quantization rule (2.31), i.e.

a(z,z’) = (;)m/ei”(’”m/)'Na(:c,N)dN. (A1)

Starting from this kernel, the Weyl symbol map (2.33) provides the Weyl symbol:

Az, N) = (2";) /e"“'(NLN)a (a: + ;,N’) dsdN'. (A.2)
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A. Technical derivations for symbols and Weyl symbols

Both, s and N’ appear in the exponential as well as in the arguments of the symbol a. Therefore,
the integrals are not trivial to compute. Given the fact that symbols are assumed to be smooth

functions, a Taylor expansion around x is appropriate. With a multi-index «, this yields

m ) , 00 ﬁaa
Az, N) = (;) /em(N DY 2a'x a (z, N') dsdN'. (A.3)
|a|=0 ’

Formally, the powers of s can be replaced with é@N acting on the exponential, because, every
time such a differentiation is applied, a prefactor of —ixs is produced. Then, the Taylor expansion

(A.3) reads

i\l 5o 5d
m oo by 0
Az, N) = (“) /ei“'(N/*N) 3 (Q*J—Ma (x,N')dsdN'.  (A4)

2 al
la|=0

Here, the arrows on the partial differential operators indicate the direction in which they act.
The sum in the last equation has the form of the Taylor series of an exponential with partial

differentiation operators as an argument. Therefore, formally, we write
2

m . / @ a7
Az, N) = ( r ) /ems'(N ~N) 30N D, (z, N') dsd N’ (A.5)

and remember that the partial differential operators in the exponential make sense when the
exponential is Taylor expanded. Now, the s-integration can be performed analytically. The result

yields a §(IN' — N) which also immediately allows the computation of the N’-integration:
i 7
A(z,N) = e2:N%q (1 N). (A.6)

Equation (A.6) provides the relation (2.37) between L-symbols and Weyl symbols given in the

body of this thesis. The inverse transformation
i 7
a(z,N) = e 2N A (z N) (A7)

also holds true.
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A.2. Product formula for Weyl symbols

A.2. Product formula for Weyl symbols

The aim of this section is to provide a formula which, given the Weyl symbols A(z, N') and
B(xz, N) of two pseudo-differential operators A and B, respectively, gives the Weyl symbol

C(x, N) of the composition operator
C=AoB. (A.8)

First, the relation is established for L-symbols instead of Weyl symbols. Then, with the relations

between symbols and Weyl symbols (A.6) and (A.7), it is translated in terms of Weyl symbols.

The kernel of the operator product C' is given by
clwy) = [ alw 'y (A9)

with a(z, z") and b(2’, y) the kernels of A and B, respectively. The symbol map (2.29) is used in

order to express the symbol ¢(z, V) in terms of the corresponding kernel ¢(z, y), i.e.
c(x,N) = /e_mN'sa(x, 2 )b(2', x — s)da’ds. (A.10)

In addition, the kernels a(x, 2") and b(z’, y) are given in terms of the L-symbols by equation

2.31):

a(z,z') = / e @= )N g (2 N'YAN', (A.11a)

bz, x — s) = / e —ets) Ny NN (A.11b)

The kernels (A.11) substituted into (A.10) yields

2

C(ZE N) — (KJ) m/eil‘i[S'(N//—N)+(«T—CE,)~(N,—N”)]a(m N/)b(x/ N//)dN,dN//d$/dS

Y 27_[_ ) ) *
(A.12)

Integration on s and then on N” can be performed immediately. The result is
m
c(x,N) = (;) /em[(‘r*x/)'(N/*N”a(x,N’)b(m',N)dN’dx’. (A.13)
7r
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A. Technical derivations for symbols and Weyl symbols

If the 2’-dependence is removed from b, the z’-integration can be performed. As done in

section A.1, b(x’, N) is Taylor expanded around x. The result reads

m 00 _ )
el N) = ()" [ Nlae, vy 3 (=) w2

b(z, N)dN'dz'.
2w =0

ol

(A.14)

Again, x — 2/ is replaced with the derivative — 20 acting on the exponential. The integral on z’
g P P g p g

and next on N’ then can be performed and as a result, we obtain

= (-5)" ot

c(x,N)=a(z,N) Z ' b(xz,N) (A.15)
=0 a!
The Taylor series of an exponential is identified, hence
i —
c(x,N) = a(x,N)e*Em’azb(x,N). (A.16)

When Weyl symbols are involved, the corresponding L-symbols are expressed using formulas

(A.6) and (A.7). Those transformations plugged into (A.16) yields
i = P i — ey
C(z,N) = ez 0N Ke_zmaf\"aﬂbﬁl @,N)) ¢~ 2OND. (6_%81\"8”53 (:c,N)ﬂ (A.17)

