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Stellarators are magnetic confinement machines which are optim-

ised for containing hot and dense plasmas, with the goal of produ-

cing power from fusion reactions. Recent stellarator designs incorpor-

ate several transport and stability theories to optimise their plasma

confinement in “advanced stellarator” concepts. The Heliotron-J ma-

chine is such an advanced stellarator and its optimisation is becoming

so good that attention should be paid to the effects of turbulence.

Turbulence causes enhanced transport and losses of both particles

and heat, which should be prevented. Thus, predictions on the beha-

viour of the turbulent plasma of Heliotron-J are currently of utmost

importance. Turbulence grows from nonlinear interaction of unstable

plasma modes, often called microinstabilities. The gyrokinetic theory

describes the growth of these microinstabilities and can be used to

diagnose how microinstabilities depend on plasma properties.

In this research, the behaviour of electrostatic microinstabilities

with respect to variations of the magnetic configuration and plasma

gradients in Heliotron-J is analysed. Two different configurations are

considered, the standard and the bumpy configuration. The analysis

is done by numerically calculating mode frequencies, energy transfer

rates, and growth rate values of the unstable modes. These values are

then used to deduce the identities of the microinstabilities to diagnose

in which configuration which modes are dominant. Calculations are

done using the GENE numerical code, which applies the gyrokinetic

theory to stellarator geometries. Results show successful identifica-

tion of the microinstabilities. Furthermore, at typical plasma gradients

used in experiments, the standard configuration has higher growth

rates than the bumpy configuration, indicating better performance in

terms of turbulence.
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Preface

This thesis is addressed to both students and scientists who are knowledge-

able in the ways of fusion research and to those who have spent their time

on physics but are not yet aware of the specifics of the fusion-world. While

many of the former will have spent multiple years of their life on the topic

of fusion research, the latter will have to do with the information given in

this thesis. Therefore, some pages are reserved for introducing the history

and current state of fusion machines to the general physicist. Hopefully, the

fusion boffins will not allow this to tamper with their eagerness to read this

thesis, and well, they might yet learn something new from this historical in-

troduction. Furthermore, this thesis is designed, as all research theses should

be in my opinion, to give a view of the research such that it becomes easy to

comprehend and be reproduced. Therefore, the background of this research

is discussed extensively, perhaps more than one is accustomed to. These an-

notations aside, I wish all of you, fusion researcher or not, a most enjoyable

experience reading this thesis.
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Section 1: Introduction

1 Introduction

Humanity is driven by curiosity, each and every day people ask themselves

questions on how and why things are happening. When these questions are

answered, we tend to adapt to the results or apply this new knowledge into

applications which help us thrive. The drive to understand how birds fly,

eventually, with many failed attempts, led to the brothers Wright soaring

through the sky over the dunes of Kitty Hawk. The interest in physics of

tiny particles eventually led to the creation of one of the larges man-made

networks: the world wide web. Curiosity drives creation.

We have, in this modern era, conquered the land, the seas, and the skies,

but still our curiosity is not satisfied. We begin looking deep into space, send

people to the moon, and dispatch robots to the edge of our solar system.

While observing nearby and distant stars, the vast and massive sources of

energy in our universe, our curiosity pushes us to an almost unfathomable

idea; If we can harness the power of the stars, we might be able to overcome

one of the biggest problems of humanity, the ever growing energy demand in

the world.

1.1 Fusion technology

Current technology, apart from solar panels, does not yet allow us to tap

into this vast source of energy. However, we do try to adapt our knowledge

of stars into machines that mimic the fusion processes taking place in the

dense and hot innards of these bright balls of plasma. The first scientists that

imitated the fusion processes happening in the stars were Ernest Rutherford

and his student Mark Oliphant in 1934, who fused deuterium atoms and

created helium-3 and tritium atoms [1]. The reactions taking place were the
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Section 1: Introduction

following:

2
1D +2

1 D→3
1 T (1.01 MeV) + p+ (3.02 MeV),

2
1D +2

1 D→3
2 He (0.82 MeV) + n0 (2.45 MeV),

(1.1)

where the energy transferred from the nuclear bonds of deuterium atoms

to the kinetic energy of output particles is given in the parentheses. If one

can harvest the kinetic energy of these particles, one can gain a couple of

MeV in a single reaction. The magnitude of this energy output can be un-

derstood by a comparison to, for example, the combustion of a single sugar

molecule, which results in a gain of a meagre 0.1 eV = 1 ·10−7 MeV of energy.

This potential for harvesting large amounts of energy, was the cradle for the

quest for fusion energy machines. Unfortunately, the concept used by Ruther-

ford and Oliphant, beam-target fusion, was hard to scale up to an energy

producing machine. However, new concepts show more promising results. Ex-

amples of these concepts are inertial confinement and magnetic confinement

machines. While the inertial confinement concept is being researched heavily,

for example at the National Ignition Facility, it still has to overcome vari-

ous scientific and engineering challenges before our understanding is mature

enough to think about economic viability [2]. More progress has been made in

the branch of magnetic confinement, where two concepts have been battling

for a foothold in the scientific community, the tokamak and the stellarator [3].

The concepts are similar in numerous aspects, for example they both use

magnetic fields to confine a high temperature, high density ionised gas: a

plasma. The ions and electrons in this plasma repel each other, this generates

forces and generally the plasma wants to dissipate. To combat this, magnetic

fields are used to generate Lorentz forces, pushing the charged particles back
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Section 1: Introduction

towards the core of the machine. In this core the particles will then also

collide, acting as the fuel for the following fusion reaction:

2
1D +3

1 T→4
2 He (3.5 MeV) + n0 (14.1 MeV). (1.2)

Using this reaction the magnetic confinement devices try to obtain net energy

production by harvesting the kinetic energy of the reaction products. To

effectively do this, many of these described fusion reactions have to happen,

without power losses becoming too high during the process. The plasma

therefore has to“burn”, more heat needs to be generated by capturing the

charged reaction products1 in the magnetic field, than is lost due to thermal

losses of the machine. This struggle is captured by the triple product criterion:

nTτE ≥ 3 · 1021 keVs/m3 (1.3)

which shows that the product of density, n, temperature, T , and confine-

ment time, τE must overcome a certain set value, such that heating of the

fusion plasma due to the fusion reactions is stronger than the cooling due

to losses. The confinement time is the typical timescale for which particles

in the fusion plasma can be contained. From this equation it is easy to see

that a high temperature, high density, and good confinement are crucial to

magnetic confinement machines.

Even though tokamaks and stellarators profit from the same fusion reaction,

and are both dependent on the temperature and density they can achieve,

there are also differences between them. The most defining difference is ap-

parent in the manner in which each of the concepts realises the magnetic

field used to contain the hot plasma. This magnetic field is helical, as it is

1Note that only the charged particles can be captured in the fusion reactor by the
magnetic field, the neutrons can thus not contribute to heating the plasma.
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Section 1: Introduction

found that this is a proper way to contain the charged particles, and consists

of a toroidal part and a poloidal part [4]. The tokamak concept uses planar

(superconducting) coils to generate the toroidal field and an inducted plasma

current for its poloidal field. In contrast, the stellarator uses either helical

or non-planar 3D modular (superconducting) external coils to generate both

components of the magnetic field at the same time. The stellarator concept

was first born in 1951, but it was soon observed that the plasma confine-

ment was worse than theoretical predictions and with the adoption of the

tokamak concept in 1958, which showed better confinement properties, the

stellarator concept was less actively researched for quite some time [5, 6]. In

this time, scientific development of fusion machines was mainly performed

on the concept of tokamaks making it more mature. Only when the toka-

mak concept showed some difficulties of its own in its plasma confinement,

the interest in stellarators was found again. Now, nearly 70 years after its

invention, the stellarator again is seen as a viable option for controlled fusion

energy production, fighting for its place in the scientific community.

1.2 The optimised stellarator: Heliotron-J

The biggest problem of the stellarator concept in its early years was what is

now called “neoclassical transport”. Classical transport theories and models

predicted transport properties of magnetically confined ions and electrons,

but did not incorporate geometrical effects. These effects include gradients

and curvatures of the magnetic field, which result in complex drift charac-

teristics and particle orbits in the stellarator [7]. These effects were later

described by the neoclassical transport theory. Now, stellarator designs in-

corporate the theories of neoclassical transport as well as the classical trans-

port to optimise their plasma confinement in “advanced stellarators” [8]. A
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second challenging topic in which advancements have been made over the

last decades is the magnetohydrodynamic (MHD) stability of the stellarator

plasmas. The theory of MHD describes the plasma as a magnetic fluid, al-

lowing us to describe macroscopic equilibrium and stability properties of a

plasma [9]. However, neither (neo)classical transport theories, nor the MHD

theory deal with microscopic perturbations of the plasma profile, which can

lead to large transport losses. This subsection of the description of transport

properties is named turbulence, and it is becoming more important to deal

with as neoclassical and MHD optimised designs are becoming better.

A good example of an optimised fusion machine is the Heliotron-J stellarator

at Kyoto university. The machine is a helical-axis heliotron-type stellarator,

which means that it creates its magnetic field by means of a helical coil,

rather than modular coils. The device also has some planar toroidal and ver-

tical field coils, but these are used to stabilise the vertical position of the

plasma and to vary the toroidal ripple in the magnetic field. Figure 1 shows

a picture of the device, clearly showing the blue support structure and the

silver-coloured stainless steel vacuum vessel. In black some of the toroidal

magnetic field coils can be seen. The magnetic field structure and the helical

coil are shown in figure 2. A four-fold periodicity can be seen in this mag-

netic field due to the shape of the helical coil. In table 1 the main geometrical

parameters and typical operational parameters of Heliotron-J are given.

Heliotron-J is a medium-sized device, but it has the benefit of some experi-

mental flexibility. It has good particle confinement and MHD stability but it

still shows significant transport [13]. These properties make it an interesting

machine to investigate. Results from this investigation can be experimentally

verified due to Heliotron-J’s experimental flexibility. In the future, the veri-

fied results can then be compared to those of machines that are less accessible
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Figure 1: Picture of Heliotron-J, located at Kyoto University. The blue sup-
port structure, the silver vacuum vessel and the black toroidal field coils are
the main components that can be seen from the outside.

Figure 2: The helical coil (purple) and magnetic field (red) of Heliotron-J.
The helical coil traverses a poloidal turn four times with one toroidal turn
resulting in a four-fold periodicity of the magnetic field. (Obtained from
Nagasaki [10])
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Table 1: General geometry and operational parameters of the Heliotron-J
stellarator [11,12].

Heliotron-J parameters
Major radius R 1.2 m
Minor radius a 0.16 m
Toroidal period Np 4
Working gas D (mainly), H
Pulse length 500 ms
Magnetic field B 1.24 T
Electron density ne < 1·1020 m−3

Ion temperature Ti < 0.4 KeV
Electron temperature Te < 3 KeV
Rotational transform 0.4-0.7

to these experimental approaches, such as Wendelstein 7-X. The significant

transport in Heliotron-J can be ascribed to turbulence, but it is difficult to

isolate information about turbulence from experiments. Therefore, simula-

tions can be used to obtain information on the turbulence in Heliotron-J.

1.3 Modelling of turbulence

Typically, drift-wave turbulence dictates that small perturbations in the

plasma can be driven towards instability, becoming microinstabilities. When

these microinstabilities grow and interact non-linearly with each other, the

transport they produce is called turbulence. The gyrokinetic theory, a theory

originating from the kinetic plasma theory, is shown to be able to describe

the properties of these microinstabilities [14]. This theory is embedded in

various simulation models, called gyrokinetic models. The input for these

models is information about the geometry of the stellarator, and its opera-

tional parameters. Output can take many forms: e.g. growth rates or mode
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structures of the microinstabilities. Being able to predict, or see trends in,

the size and growth of microinstabilities, depending on the input parameters

of the model, gives essential information to eventually being able to prevent

these instabilities or the resulting turbulence.

A distinction between linear and nonlinear simulations should be made here.

Many of the gyrokinetic models can model both the linearized set of gyrokin-

etic equations and the full nonlinear set of equations. Both methods have their

strengths and weaknesses. Linear simulations solve the linearized gyrokinetic

equations. Therefore, they are fast and computationally inexpensive, but they

only generate a limited set of information. Nonlinear simulations solve the

fully nonlinear gyrokinetic equation, making the solution to the equations

much harder to calculate. This results in long and computationally expens-

ive simulations. However, much more information can be obtained from these

nonlinear simulations than from the linear ones. Thus, for any problem the

choice must be made whether linear calculations suffice or not. The com-

parison of simulation results with experimental measurement is a section

where nonlinear models are often outperforming linear ones. Growth rates

and mode structures, which can be given by the linear simulations, can-

not easily be compared with experimental measurements. Thus, for a well

informed representation of measurable quantities such as the temperature

fluctuation magnitude, or the heat flux magnitude in a plasma, nonlinear

simulations must be performed.

1.4 Scope of the thesis

In this research both linear and nonlinear gyrokinetic simulations are used

to understand the behaviour of plasma microinstabilities in the Heliotron-

J stellarator. In particular the behaviour of these instabilities with respect

12
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to the configuration of the magnetic field of Heliotron-J is interesting. This

can show, from the viewpoint of turbulence, how a better performance can

be reached by adjusting the magnetic configuration before operation. The

research question can thus be formulated as: How does the behaviour of

plasma microinstabilities depend on the magnetic field configuration of

Heliotron-J?

Using linear simulations it is rather easy to scan a parameter space for op-

timal confinement properties. Thus, to make sure that robust results are ob-

tained to answer the research question, the relation between microinstabilities

and the magnetic field configuration is checked for multiple points in para-

meter space. The parameter space is spanned by the density and temperat-

ure gradients, which, as will be discussed in the theory section, have major

influence on the creation and growth of microinstabilities. Thus for many

combinations of temperature and density gradients present in the plasma,

linear growth rates will be calculated. These can be compared to tell which

configuration, at which gradients, has the most beneficial properties.