The exponential in front of the squared brackets is written out in terms of a Taylor series and

Leibnitz rule is applied. In the sum, then, the terms of exponentials are identified and the result is
i i = = i — ey
C(x,N)=A(z,N) e_ﬂyN'é_meﬂ (Ow+0x)- (52+22) 6—;%-&56—%8”813 (x,N). (A.18)

Given the fact that the partial differential operators in the exponentials commute, they can be put

in one exponential. Then, equation (A.18) simplifies to

Cla, N) = A(z, N) e [508-8T] g (3 Ny, (A.19)
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A.2. Product formula for Weyl symbols

This is the product rule for Weyl symbols, cf. equation (2.40) in the body of this work. It is also

referred to as the Moyal-Weyl product denoted with a "x":
C(z,N) = A(x,N) B(x,N). (A.20)
Particularly, the first two orders in the Moyal-Weyl product give
Oz, N) = A(z, N)B(z, N) — 2% (A, B} (z,N) + O(x2) (A21)

thus, recovering the Poisson brackets.
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Differentiation of distributions

In the framework of this thesis, it is dealt with generalized functions such as Dirac’s §. In
section 3.4, this has been worked out. To be mathematically precise such objects are not functions,
but they must be considered as distributions. Only in this sense, they as well as their derivatives
are properly defined. In this appendix, the basics of distribution calculus are recalled. More
details on this topic can be found in [46].

A distribution f, in general, takes a function ¢ and reduces it to a single number f(¢):

[0 f(o). (B.1)

A typical example with special interest for this work is Dirac’s §-distribution:

§: ¢ ¢(0). (B.2)

It reduces the test function ¢ to its value evaluated at point 0.
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B. Differentiation of distributions

Considering a function f, a distribution f is given in terms of the integral representation

fi0m $6) = [ o@)fa)da. (B3)

The function f then is referred to as generating function of the distribution f. Such a representa-
tion can be found for any regular distribution.

The §-distribution is not regular and no integral representation in the sense of (B.3) exists.
Anyway, a function Se(m) can be given which is used in the integral (B.3) instead of the generating
function, so that this integral depends on € and converges to the J-distribution in the limit € — 0.

We consider e.g.

2

~ 2 _laz=
de(x) = —e€ 2. (B.4)
2me

This function itself is divergent for ¢ — 0. If the limit is considered after integration, the result

converges to the expected result for the §-distribution:

[ s(@)b(@)az = 6(0) (B.5)

fore — 0.

Nevertheless, in this thesis, also for the distributions f without generating function, we write

[ @)@z = 1) (B.6

Here, the integral notation on the Lh.s. should not be interpreted as an integral in ordinary sense.
It rather is a formal way of writing, which means that the distribution f is applied on the test
function ¢, yielding f(¢). The notation is inspired by the integral representation (B.3). If and
only if the distribution under investigation has a generating function f (x), the integral may be
considered as an integral in the proper sense.

For this work, also the derivative of the J-distribution is needed. Hence, the definition of
derivatives of distributions is briefly reviewed here. It is motivated by distributions which can be
written in terms of generating functions. The derivative f’ of distribution f is obtained by using

the derivative of the generating function f’ (x) instead of f (x) in the integral representation (B.3):
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This is for the distribution applied on test function ¢

7'6) = [ o) (w)da. (B.7)

Here, the prime denotes derivatives. Integration by parts for ¢(x), which vanish at the integration

boundaries, yields

7'6) =~ [ ¢ fw)ds =16, (B.8)

Higher-order derivatives are defined analogously. This result is generalized to distributions

without generating function like for example Dirac’s 9, i.e.

§'(¢) = —d(¢") = —¢'(0), (B.9)

even if no interpretation in terms of the integral representation is possible.
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Hamilton’s equations of motion and
Poisson brackets

Hamilton’s equations of motion play an important role in this work, as they present a sort of
"wave trajectory"” as described with reference to geometrical optics, section 2.3, and also the
numerical scheme, chapter 4. In this appendix, phase space is introduced and more details are
given about Hamilton’s equations of motion, the evolution of phase space quantities and the
connection to the Hamilton-Jacobi equation.

In the framework of high frequency wave propagation, the position-refractive index space is
referred to as phase space (z, N). A smooth function H(x, N) is considered as Hamiltonian and

Hamilton’s equations of motion in canonical form are given by

9 o H(z, N), (C.1a)
dr
AN
N o H @ N, C.1b
= 0, H(x,N) (C.1b)
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C. Hamilton’s equations of motion and Poisson brackets

N
A x

AN
} Ax

] ]
T0 T()+AT

T

Figure C.1.: Neighbouring Hamiltonian orbits shifted by Az = Ax(7) and AN = AN(7) at
time 7.

Here, the parameter 7 plays the role of time. Hamilton’s equations of motion are ordinary
differential equations and therefore relatively straight forward to integrate, given initial conditions.
Given a solution (z(7), N(7)) of (C.1), called orbit in phase space, its projection onto the
configuration space {z = z(7)} defines a curve called ray in the framework of geometrical optics,
cf. section 2.3.

It can be shown [47] that neighbouring Hamiltonian orbits as shown in figure C.1 conserve
the enclosed volume AV = AxAN. This is called Liouville’s theorem. Crossing orbits would
lead to AV = 0 at the crossing point. This would be against volume conservation. Therefore,
Hamiltonian orbits do not cross in a finite A7.

As a special case, Hamiltonians independent of z, i.e. H(z, N) = H(N), conserve the refractive
index, i.e. N = const. As a consequence, also the derivative Oy H(N) is conserved. Hence,
straight rays trajectories are obtained. As an example, the Hamiltonian for free space (6.3) has
such a structure.

For the purpose of this work, cf. chapter 3, Poisson brackets { H, A} need to be defined, with
A(r,z, N) any phase space function depending possibly on 7. Specifically, Poisson brackets

describe the change of A along a Hamiltonian orbit (x(7), N (7)), namely,

(), N () = 2 (7,2(7), N(7)) + 0:A (r,2(7), N(7) o
FoyA(naln) No) S ©2)
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and using Hamilton’s equations (C.1) one finds

dA 0A

dr or

(r,2(7), N(7)) = 5= A(r,2(7), N(7)) + 0z A (7, 2(7), N(7)) On H (2(7), N(7))

— OnA (7, 2(7), N(7)) 0. H (x(7), N(7))

The Poisson brackets, defined by

{H, A} == Oy HO, A — 0, HON A,

appear naturally in equation (C.3):

dA 0A

I (T,:L'(T),N(T)) - - (T,%(T),N(T)) + {H7 A} (T,%(T),N(T)) :

or
Equation (C.5) simplifies to

dA

dar (CL‘(T), N(T)) = {H’ A} (x(T)v N(T)) )

when A = A (z(7), N(7)) is not explicitly dependent on 7.
Poisson brackets (C.4) have the following properties [47]:

e They are anti-symmetric when arguments are exchanged,

{A, B} = — {B, A}.

e Leibnitz rule applies when one argument is the product of two functions,

{AB,C} = A{B,C} + {A,C} B,

e The Jacobi identity holds true,

{A,{B,C}} + {B,{C,A}} + {C,{A,B}} = 0.

(C.3)

(C.4)

(C.5)

(C.6)

(C.7a)

(C.7b)

(C.7c)
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C. Hamilton’s equations of motion and Poisson brackets

N
y

N =V,S(z)

- X

Figure C.2.: Two dimensional configuration space = = (x,y) € R? extended with N € R? to
phase space. Shown in red is the Hypersurface defined by N = V,.S(x).

In particular, it follows from anti-symmetry (C.7a) that { H, H } vanishes identically and hence,
due to (C.6), the Hamiltonian itself is conserved along Hamilton orbits.

An important point for the ray tracing method as presented in section 2.3 is the relation between
Hamilton’s equations of motion (C.1) and the Hamilton-Jacobi equation. This relationship allows
to move from a Hamilton-Jacobi type of equation (2.50a) derived from electromagnetic wave
theory to a ray tracing strategy using Hamilton’s equations of motion. The reader might find more
details in the standard textbook [47]. The geometrical interpretation of the relationship is given in

the following. Hamilton-Jacobi equation is
H (z,V.S(x)) =0, (C.8)

which, in general, is a non-linear partial differential equation for the function S = S(z). The
solution S of this equation defines a hypersurface in phase space (z, N = V,S(z)) as shown in
figure C.2. Here, to each configuration space point x, one single value of N = N (x) is attached.

A vector linking two points on this solution hypersurface is given by

(vz(ac)) _1 ( x + vgp(x)e ) B ( x )} . ( Vg ) C9)
un () € [ \VaS(z + vz(x)e) V2 S(x) (DS(x)vs)

Here, the first components v, describe the projection onto configuration space whereas the

last components vy give the shift in refractive index direction. The Cartesian unit vectors are
denoted with e’. Einstein’s convention is used and the limit ¢ — 0 is considered. Furthermore,
DS = (0,4:0,:5(x));; denotes the Hessian of S. The first line does not contain any information,

leaving the velocity projection on configuration space v, arbitrary. Instead, the second line
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determines the velocity projection on refractive index vector space vy in terms of v,,. Formulating
equation (C.9), a general tangent vector was considered. This shows that vectors tangent to the
solution hypersurface have the velocity projection on refractive index vector space v defined by

the second line of (C.9), whereas the projection on configuration space v, is arbitrary.