But, solely focusing on models might be problematic, as these models are not

necessarily one-to-one with real experiments. Results from linear simulations

might seem promising, and advise can be given based on these results, but

the translation to real plasma operation must be done with caution. Ideally,

one would want to compare experimental results from the two different con-

figurations with the simulation data. Therefore, the development of a novel

synthetic diagnostic is started. This diagnostic is a synthetic version of the

correlation electron cyclotron emission (CECE) diagnostic and uses data

from nonlinear simulations as input. The real CECE diagnostic is used in

experiments to determine spatially resolved temperature fluctuation levels,

which can be used as a proxy for turbulence strength. The synthetic CECE
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diagnostic should be set up to translate output from nonlinear simulations

to fluctuation levels which can be compared to those of experiments. If this

information is obtained, validation of the results from simulations with ac-

tual experiments is possible. Synthetic diagnostics have been used previously

in tokamak research, but this novel diagnostic will be designed for the 3D

stellarator magnetic field configuration [15,16].

In this section the gyrokinetic model used to perform the simulations has not

been named yet, but it should be introduced. The gyrokinetic model used

is GENE, the Gyrokinetic Electromagnetic Numerical Experiment model-

ling code [17]. This model is a well benchmarked, versatile, code applicable

to stellarator geometries. GENE can run both linear and nonlinear simu-

lations, and is thus fit for this thesis. A more extensive explanation of this

code is given in section 3.

The thesis is structured as follows: first, the underlying theory of the emer-

gence and growth of microinstabilities is tackled. An explanation of the

gyrokinetic set of equations is given. Then a discussion on the properties of

Heliotron-J that are beneficial for preventing turbulence follows. After this,

the GENE simulation code, its specifics and its limitations are summarised

in a short overview of this simulation code. Then, the synthetic CECE dia-

gnostic is introduced, just after the basics of CECE have been explained.

This synthetic diagnostic is developed as a part of this thesis as a novel

way of processing nonlinear simulation data. The method of using both the

GENE simulation code and the synthetic CECE diagnostic to obtain rel-

evant knowledge is explained afterwards. To end this thesis, the results from

linear and nonlinear simulations are presented and discussed.

14



Section 2: Theoretical background

2 Theoretical background

As this thesis is set up to be as comprehensive as possible for both fusion

physicists, and general physicists, the background of the gyrokinetic theory

has to be introduced before any method or result can be described. In this

section this background is built up from the principle of the continuity equa-

tion, using the kinetic equation as a stepping stone, with the help of single

particle motion to the gyrokinetic equation and the description of microin-

stabilities.

2.1 The kinetic equation

The gyrokinetic confinement theory is a simplified form of the kinetic plasma

theory, one of many approaches describing the physics of magnetically con-

fined plasmas. Another, for example, being the magnetohydrodynamic (MHD)

fluid theory. As MHD theory best describes macroscopic stability properties,

it is generally not considered useful to describe the small scale processes oc-

curring in fusion plasmas. The kinetic theory, unlike MHD theory, takes

into account all kinetic properties of particles in the confined plasma, and

is therefore better able to describe the transport properties, including tur-

bulent processes. This kinetic theory describes the plasma by calculation

particle distribution functions of particle species present in the plasma. Dis-

tribution functions have the form of fa(x,v, t), where a denotes the particle

species, x and v are the three dimensional vectors for position and velocity

spanning the phase space, and t is used to denote the time. Looking at the

0th moment of this function:

na =

∫
fa(x,v, t)d

3v, (2.1)

it is seen that integrated over the volume, the distribution function becomes
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the particle density, na. Thus the distribution function gives the number of

particles per unit volume in phase space and defines a plasma state. The

evolution of the distribution function thus describes the evolution of the

plasma over time. This evolution of the plasma is shown in the continuity

equation given by:

∂fa
∂t

+∇z (żfa) = Ca (fa) . (2.2)

This equation shows that the change of the distribution function of species

a is defined by the fluxes into and out of the phase space element around

the point (x,v) = z and by collisions of particles denoted by the collision

operator Ca. If the assumption is made that the acceleration for charged

particles is only given by the Lorentz force, a change of velocity can be

written as v̇ = ea
ma

(E + v × B), where ea, ma, E, and B are the particle

charge, particle mass, electric field and magnetic field respectively. Here, the

force of gravity is thus neglected, as it is considered small in comparison to

the Lorentz force. Doing this, the continuity equation becomes the kinetic

equation which can be formulated as:

∂fa
∂t

+ v · ∇xfa +
ea
ma

(E + v ×B) · ∇vfa = Ca (fa) . (2.3)

Formulating a function for the collision operator, Ca, which includes both

elastic and inelastic processes can be mathematically cumbersome, but there

multiple options to approximate the collision operator, depending on the as-

sumptions that can be made. If, for example, Coulomb interactions are the

main drive for collisions in the plasma, the operator used can be the Fokker-

Planck operator, the resulting equation being named the Fokker-Plank equa-

tion [18]. However, this paper describes hot plasmas, where collisions are

assumed to be infrequent. Relative to the electromagnetic forces, the forces

due to these infrequent collisions are small. Thus, the collision operator can
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Section 2: Theoretical background

be approximated by Ca = 0, changing the kinetic equation into the Vlasov

equation.

The Vlasov equation alone cannot be used to describe the plasma fully. The

well known set of Maxwell equations:

∇ · E =
ρ

ε0

,

∇ ·B =0,

∇× E =− ∂B

∂t
,

∇×B =µ0

(
J + ε0

∂E

∂t

)
,

(2.4)

where ρ is the charge density, ε0 the vacuum permittivity, and J the current

density, and a quasi-neutrality condition showing that the density of ions and

electrons do not differ much:

∑
a=i,e

eana = 0 (2.5)

are necessary to construct a closed set of equations, which can be used to

calculate the state of the plasma.

Unfortunately, solving the closed set of the kinetic equation is a 6 dimen-

sional problem over location and velocity phase space. Thus it is numerically

extremely expensive, and sometimes impossible, to solve, even with the use

of present-day supercomputers. The gyrokinetic ordering, which will be in-

troduced shortly, reduces the kinetic equation to a 5 dimensional problem,

decreasing the required computational resources to a manageable level on

present-day supercomputers.
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Section 2: Theoretical background

2.2 The electrostatic gyrokinetic system

The gyrokinetic equation can be obtained from the kinetic equation by ad-

apting it to the problem: the simulation of plasma properties in a stellarator.

Experimental observations have shown that a certain ordering in the phys-

ical properties of these magnetised plasmas can be assumed. This ordering

is extensively used during the derivation of the gyrokinetic equation, and is

therefore called the gyrokinetic ordering. This ordering states the following:

ρa
L
∼ ω

Ωa

∼ eδφ

Ta
∼ δna

n0

∼ O(ε)� 1. (2.6)

Thus, for this ordering to hold, the assumption is made that the radius of

the gyrating motion of a charged particle, the Larmor radius,

ρa =
mava
eaB

=

√
2eamaTa
eaB

, (2.7)

is much smaller than the macroscopic length scale considered in the prob-

lem, L. Often, and in this thesis as well, this macroscopic length scale is set

equal to the minor radius of the stellarator, a. Furthermore, the characteristic

frequency, ω, of the instabilities analysed using the gyrokinetic equation, is

assumed to be much smaller than the gyrofrequency, Ωa = eaB/ma, of the

considered particles. A final assumption is that perturbations of plasma prop-

erties are small with respect to their equilibrium values. Here, the perturba-

tion in the electric field, eδφ, and in the density, δna, are given as examples,

and n0 is used to denote the equilibrium density. Ta is used to reference to

the temperature of the gyrating particles of species a. But, as often done

in plasma physics, it is defined as an energy value in electron volts (eV),

rather than the temperature given in kelvin (K). This energy value is defined

as the product of the Boltzmann constant and the temperature in kelvin,

Ta(eV ) = kbTa(K). The convention remains in plasma physics to call Ta(eV )
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a temperature, and this will be done throughout this thesis as well. The

smallness parameter ε is used to express the order of these assumptions [19].