On the other hand, taking the gradient of Hamilton-Jacobi equation (C.8) yields
[0xH (z,N) + DS(2)OnH (2, N)|y_v, 5(z) = 0- (C.10)
We choose
vy = ONH(x, N(z)) (C.11)

in (C.9) and substitute equation (C.10) into the r.h.s. of the second line. As a result we find that

UN —0,H (z, N(z))

is compatible with (C.9) and hence tangent to the solution hypersurface of Hamilton-Jacobi

the vector

equation. This proves that Hamiltonian orbits, given by Hamilton’s equations of motion (C.1),
are lying in the surface defined by the solution of the Hamilton-Jacobi equation. Vice versa, the
solution hypersurface can be constructed as a congruence of Hamiltonian orbits. This is the basis

of the ray tracing technique outlined in section 2.3.
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Gaussian beam profiles

In this appendix, the Wigner function of a beam with given Gaussian profile is computed. It
is needed as a boundary condition in the code, cf. section 5.1.1. The electric field around the

antenna plane x = 0 is

E(X, y) — AeinyNy,o—&—iﬁXNx,o—‘r%Hyé‘y—%ny-@y (Dl)

with a central amplitude A. For simplicity, A = 1 is considered here as well as in the benchmark
tests in chapter 6. When physical results are discussed, section 7.5.2, this normalization might
not be appropriate. Then, correct values are obtained when the Wigner function is multiplied with
|A|2. This is clear from the construction of the Wigner function (D.2).

As presented in figure 3.2, for an m-dimensional space we consider x € R and y € R™ 1.
For physical electric fields, the dimensionality must be set to m = 3. The dimensionality
is not specified here anyway because for some tests it might also be interesting to consider

two-dimensional geometries. One input parameter is the central value for the refractive index
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D. Gaussian beam profiles

(Nx,0, Ny o) where Ny g € Rand Ny o € R™~! It is supposed to fulfil the dispersion relation
on the antenna plane. The symmetric matrix ® in (D.1) describes the beam width on the antenna
plane and the symmetric matrix S gives the curvature of the phase front of the beam, namely
focusing or defocusing. A more detailed discussion on the physical meaning of ® and S is given

at the end of this appendix. With the Wigner transformation (2.61), the Wigner function reads

Sx

'U)(X — ij7 NxaNy) — /efiN(NxSx+Ny-Sy)E ( 9 ,y+ S2y> E* (_52)(?}, — 52}’) dSXdSy-

We substitute the electric field (D.1) in this Wigner transform and perform the sy-integration.

This leads to a §-function for the perpendicular refractive index component:

w(x = 0,y, Ny, Ny) = 2me "V / ei”“(NYvO_Ny)'SyH”“y'SSY_%“Sy'%ycs(Nx — Nx,0)dsy.

(D.3)

As the matrix ® is symmetric, it can be diagonalized with an orthogonal matrix U,
& =U"DU, (D.4)

where D is the corresponding diagonal matrix with the eigenvalues D; of ® on its diagonal. If in

(D.3), the integration variable is substituted,
sy — 8y 1= Usy (D.5)
and the tilde is dropped, integral (D.3) yields

Ky i — UT iky-SUT s, —1 .
w(x: 0,y, N)uNy) — e hY @y/ezn(Ny70 Ny)-U* sy+iky-SU" sy— 7 Ksy Dsy5(NX —Nx7o)d8y.

(D.6)

The abbreviation

vT =k [(Nyo — Ny)" +y7S| UT (D.7)
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is introduced in order to simplify equation (D.6):
w(x=0,y, Ng, Ny) = e VY / eiV’Sy’%HSY'Dsyé(NX — Ny )dsy

m—
= 2me ™"V PY§(N, — Ny o) H/ ks —irDrsy g, (D.8)

Here, the vector s, = (S1,...,8m—1) is written out in terms of its components. Next, the integral

under the product symbol must be evaluated. This requires standard complex analysis and the

1/2
/ eivksk—17Disi g, — 2, [N (D.9)
kD

The result is substituted in (D.8) and the Wigner function reads

result is

om (m+1)/2 by — m—1 1;
—Ky* =1 kK
I Yewary e ©6(Ny — Nyo).  (D.10)

w(X = 07}’) NXaNy) =

Upon accounting for definition (D.7) and that det (®~!) = (det <I>)71, the final result is

om (m+1)/2

k(m=1)/2/det ®

w(x = 0,y, Ny, Ny) = e~ Ky Py—r[(Ny,0—Ny)+Sy]-® 1[(Ny,0*Ny)+Sy]5(NX — Nyo).