Extensive experiments have been performed underlining that the assump-

tions in the gyrokinetic ordering are valid [14,20–22]. These sources describe

fluctuation levels in the order of eδφ
Ta
∼ δn

n0
∼ 10−3 to 10−5 and frequencies in

the order of ω
Ωa
∼ 10−3 for typical tokamak plasmas, proving the smallness

of these parameters. For these parameters, stellarator plasmas can be said to

be similar to tokamak plasmas. However, caution has to be taken when the

gyrokinetic theory is applied to edge regions. Density profiles in both toka-

maks and stellarators tend to suddenly drop inside the edge region, leading to

high gradients and small gradient length scales, breaking the gyrokinetic or-

dering. As the Larmor radius should be small with respect to gradient length

scales, the theory also breaks down for high temperature, weakly magnetised

plasmas. But, for the purpose of analysing regions where the density gradi-

ent length scales are large, the gyrokinetic theory is valid for stellarators [23].

Now that it is shown that the gyrokinetic equation is valid for stellarators,

the main steps in its derivation are given here. This derivation follows the

line of reasoning taken by Proll [24]. However only a crude version of the

derivation is given here, as only some aspects will show to be important in

this work, while the mathematical derivation of these results might not aid

the reader. For those interested in the details, an extended version is given

in appendix A.1.

The derivation starts with the Vlasov equation in Cartesian coordinates:

∂fa
∂t

+ v · ∇xfa +
ea
ma

(E + v ×B) · ∇vfa = 0, (2.8)
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which is transformed into:

∂fa
∂t

+ Ṙ · ∂fa
∂R

+ ϑ̇
∂fa
∂ϑ

+ Ė ∂fa
∂E

+ µ̇
∂fa
∂µ

= 0, (2.9)

which is the Vlasov equation in guiding-centre coordinates. These guiding-

centre coordinates are given by:

E =
mav

2

2
+ eaφ,

µ =
mav

2
⊥

2B
,

R = r +
b̂× v

Ωa

,

v = v‖b̂ + v⊥ (cosϑe1 + sinϑe2) ,

(2.10)

where E is the energy, composed of kinetic and electrostatic potential energy,

µ is the magnetic moment, R is the position of the guiding-centre, r is the

position of a particle, b̂ = B/B is the unit vector along the magnetic field,

v is the particle velocity described by a parallel part v‖ and a perpendicular

part v⊥, e1 and e2 are the unit vectors perpendicular to b̂, and ϑ is the

gyro-phase, which is defined by the relation ϑ̇ = −Ωa. Figure 3 gives a visual

interpretation of the guiding-centre and the particle position.

These coordinates make it possible to carry out the gyro-averaging of the

Vlasov equation, which is essentially another coordinate transform to the

gyro-centre coordinates. This gyro-averaging is defined as integrating a func-

tion over a ‘gyro-disc’ centred around a fixed R at constant µ and E . A visual

interpretation of the change of coordinates and gyro-averaging is given in fig-

ure 4.

To apply this gyro-averaging to the Vlasov equation, more information about
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Figure 3: Visualisation of the guiding-centre R and position r of a charged
particle rotating around a magnetic field line.

Figure 4: Visualisation of the coordinate transformation from guiding-centre
coordinates to gyro-centre coordinates and the gyro-averaging over a ‘gyro-
disc’ centred at fixed R. (Adapted from Garbet [18])

the distribution function, fa, is needed. This function can be decomposed

in an Maxwellian equilibrium distribution, including adiabatic responses to

small electric fields, and a perturbed, non-adiabatic part:

fa = fa0 + ga (2.11)

where ga � fa0. The Maxwellian equilibrium distribution plus adiabatic
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response is known and is given by:

fa0 = na(ψ)

(
ma

2πTa(ψ)

)3/2

e−E/Ta(ψ)

' na

(
ma

2πTa

)3/2

e−mav
2/2Ta

(
1− eaφ

Ta

)
,

(2.12)

where, in the first equation, the flux surface label ψ is introduced. More

information about these flux surfaces is given in section 3.2. Here, the density

na(ψ) and the temperature Ta(ψ) are also taken to be constant on a flux

surface. This form makes clear that ∂fa0
∂t

= 0, ∂fθ0
∂µ

= 0 ∂fa0
∂ε

= −fa0
Ta

and in

lowest order: ∂fa0
∂ϑ

= ∂ga0
∂ϑ

= 0. This results in:

∂ga
∂t

+ Ṙ · ∂
∂R

(fa0 + ga)−
ea
Ta

(
∂φ

∂t

)
r

fa0 = 0 (2.13)

Now, using the gyrokinetic ordering following the derivation of Cowley [25],

and using the Ballooning formalism [26] the gyro-average of the Vlasov equa-

tion can be taken, which results in:

∂ga0

∂t
+ (v‖b̂+vE +vda) · (∇ga0 +∇fa0) +

iea
Ta
J0

(
k⊥v⊥
Ωa

)
φωfa0 = 0, (2.14)

where the complex frequency is given by:

ω = ωr + iγ. (2.15)

In this new Vlasov equation, vE is used as the velocity of a particle due to

E×B drift effects and vda is the magnetic drift velocity. These drift velocities

will be discussed in further detail in section 2.3. Furthermore, ∇ is now used

instead of ∂/∂R for better readability. In the third term of the equation, ω

is the frequency of an unstable mode, made up of the real mode frequency
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ωr and the growth rate γ, J0

(
k⊥v⊥

Ωa

)
is the zeroth order Bessel function, and

k⊥ is the perpendicular wavenumber. For ease of use, the zeroth order Bessel

function will be written as J0 from this point onward.

None of the terms in equation (2.14) depend on the fast gyro-phase any more.

Thus, this coordinate is removed from the phase space considered in the equa-

tion, reducing the 6D Vlasov equation to a precursor of the 5D gyrokinetic

equation.

For the last step it is checked what each term of the equation means, and

whether it can be rewritten or ignored. First of all, the derivative of ga0 with

respect to time has to be taken. Thus we introduce the Fourier representation

of the non-adiabatic part of the distribution function:

ga0(R, E , µ, t) = ĝa(R, E , µ)ei(k⊥−ωt), (2.16)

φ(R, t) = φ̂(R, ω)ei(k⊥−ωt). (2.17)

which divides the non-adiabatic part of the distribution function, and the

electrostatic potential, in a slowly varying amplitude and a fast changing

phase. This division is made as it is known that the fluctuations in the

plasma vary slowly parallel to b̂ and fast perpendicular to it [27, 28]. The

derivative of equation (2.16) can now shows to be ∂ga0
∂t

= −iωga0.

Analysing the terms in the second part of equation (2.14), it is deduced that

vE · ∇ga0 can be ignored in the linear stability analysis as it is a nonlinear

term. Furthermore, vda ·∇fa0 describes the neoclassical response in ga0, which

can therefore also be dropped, and b̂ ·∇fa0 = 0 as the distribution function is

a flux function, a function which does not vary along a magnetic field line. The
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term vE · ∇fa0 can be rewritten using the Clebsch coordinate representation

[29]:

B = ∇ψ ×∇α. (2.18)

This results in:

vE · ∇fa0 = −iJ0
eaφ

Ta
ωT∗afa0, (2.19)

where ωT∗a, is introduced as:

ωT∗a = ω∗a

[
1 + ηa

(
E
Ta
− 3

2

)]
, (2.20)

and ω∗a is the diamagnetic drift frequency:

ω∗a =
Takα
ea

d lnna
dψ

, (2.21)

and ηa is the ratio between the temperature and density gradient:

ηa =
d lnTa
dψ

/
d lnna
dψ

. (2.22)

Finally, using all these substitutions, the equation called the electrostatic

collisionless gyrokinetic equation is given by:

v‖∇‖ga − i (ω − ωda) ga +
iea
Ta
J0φ

(
ω − ωT∗a

)
fa0 = 0, (2.23)

where the hats have been omitted from ĝa and the magnetic drift frequency

is given by:

ωda = k⊥ · vda = (kψ∇ψ + kα∇α) · vda. (2.24)

This ends the derivation of the gyrokinetic equation. However, as noted in

section 2.1, to finalise the gyrokinetic set of equations, a definition for the
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quasi-neutrality in the plasma is needed. Knowing that the electrostatic po-

tential fluctuates slowly, on length scales much larger than the Debye length,

the Poisson equation can be written as:

∑
a=i,e

eana = 0. (2.25)

This equation, with the use of the definition of the 0th moment of the distri-

bution function, equation (2.1), and the definition of the non-adiabatic part

of the distribution function, equation (2.16), can be written as:

∑
a=i,e

ea

∫
fa0dv +

∫
ga0dv − na = 0

∑
a=i,e

nae
2
a

Ta
φ =

∑
a=i,e

ea

∫
ga0dv

∑
a

nae
2
a

Ta
φ =

∑
a

ea

∫
ga(R, E , µ)J0dv,

(2.26)

which is the quasi-neutrality equation, and closes the set of the gyrokinetic

equations.

2.3 Single particle motion

The velocities vE and vda are important parameters in the gyrokinetic equa-

tion, as they are in equation (2.19) and (2.24) respectively. They have been

introduced but their origin is still not introduced. The emergence of these

E×B drifts and magnetic field drifts can be explained by looking at physical

processes which happen on the scale of single particles.

First, the process creating the E × B drifts is explained. This drift is the

direct result of charged particles reacting to magnetic and electric fields.

The equation governing this reaction is the Lorentz equation, F = mdv
dt

=
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q(E + v×B). The time-independent homogeneous solution of this equation

in v is called the E×B drift, vE, and is given by:

vE =
E×B

B2
. (2.27)

But charged particles also react to changes in the magnitude and direction of

the magnetic field, thus a magnetic drift velocity, vda, is expected. To obtain

this magnetic drift velocity, a generalised version of equation (2.27) is formed

by replacing qE by a general force F:

vdrift =
1

q

F×B

B2
. (2.28)

One part of the magnetic drift velocity is explained by analysing what hap-

pens to particles when they gyrate in a field which has a magnetic field

gradient. In figure 5 an ion and an electron are depicted in a magnetic field

which increases in strength along the arrow with indicator ∇B. The Larmor

radius of these particles, see equation (2.7), is inversely proportional to the

magnetic field strength, thus it will become larger with a lower magnetic

field. Both the electron and the ion show increased radii when they are at

the bottom of their orbit, at low magnetic field strength, and decreased radii

at the top of the orbit, where the magnetic field is strongest, and therefore

they move perpendicular to the magnetic field gradient. Note that due to

their charge the ions move towards the left, while electrons move the other

way.

This movement can be translated into a force experienced by the particles

from the magnetic field gradient, which is given by Chen [31] as:

F∇B = −1

2
qρav⊥∇B. (2.29)

Combining equation (2.28) and (2.29), the velocity of the drift due to mag-
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Figure 5: Particle drifts due to a gradient in the magnetic field strength.
The arrow indicates the direction of the magnetic field gradient. As the Lar-
mor radius changes with magnetic field strength, particles experiencing non-
constant magnetic fields describe non-circular orbits. Due to their respective
charge, ions will drift towards the left, while electrons drift to the right.
(Adapted from Gallagher [30])

netic field gradients is obtained:

v∇B =
1

2
ρav⊥

B×∇B
B2

=
1

2

mv2
⊥
q

B×∇B
B3

. (2.30)

The second part of the magnetic drift velocity is due to the change in direction

of a magnetic field. This change happens when a magnetic field is curved.

The vector describing this property is called the magnetic curvature vector:

κ = b̂ · ∇b̂, (2.31)

Due to this curvature, particles trying to follow this field line will experience

a centrifugal force resulting in a drift of the particles. This force is given by:
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Figure 6: Schematic overview of a curved magnetic field line, a particle gyr-
ating around it, the curvature vector, κ, and the centrifugal force, Fcf . (Ad-
apted from Gallagher [30])

Fcf =
mv2
‖

Rc

r̂ = mv2
‖κ, (2.32)

where Rc is the radius of curvature. This force leads to the curvature drift:

vκ =
mv2
‖

q

κ×B

B2
. (2.33)

Particles experience both ∇B-drifts and curvature drifts, thus the total mag-

netic drift velocity of particles in a magnetic field is given by:

vda = v∇B + vκ

=
1

2

mv2
⊥
q

B×∇B
B3

+
mv2
‖

q

κ×B

B2
.

(2.34)
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2.4 Microinstabilities

Now it is understood how the gyrokinetic equation is formed and how E×B

drifts and magnetic field drifts are created, they can be used to describe the

growth of microinstabilities. This section brings together the mathematical

considerations of the gyrokinetic theory from section 2.2 and the physical

processes described in section 2.3, and shows how microinstabilities grow

from the particle drifts.

This thesis focuses on four types of microinstabilities, all of them drift wave

instabilities. Drift wave instabilities are described by Goldston to be “wave-

like fluctuations of the electric field, density and temperature which move

along the poloidal direction of a device, driven unstable due to plasma drifts”

[32]. Two of these drift wave instabilities come into existence due to temper-

ature gradients in the plasma, the ion temperature gradient (ITG) mode and

the electron temperature gradient (ETG) mode. The other two types are drift

waves which depend on trapped particles, the trapped electron mode (TEM)

and the trapped ion mode (TIM). First the temperature gradient (ITG and

ETG) modes are described with the use of the particle drift equations, and

the gyrokinetic equation is solved up to the point where we can describe the

modes most dominant features. Afterwards a similar analysis is done for the

trapped particle modes (TEM and TIM).

2.4.1 Temperature gradient modes

The ion and electron temperature gradient (ITG and ETG) modes are, as

the names imply, dependent on the ion or electron temperature gradient in

the plasma. If a small fluctuation in the equilibrium temperature is present,

it can be either be intensified or damped, depending on the curvature of
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(a) Magnetic drifts (b) Charge separation (c) E×B drifts

Figure 7: Mechanism driving a perturbation towards a temperature gradient
mode microinstability. Here, vdi is the magnetic drift velocity of the ions,
the blue area indicates low temperature and the red area high temperature.
The unequal magnetic drifts lead to charge separation, E×B drifts, and an
increase of the perturbation amplitude.

the magnetic field κ, and the direction of the gradient of the magnetic field

(∇B) with respect to the gradient of the temperature (∇T ). The ITG mode

is used as an example here, so ∇T = ∇Ti. The derivation also holds for ETG

modes with the sole difference that the roles of the ions and electrons are

interchanged (e.g. ∇T = ∇Te).