(D.11)

In equation (3.65), a regularized Wigner function is presented. This is obtained when the

singularity is split up. Hence we define

m,_(m+1)/2
QI)(X = 07Y7Ny) = 2 ﬂ-( / e*’{yq)y*”[(Ny,O7Ny)+SY]'(I’_1[(N%O*NY)JFSY] 8H(:c, N) ,
k(m=1/2\/det ® ONy
(D.12)

which is in agreement with (3.65).

For physical applications, it is assumed that the matrices ¢ and S are diagonal in the same
reference frame. This means that the principal coordinate systems for both, beam width as well
as curvature, are the same on the antenna plane. In general, they could be rotated one with
respect to the other and, introducing as a parameter the rotational angle, one could describe this

effect. However, for the purpose of this thesis, such effects are not further investigated. Then,

181



D. Gaussian beam profiles

__———— l .
7 /,_>’[
R>0 /R<O X

Figure D.1.: Effect of different curvature radii on the beam. Geometrical optics rays launched on
the antenna plane (red) are shown. In blue, the curvature radii are displayed. Left:
positive curvature radius R > 0 is considered. Right: the curvature radius R < 0 is
assumed to be negative.

considering the electric field (D.1), it is clear that the eigenvalues Dy, of ¢ are related to the beam
width on the antenna plane wy. Furthermore, the eigenvalues Sj, of S are related to the initial

curvature radius Ry, of the wave front:

2
Dy, = 5 (D.13a)
KW}
1
S = ——. D.13b
k R ( )

Considering Wigner function (D.11), it can be seen that the refractive index yielding the largest

contribution for a given point y is

Ny = Ny + Sy. (D.14)

As a convention, in this work, the curvature radius is considered positive, if the center of curvature
is lying in direction of beam propagation (on the left in figure D.1, focused beam), whereas it
is considered negative, if it is beyond the antenna plane as shown on the right in figure D.1,

defocused beam. This is consistent with the sign in definition (D.13b).
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User guide for WKBeam

In the following two sections, small user guides for the ray tracing and the binning part of
WKBeam are presented. Note that in general, the code is implemented considering physical
coordinates, which are not normalized by any typical length scale L, unlike the theoretical

description presented throughout this thesis.

E.1. Ray tracing code

The ray tracing part of WKBeam requires as input an ascii text file with the following syntax:

Every content appearing in a line after a "#"-character is ignored and the command

[VARIABLENAME] = [VALUE] ,

sets the variable [ VARIABLENAME] to the value [VALUE]. Leading blanks are ignored. Table E.1

presents all possible parameters with a brief explanation of the meaning.
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E. User guide for WKBeam

The code is run with the command

mpirun -np [NMBR CORES] python ray_trace.py [INPUT],

where [NMBR CORES] specifies the requested number of cores and [INPUT] gives a link to the
file containing the input parameters. The file "ray_trace.py" is the main file of the code.

As a further input for tokamak applications, the code is looking for input files in the folder
specified among the input parameters: "topfile" should provide the magnetic field and the
files "ne.dat" and "Te.dat" contain information on the electron density profile and the electron
temperature profile, respectively. The format of these files is compatible with the TORBEAM
code [40].

The WKBeam ray tracing code produces as an output one binary file per master core, denoted
by [output_filename]_file[ C].hdf5, where [output_filename] is defined as input parameter and
[C] is a number specific to the core writing the file. The file format is the standard hdf5-format.

The entries maintained in this file are listed in table E.2.

Table E.1.: Input parameters for the ray tracing code, their datatype and a brief description.

variable name datatype | description

zeroelectrondensity boolean | if set, a simplified model or free space is used
linearlayer boolean | if set, use linear layer as simplified model
valley boolean | if set, use lens-like medium as simplified model
analmodel boolean | if set and zeroelectrondensity is not set, use ana-

lytical model for the plasma profiles

neanal float central electron density for analytical model
deltarhopedestal float pedestal width for the analytical plasma model
input_dir string path to the input files for the plasma profiles
output_dir string path, where the output files are written
output_filename string name of the output file, "_fileC.hdf5" is added,

where "C=0,1,2,..." labels the core writing the

file

184



E.1. Ray tracing code

variable name datatype | description

takecentralrayfirst boolean | if set, the first ray in the output file "C=0" is the
central, non-scattered ray

storeNxNyNz boolean | if set, the refractive index components in Carte-
sian components are stored

storeNparallelphiN boolean | if set, the refractive index components in coordi-
nates aligned to the magnetic field are stored

storeGroup Velocity boolean | if set, the group velocity is stored

storeCorrectionFactor boolean | if set, the correction factor € is stored

storePsi boolean | if set, the flux ¢ = ¥ (x,y, z) through the mag-
netic surface the point (x,y,z) is lying on is
stored