In figure 7, the situation where a perturbation along the poloidal direction

is formed and both the temperature and magnetic field gradients are in the

negative radial direction (towards the centre of the plasma), is pictured. The

regions of relatively high temperature are filled with particles which have a

high velocity with respect to particles in the cold part of the perturbation

region. This results in higher magnetic drifts for these particles, as the mag-

netic drift velocity, vda, given by equation (2.34), is highly dependent on the

plasma velocity. The shown vdi is the magnetic drift velocity of the ions in

the plasma. The electrons move in the opposite direction due to their neg-

ative charge. As ions will leave the region of high temperature faster than

they are replenished from the regions of low temperature, an electrostatic
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potential will build up. Due to this electrostatic potential, an electric field

will be generated between the borders of the perturbation. The presence of

this electric field in the magnetised plasma leads to E×B drifts. These drifts

are dependent on the direction of E, and thus, through the process described

above, on the direction of vdi. This direction is defined by the direction of

magnetic field gradient and by the curvature in equation (2.34). In this case

∇B is pointed in the same direction as ∇T , leading to charge separation and

electric fields that result in E×B drifts which are in phase with the perturba-

tion. Also, the magnetic drift due to the magnetic curvature part is leading to

E×B drifts in phase with the perturbation. Thus, both due to the direction

of the magnetic field gradient and due to the curvature, this perturbation

is driven towards a microinstability. In gyrokinetic analysis, curvature that

leads to growth of instabilities in this manner is often called “bad curvature”2.

If either the magnetic field gradient would be pointing outward, or the

curvature would be “good”, the E × B drifts could be out of phase with

the perturbation, effectively preventing a microinstability from forming. Gen-

erally κ is calculated such that the line between good and bad curvature is

located at |κ| = κ = 0, negative κ is considered bad, while positive κ is good.

One last thing to consider when discussing ITG and ETG modes is the pos-

sibility of an density gradient influencing the drift wave. Due to a density

gradient, the phase between the perturbation and the E×B drifts can change.

If the density gradient is high enough, it can become stabilising against the

temperature gradient modes. The relative magnitude between temperature

and density gradient is given by ηi,e, see equation (2.22), and it has been

shown that ηi,e <
2
3

is the condition for which ITG and ETG modes respect-

2The original definition of “bad curvature” comes from MHD theory, where the
curvature force is pointed in the same direction as the pressure gradient force, creating
interchange instabilities.
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ively are stabilised by density gradients [33]. This particular behaviour is why

the ITG and ETG modes are often named η-modes.

A mathematical derivation of the dispersion relation of ion and electron tem-

perature gradient modes can be used to determine some of the characteristics

of the modes. For this the derivation of Proll [24] is followed again. Equation

(2.23) is taken as a start and the assumption is made that the ions move

slowly along the magnetic field lines compared to the frequency of the mode,

k‖vTa � ω. Using this, the first term can be ignored and the function can be

solved for the non-adiabatic part of the distribution function:

ga =
eaφ

Ta
J0

(
ω − ωT∗a

)
(ω − ωda)

fa0. (2.35)

If this equation for the non-adiabatic particle distribution function is filled

into the quasi-neutrality condition, equation (2.26), the equation becomes:

∑
a

nae
2
a

Ta
φ =

∑
a

ea

∫
eaφ

Ta
J2

0

(
ω − ωT∗a

)
(ω − ωda)

fa0dv. (2.36)

The distinction between ETG and ITG modes can be made mathematically

here. Temperature gradient modes relying on the electrons have smaller time

and spatial scales by a factor of
√
me/mi, see equation (2.7). Thus, typical

wave numbers of the electron modes are about 60 times higher than those of

deuterium ions. Note, the impact of modes with such high wave numbers on

the thermal or particle transport is often regarded as small [34], but for mod-

elling purposes they should be considered as well. Using the fact that these

ETG modes rely on small scale physics relative to ITG modes, the Bessel

function in equation (2.36) can be taken to go to 1 for the electron kinetic

response, but to zero for the kinetic ion response. In the description of ITG

modes this is interchanged and the kinetic response of the ions is kept, while

the kinetic electron response goes to zero. The following dispersion relation
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describing the ITG mode is obtained after using the latter approximation

and setting the background density ni = ne = n:

1 +
Ti
Te

=
1

n

∫
ω − ωT∗i
ω − ωdi

fi0dv. (2.37)

For understanding the main properties of this temperature gradient mode,

further derivation of this function is not needed (it can be found in literature

[35, 36]). The main aspect that must be remembered from this dispersion

relation is the dependence on ωT∗i and ωdi. The dependence on the temperature

dependent diamagnetic drift frequency, ωT∗i, leads to a dependence on ηi, see

equations (2.20) and (2.22). This shows how the ITG mode (and the ETG

mode with ωT∗e and ηe) is driven by the temperature gradient, but can also

be stabilised by density gradients as discussed previously. Furthermore, the

magnetic drift frequency, ωdi, see equation (2.24), shows the dependency of

the mode on the magnetic field gradient and magnetic field curvature.

2.4.2 Trapped particle modes

The trapped particle modes arise, just like the temperature gradient modes,

from small fluctuations in the plasma equilibrium density and temperature

profiles. However, both temperature gradients and density gradients can drive

this instability.

For the sake of this explanation, a distinction between “passing” and “trapped”

particles has to be made. Passing particles have high enough parallel velocity

to not be reflected at points of high magnetic field strength along the field

line they follow. However, trapped particles have lower parallel velocity and

are reflected at points of high magnetic field strength. Passing particles will

experience both positive and negative magnetic drifts, defined by equation

(2.34), along their path on a field line. Therefore the total drift they experi-
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ence will average out to zero. However, trapped particles only experience the

magnetic field between their points of reflection, and this can thus lead to

non-vanishing averaged magnetic curvature drifts.

Figure 8 shows the case where a density gradient is present in the plasma and

a perturbation mixes dense and sparse regions. Trapped particles in both the

high density and low density regions obtain non-vanishing averaged drifts.

In the regions of high density, these drifts lead to the separation of a large

amount of particles as they are opposite for ions and electrons. However, in

the regions of low density less trapped particles are present, thus less particles

are separated towards opposite borders of the density fluctuation. The im-

balance between the amount of particles arriving at the border from the high

density region and from the low density region, results in a charge separation

region. As in the case of the temperature gradient modes, electric fields are

induced and E × B drifts form. Depending on the geometry of the device

and the resulting direction of the initial magnetic curvature drifts, the E×B

drifts drive the density perturbation unstable or they dampen it.

This explanation depends on the existence of a density gradient, however a

temperature gradient can also lead to a trapped particle mode. In that case,

the charge separation shown in figure 8 is not realised by different numbers

of particles travelling in separate directions, but by the temperature depend-

ence of the magnetic curvature drift velocity, see equation (2.33).