ControlOutput boolean | if set, information on the progress is displayed

rmaj float major radius of the tokamak

rmin float minor radius of the tokamak

twodim boolean | if set, a two-dimensional beam in (x, z) coordi-
nates is assumed; otherwise, a three-dimensional
beam is considered

freq float beam frequency in GHz

sigma float wave mode, "+1" for O-mode, "-1" for X-mode

beamwidthl, 2 float beamwidth in both directions

curvatureradiusl, 2 float curvature radius in both directions

rayStartX, Y, Z float Cartesian coordinates of the beam center on the
antenna

antennatordeg float toroidal angle of the antenna plane in degree

antennapoldeg float poloidal angle of the antenna plane in degree

anglespecification string if set to "ITER", ITER angle convention is used,
if set to "AUG", AUG angle convention is used

centraletal, 2 float central value for the refractive index

npt integer number of points per ray

timestep float standard timestep A7 between two ray points
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variable name datatype | description

epsilonRegS float regularization parameter for S inversion

integratormax nmbrsteps | integer maximal number of subdivisions for one integra-
tion step

integratorreltol float maximal integrator tolerance (relative)

integratorabstol float maximal integrator tolerance (absolute)

nmbrRays integer number of rays to trace

nmbrMetrHast integer number of preliminary generated random num-

BoundarylInit bers for MC-Hastings algorithm to ensure con-
vergence

absorption boolean | if set, absorption is turned on

absorptionModule integer if absorption is turned on, absorption routine is
chosen: 0: Westerhof, 1: Farina routine

absorptionLayerX float if absorption is turned on in simplified model,
absorption layer is considered for X < this pa-
rameter

absorptionStartEarlier float put O if absorption shall be computed along the

ThenCentralRay whole ray, otherwise: abs. is computed starting
AT earlier then it was recognized on the central
ray, with A7 this parameter

absorptionConsiderAs float treshold for absorption coefficient, absorption

NonZeroTreshhold above this value is considered non-negligible,
used to determine when absorption on central
ray starts

absorptionSmaller float when absorption is computed, choose timesteps

TimestepsFactor smaller by this factor

absorptionWfct Treshhold | float treshold, when ray tracing is stopped due to neg-
ligible ray power, relative to the initial value

reflektometrie boolean | if set, reflectometry case is considered
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variable name datatype | description

reflektometrierho float if reflectometry case is considered, the ray trac-

Treshhold ing is stopped when the ray leaves the shell with
this value for p

scattering boolean | if set, scattering of the rays is taken into account

scattering Amplitude float fluctuation strength for simplified model scatter-
ing

scatteringlLengthscaleX, Z | float correlation lengths for simplified model scatter-
ing

scatteringXmin, max float boundaries for x when scattering is turned on

scatteringLengthPerp float perpendicular correlation length in tokamak fluc-
tuation model

scatteringLengthParallel | float parallel correlation length in tokamak fluctuation
model

scatteringDelta float width of the fluctuation layer in normalized mi-
nor radius units

scatteringrhocentral float center of fluctuation layer in normalized minor
radius units

scatteringDeltaneOverne | float \/(6n2/n?2) at the center of the fluctuation layer

scatteringMaxProb float factor to enlarge guess for the scattering proba-

GuessFactor bility so that an upper limit is obtained

scatteringintegration float factor the guess for the boundaries of the rele-

boundaryfactor vant range for the numerical integration of the
scattering cross section is multiplied with

nmbrinitialisation integer number of initialisations for MC-Hastings algo-

MetropolisHastings rithm to ensure convergence

Scattering
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Table E.2.: Entries in the output file of the ray tracing code, their datatype and a brief description.

Entries which are put in brackets may not be present for a special choice of parameters.

name of entry datatype | description

Traces[a,b,c] float b=3:

value of fraction F' for ray a at timestep c,
b=0,1,2,¢c> 0:
value for z, y, z for ray a at timestep ¢

(TracesNparallelphiN[a,b,c]) float b=0,1,2,¢c> 0:

value for Ny, Ny, N, for ray a at timestep
c

(TracesNparallelphiN[a,b,c]) float b=0,1,c>0:

value for N||, ¢ for ray a at timestep ¢

(TracesGroup Velocity[a,b,c]) float b=0,c>0:
value for the group velocity Oy H (z, N)

for ray a at timestep ¢

(TracesCorrectionFactor[a,b,c]) | float b=0,c>0:

correction factor ¢ for ray a at timestep ¢

(TracesPsi[a,c]) float c>0:
value of the magnetic flux ¢ = ¥(x,y,2)

for ray a at timestep ¢

TracesTime[a,c] float c>0:
value of time parameter 7. along ray a after

timestep ¢

Mode float +1: O-mode propagation,

-1: X-mode propagation

FreqGHz float beam frequency in GHz
antennapolangle float poloidal antenna angle in radian
antennatorangle float toroidal antenna angle in radian
nmbrRays integer number of rays contained in this file