Both ions and electrons can be trapped in magnetic minima. However, the

trapped electron mode (TEM) is a more commonly reported phenomenon

than the trapped ion mode (TIM). This is due to nonlinear saturation of

TIMs. These TIMs therefore result in negligible cross-field transport [37].

The nonlinear saturation schemes that lead to saturation for TIMs are not
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(a) Magnetic drifts (b) Charge separation (c) E×B drifts

Figure 8: Mechanism driving a perturbation towards a density gradient driven
trapped particle mode microinstability. Here vdi is the magnetic drift velocity
of the ions and vde the magnetic drift velocity of the electrons. The unequal
magnetic drifts lead to charge separation, E × B drifts, and an increase of
the perturbation amplitude.

seen in simulations of TEMs [38].

The mathematical derivation of the Trapped Particle Modes by Proll [24] is

in its beginning similar to that of the ITG and ETG modes, but now the limit

of ω � k‖vTa is taken in equation (2.23), such that fast moving electrons are

considered. The first term of equation (2.23) cannot be neglected, as it is now

the dominant term. Now, this term is removed by taking the bounce average

along the field lines of passing and trapped particles. The bounce average is

defined as:

Q = lim
L→∞

∫ L

−L
Q

dl

v‖
/

∫ L

−L

dl

v‖
. (2.38)

For both the passing and the trapped particles the bounce average v‖∇‖ga0 =

0 where ga0 is the lowest order term of the expansion of ga. Also, the only

terms in equation (2.23) which vary along the field line are ωda, φ and J0.

Thus, taking the bounce average of equation (2.23) results in:
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ga =
eaφ

Ta
J0

(
ω − ωT∗a

)
(ω − ωda)

fa0. (2.39)

This equation vanishes for passing particles as they are usually adiabatic, so

only the trapped particles contribute to ga. The fraction of trapped particles

in velocity space can be included in the form of
√

2 a
R

=
√

2ε to obtain:

ga =
√

2ε
eaφ

Ta
J0

(
ω − ωT∗a

)
(ω − ωda)

fa0. (2.40)

This equation can be filled into equation (2.26) to obtain:

∑
a

nae
2
a

Ta
φ =
√

2ε
∑
a

ea

∫
eaφ

Ta

(
ω − ωT∗a

)
(ω − ωda)

fa0dv, (2.41)

where J0 → 1 for modes with long perpendicular wavelengths k⊥ρa � 1.

Simplifying this equation, again the distribution function fa0 is taken to equal

to the Maxwellian so that
∫
fa0dv = na. Also, the serious assumption is made

that the electrostatic potential is independent of position on the field line,

such that φ 6= φ(l) and φ = φ. Taking this into account, the quasi-neutrality

equation becomes:

∑
a

nae
2
a

Ta
=
√

2ε
∑
a

naea

∫
ea
Ta

(
ω − ωT∗a

)
(ω − ωda)

dv. (2.42)

Then, the assumption is made that when the bounce averaged magnetic drift

frequency is small, ωda � ω, taking the integral over velocity space causes

the temperature gradient dependence of ωT∗a to vanish. Therefore, in this case

it can be replaced by ω∗a.

∑
a

na
Ta

=
∑
a

na
Ta

√
2ε

(ω − ω∗a)
(ω − ω̄da)

. (2.43)

Furthermore, we take the example where ni = ne and Ti = Te = T , and thus
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ω̄di = −ω̄de and ω̄∗i = −ω̄∗e, such that the equation becomes:

1

T
=

√
2ε

T

ω2 − ω∗eω̄de
ω2 − ω̄2

de

. (2.44)

From this the following dispersion relation is formed:

ω2 = ω̄de
ω̄de −

√
2εω∗e

1−
√

2ε
. (2.45)

An instability grows when the imaginary part of the mode frequency, equation

(2.15), is positive. If ω2 < 0, the imaginary part of the mode frequency is

positive. Thus, for a growing mode, the following relations should hold:

ω∗eω̄de > 0,
√

2εω∗e > ω̄de.
(2.46)

This shows one of the most important features of the trapped particle mode,

the diamagnetic drift frequency and the magnetic drift frequency must be

resonant for an instability to grow. The diamagnetic drift frequency for elec-

trons is negative, thus the bounce-averaged magnetic drift should be negative

as well for a mode to grow. The magnetic drift frequency becomes more neg-

ative with more particles experiencing negative curvature. Thus, the amount

of particles trapped in regions of negative curvature determine whether this

instability occurs.

2.5 Stabilising properties in Heliotron-J

As it is shown now theoretically how microinstabilities can arise and grow

in fusion machines, the question must be asked how to relate this to real

machines. As this theory exists, the design of real machines should be able to

incorporate the things we learn from the theory to prevent microinstabilities.
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In this last section of the theory it is thus shown how the knowledge on

the gyrokinetic theory and physical processes was applied to the design of

Heliotron-J. As described in section 1.2, the Kyoto University stellarator

named Heliotron-J is an optimised stellarator. It is optimised with the result

in mind that particle confinement and MHD stability are high. But, here it is

shown what was done to also optimise the machine against microinstabilities.

The focus is set on the following properties: the quasi-isodynamicity, the

interplay of curvature and magnetic minima, and the adaptability of the

magnetic field bumpiness.

2.5.1 Quasi-isodynamicity

The magnetic field of Heliotron-J is designed to be omnigeneous, which means

that on average particles do not drift radially [13,39]. Particles will still exper-

ience radial drifts during their bounce period, but these drifts are both posit-

ive and negative, thus they cancel on average. Omnigeneity can be achieved

or approximated in various ways [40], often by designing symmetric, or quasi-

symmetric fields [41].

The omnigeneity of the magnetic field is approximated in Heliotron-J by

making it approximately quasi-isodynamic: a symmetry property of the mag-

netic field which leads to constant contours of the second adiabatic invariant,

J =
∫
v‖dl on magnetic surfaces [42]. In magnetic field configurations having

this property, a maximum-J configuration can be attained. In this configur-

ation, J , is constant along surfaces of constant magnetic flux and decreasing

radially outward [43]. This means its maximum is in the centre of the mag-

netic field profile, which explains the name of this configuration. It is shown

that in maximum-J configurations the TEM microinstability resonance con-

dition, equation (2.46), cannot be fulfilled, preventing the TEM mode from

forming [44].
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Effectively, having a quasi-isodynamic magnetic field means that contours of

the magnetic field strength, B, are closing poloidally on themselves. A perfect

quasi-isodynamic configuration would make the magnetic field of Heliotron-J

omnigeneous, but it is shown that this is not physically achievable [45], thus

the omnigeneity is approximated to some degree. The degree to which the

optimisation for quasi-isodynamicity is successful for Heliotron-J can be seen

by comparing the poloidal closure of magnetic surfaces to that of other mag-

netic fields. Here, the magnetic field of Heliotron-J is compared to that of

a theoretic field optimised for quasi-isodynamicity by Mikhailov [42], and to

the magnetic field of a the National Compact Stellarator Experiment (NCSX)

proposal. Figure 9 shows the contours of the magnetic field strength of these

devices in toroidal and poloidal coordinates (φ, θ).