188



E.2. Binning code

name of entry datatype | description

rayStartX, Y, Z float central beam point on the antenna plane in
(x,y,2) coordinates

beamwidthl, 2 float beamwidth on the antenna plane

curvatureradiusl, 2 float curvature radius on the antenna plane

centraletal, 2 float central value of the refractive index on the
antenna plane

fileindex integer label 0, 1, 2, ... identifying the master-core
which has written the file

inputfile string copy of the input file with all included com-
ments

E.2. Binning code

The data produced by the ray tracing code needs to be post-processed with the aid of the binning

code. This can be called once the output from ray tracing is available, with the command

python call_binning.py [INPUT].

Again, [INPUT] links to an input file, with a syntax identical to the ray tracing code, cf. section E.1.

Possible entries with a short description are presented in table E.3. The output of the binning

code essentially is a table containing the values of the Monte-Carlo estimator (4.50) for the

binning areas €2, labeled with an up to four dimensional multi-index «.. Together with additional

information, this is stored in a hdf5-file, with entries summarized in table E.4.

Table E.3.: Input parameters for the ray tracing code, their datatype and a brief description.

variable name

datatype | description

input_directory

string path to the input files written by the ray tracing

code
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variable name datatype | description
inputfilename list of labels of one or several runs of the ray tracing
strings code the input files for which are obtained by

adding "_file[C].hdf5", where [C]=0,1,...,N-1,

with N the number of files for one specific case

nmbrFiles integer number of files N for one specific case
outputdirectory string path to the directory where the output files are
written
outputfilename list of if defined, the output files for the specific cases
strings are named with those filenames plus ".hdf5", oth-

erwise the standard output file names "[inputfile-

name]_binned.hdf5" are used

WhatToResolve list of w strings (up to four) labeling what quantity is
strings resolved in the order of this list, possible entries
are: "X","Y", "Z", "Nx", "Ny", "Nz", "Nparal-
lel", "phiN", "Psi", "rho", "R"

min (max) list of minimum (maximum) boundaries for the consid-
floats ered grid in the up to four dimensions defined in

[WhatToResolve]
nmbr list of number of bins in the considered grid for all

integers | dimensions

InputPower float if not defined: normalization is such that the
central electric field on the antenna plane is 1,

otherwise: specifies the total beam power

storeWfct boolean if set, the integral weighted with 1 is stored

storeVelocityField boolean | if set, the integral weighted with the group veloc-

ity is stored

VelocityComponents list of which velocity components to store, possible
ToStore strings entries are: "Nx", "Ny", "Nz"
storeAbsorption boolean | if set, the integral weighted with the absorption

coefficient is computed
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variable name

datatype | description

computeAmplitude boolean | if set, the integrals are computed taking into ac-

count scattered as well as unscattered rays
computeAmplitude boolean | if set, the integrals are computed taking into ac-
Unscattered count only unscattered rays

computeScatteringEffect

boolean if set, the difference between also scattered and

purely unscattered integrals is computed

computeScattered boolean | if set, the contribution of scattered rays in ampli-
Contribution tude is computed
correctionfactor boolean | if set, the correction factor £ is properly taken

into account, otherwise itis setto & = 1

Table E.4.: Entries in the output file of the binning code, their datatype and a brief description.

Entries which are put in brackets may not be present for a special choice of parameters.

name of entry datatype | description
(BinnedTraces[a,b]) array of b=0:
floats value for binning with weight 1, bin la-
belled with a u-dimensional multi-index a
(see dimensionality of [WhatToResolve])
b=1:
corresponding statistical uncertainty
(VelocityField[a,c,b]) array of | analogous to [BinnedTraces], where as a
floats weight the refractive index component indi-
cated in the c-th entry of [VelocityCompo-
nentsToStore] is used
(Absorption[a,b]) array of analogous to [BinnedTraces], where as a
floats weight the absorption coefficient is used
(BinnedTracesUnscattered[a,b]) | array of see [BinnedTraces], only unscattered rays
floats are taken into account
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name of entry datatype | description

(VelocityFieldUnscattered[a,b]) | array of | see [VelocityField], only unscattered rays
floats are taken into account

(AbsorptionUnscattered[a,b]) array of see [Absorption], only unscattered rays are
floats taken into account

(BinnedTraces array of difference of [BinnedTraces] and [Binned-

ScatteringEffect[a,b]) floats TracesUnscattered], statistical uncertainty

is computed taking into account that the

unscattered rays are the same in both cases

(VelocityField array of difference of [VelocityField] and [Veloci-
ScatteringEffect[a,b]) floats tyFieldUnscattered], statistical uncertainty
is computed taking into account that the
unscattered rays are the same in both cases

(Absorption array of | difference of [Absorption] and [Absorp-

ScatteringEffect[a,b]) floats tionUnscattered], statistical uncertainty is
computed taking into account that the un-
scattered rays are the same in both cases

(BinnedTracesScattered array of | contribution of scattered rays in [Binned-

Contribution[a,b]) floats Traces]

(VelocityFieldScattered array of | contribution of scattered rays in [ Velocity-

Contribution[a,c,b]) floats Field]

(AbsorptionScattered array of | contribution of scattered rays in [Absorp-

Contribution[a,b]) floats tion]

(Xmin) float lower boundary of the grid covered by bins
in x-direction if resolved, analogue entries
may be found for Y, Z, Nx, Ny, Nz, Npar-
allel, phiN, Psi, rho, R

(Xmax) float upper boundary of the grid covered by bins

ins x-direction if resolved, see [Xmin] for

more information
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name of entry datatype | description

(nmbrX) integer number of bins in x-direction if resolved,

see [ Xmin] for more information

nmbrRays integer number of scattered and unscattered rays

taken into account

nmbrRaysUnscattered integer number of unscattered rays taken into ac-
count

nmbrRaysScattered integer number of scattered rays taken into account

Mode float +1: O-mode propagation rays were used,

-1: X-mode propagation rays were used

FreqGHz float beam frequency in GHz

antennapolangle float poloidal angle of the antenna plane

antennatorangle float toroidal angle of the antenna plane

rayStartX, Y, Z float central beam launching x, y, z position in
cm

beamwidthl, 2 float beam width on the antenna plane in the two

orthogonal principal axis in cm

curvatureradiusl1, 2 float curvature radius on the antenna plane in

the principal axis system in cm

centraletal, 2 float central value of the perpendicular refrac-

tive index in the beam center on the an-

tenna plane
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Metropolis-Hastings algorithm

Metropolis-Hastings algorithm can be employed to generate random numbers following any, even
complicated probability distribution. In this thesis, at different points it is used, cf. the generation
of initial conditions, section 5.1.1, and the scattering scheme, section 5.1.2. The reader may find
a description in the textbook [48], summarized in this appendix.

Say that we are looking for a random number z;;; with probability distribution p(z;11) needs to
be generated. Let z; be a guess for a number distributed with p(z;) as a probability density, also
referred to as stationary probability in the framework of Metropolis-Hastings algorithm. Then
z;+1 may be drawn with the following strategy:

i. Choose a candidate z: Let the so-called proposal distribution ¢(z|z;) be the conditional
probability density function of z given z;.

ii. Define the acceptance probability

a(z, z;) = min {1, p(z)q(zﬁz)} . F.D
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F. Metropolis-Hastings algorithm

This may be computed even if the probability distributions involved are not normalized.
The candidate z is accepted, i.e. z;+1 = 2z, with probability a(z, z;). If it is not accepted,
the previous value is copied, i.e. z;41 = 2;. In order to decide whether or not to accept the
candidate z, an event with probability a(z, z;) must be simulated. This is most easily done
by generating a uniformly distributed number f within the interval [0, 1) and accept the

candidate if the condition
f<al(zz) (F2)

is fulfilled.
The new value z;;; obtained from this algorithm is distributed according to the stationary
probability distribution p(z;+1).

Note that for the purpose of this thesis, as initial value z(, the most likely value z : p(z) =
sup p(z) is chosen and the probability distribution of z;; converges to the stationary probability
after performing steps (i) and (ii) several times, where convergence is improved the closer the
proposal probability distribution ¢(z|z;) is to p(z). Let us point out that in this thesis, the special
case of a non-conditioned proposal distribution, independent of the previous value z; is considered,

ie. q(z]2) = a(2).
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Plasma profiles

In this appndix, plasma profiles considered in this thesis, namely for the tests of the Hamiltonian,
cf. section 7.4.4, and the results, presented in section 7.5, are presented. These equilibria are
AUG #25485 in figure G.1 and a simulated ITER equilibrium in figure G.2. It is difficult to
profide the entire information on the magnetic field on paper, given the fact that it is a function
on the two coordinates R and z. Hence, z is treated as a parameter when the toroidal magnetic
field component is shown. The fact that this parameter has only a small impact on the toroidal
field component B; (cf. figures G.1 (¢) and G.2 (¢)) confirms that the magnetic field is basically a

function on R.
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G. Plasma profiles

(a) electron density profile:
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Figure G.1.: Equilibrium of ASDEX Upgrade #25485. (a) electron density profile, (b) temperatur
profile and (c) toroidal component of the magnetic field.
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(a) electron density profile:
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Figure G.2.: Simulated ITER equilibrium. (a) electron density profile, (b) temperature profile and
(c) toroidal component of the magnetic field.
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