When comparing the magnetic field contours it is clear that the theoretically

optimised stellarator design has the highest degree of quasi-isodynamicity, as

almost all contours close in on themselves in the poloidal direction. Next, the

contours of the magnetic field of Heliotron-J close in on themselves poloidally

to a smaller degree, but the contours of NCSX show the least degree of quasi-

isodynamicity, as they are directed toroidally. This shows that Heliotron-J is

in a small degree optimised for quasi-isodynamicity, and the assumption can

be made that due to this some TEM microinstabilities are repressed.

2.5.2 Magnetic minima and curvature

As the optimisation of Heliotron-J, and thus the degree to which Heliotron-

J can be called quasi-isodynamic, is not 100%, the bounce-averaged radial

drifts of particles are still present. Thus, the focus is turned to other sources

radial drifts, trying to reduce the total amount of particles drifting outward.

The magnitude of the negative magnetic curvature can be considered to pre-
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(a) Mikhailov

(b) Heliotron-J

(c) NCSX

Figure 9: Contours of normalised magnetic field strength, B, for (a)
Mikhailov’s theoretical optimal field, (b) Heliotron-J, and (c) NCSX. The
field strength is normalised to an arbitrary value and its magnitude on each
contour line is given by its colour, where blue is low B, and red is high B. The
horizontal axis shows the toroidal direction, while the vertical axis shows the
poloidal direction. The theoretical field clearly shows poloidally connecting
contour lines. Comparing the other two cases it can be seen that the con-
tours magnetic field strength of Heliotron-J are closing helically and those of
NCSX toroidally. (Obtained from MCViewer on courtesy of Y. Turkin) 40
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vent ITG modes and the interplay between curvature and magnetic minima

to prevent TEMs. As previously described in section 2.4.1, ITG modes de-

pend on the negative “bad” curvature to grow, and, as seen in section 2.4.2,

TEMs grow when trapped particles experience non-vanishing drifts during

their bounce period in the same direction as the original drifting instability.

This happens when particles are travelling in regions of negative magnetic

curvature [24]. Thus, to prevent trapped particles from seeing these regions

of bad curvature, the magnetic minima created by amplitude variations of

the magnetic field should be located at regions of positive curvature. Figure

10 shows the magnetic field strength (B) and curvature (κ) along a magnetic

field line for NCSX, Heliotron-J and Wendelstein 7-X.

It is clear to see, that there is a large region of negative curvature in NCSX.

Looking back to equations (2.24), (2.34), and (2.37), we can argue that this

large region of negative curvature will lead to magnetic drifts that make

the configuration prone to ITG modes. Due to the wide magnetic minimum,

trapped particles will constantly experience negative curvature, and through

the bounce averaged magnetic curvature in equation (2.44), the configura-

tion is also prone to TEMs. In Heliotron-J this wide magnetic minimum is

replaced by multiple narrow magnetic minima, and there is a smaller region

of negative magnetic curvature to prevent the formation of TEMs. How-

ever, even if there is only a smaller region, the magnetic curvature is more

negative in the case of Heliotron-J than in NCSX, which indicates that it is

more prone to ITG modes. For Wendelstein 7-X the optimisation of the mag-

netic field strength and curvature is taken even further: while the region of

negative curvature is similar to that of Heliotron-J, there is a magnetic max-

imum ,rather than a minimum, at the region of the most negative curvature

around z = 0 preventing particles to be trapped . From this comparison we

can conclude that the optimisation of the magnetic field and its curvature
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(a) Wendelstein 7-X (b) Heliotron-J

(c) NCSX

Figure 10: Magnetic field strength (B) and curvature (κ) as a function of
the position along a magnetic field line (z) of three stellarator devices: (a)
Wendelstein 7-X, (b) Heliotron-J and (c) NCSX. The field of NCSX shows
a large area with negative curvature and a complete overlap of a magnetic
minima with this negative curvature. Heliotron-J’s field shows slightly more
negative curvature, but the magnetic minima have been reduced in width by
a large factor. The figure of Wendelstein 7-X shows a low degree of negative
curvature and its magnetic minima are non-aligned with the most negative
regions of curvature.
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result in Heliotron-J being less prone to ITG modes and TEMs, however the

optimisation does not fully prevent these modes from forming.

2.5.3 Bumpiness

The last property discussed here is one where Heliotron-J is said to be the

versatile bumpiness of the magnetic field. Bumpiness is defined as B04/B00,

where Bmn is the Fourier component of B in Boozer coordinates, with m and

n the poloidal and toroidal mode numbers [41]. This bumpiness is directly

dependent on the ratio of the toroidal B and A coils ITB/ITA and is often

varied in configuration control experiments [46–49]. The design of Heliotron-

J allows for high flexibility in the choice of ITB/ITA, and thus in bumpiness,

where high bumpiness provides the best performance for achieving drift op-

timisation [49]. In figure 11 the versatility of the magnetic configuration of

Heliotron-J is shown. Going from the standard configuration to the bumpy

configuration increases the height of the magnetic field strength around z = 0

by about 10%, effectively enforcing the magnetic minima located at the re-

gion of negative curvature to become more smaller. As the increase of the

magnetic field strength 10% for the bumpy configuration is not much, and

there are still many magnetic minima overlapping places of bad curvature, it

should be slightly less prone to TEMs than the standard configuration. Also,

the increased bumpiness also leads to a minimally better approximation of

quasi-isodynamicity [50]. Thus, it is expected that the growth of TEMs is

slightly decreased, as described in section 2.4.2.
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(a) Standard configuration (b) Bumpy configuration

Figure 11: The magnetic field strength (B) and magnetic curvature (κ) as a
function of the position along a magnetic field line (z) for two configurations:
(a) standard configuration and (b) bumpy configuration. The bumpy config-
uration shows, especially around z = 0, a higher magnetic field, preventing
the formation of a broad magnetic minimum.
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3 The GENE simulation code

Investigating whether temperature gradient modes and trapped particle modes

exist in Heliotron-J configurations is done by using the GENE simulation

code for gyrokinetic simulations. GENE stands for Gyrokinetic Electromag-

netic Numerical Experiment [17], thus it is a numerical code which calculates

solutions for the gyrokinetic equations, having the option to do this fully elec-

tromagnetically. The code solves the gyrokinetic Vlasov-Maxwell system and

calculates the evolution of distribution functions of particles in time. In this

section some of the capabilities of GENE are explained and it is shown what

the coordinate system in GENE looks like.

3.1 GENE capabilities

GENE is a flexible simulation code, solving the gyrokinetic equations for

multiple different situations. Here the differences between some of these situ-

ations are explained.

• Electrostatic vs electromagnetic: Both the electric and the magnetic

field fluctuations can be simulated, making it possible to include elec-

tromagnetic effects in solving the gyrokinetic equation. However, for

machines with low plasma β, electromagnetic effects are often small,

and can be neglected, speeding up the simulation.

• Single species vs multiple species: GENE can handle an arbitrary num-

ber of particle species: electrons, single ion species, multiple ion species

or both several ion species and electrons. The species defined are mod-

elled with a kinetic response, while excluded particles (either ions or

electrons) are treated adiabatically.

• Tokamak vs stellarator geometries: GENE is flexible in its application

as it works on both tokamak and stellarator geometries. While many
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different tokamak models and interfaces exist, the stellarator geometry

approach relies on the field line tracer GIST [51].

• Local vs full-flux-surface vs radially global: Using the local flux tube

simulation method, GENE solves the gyrokinetic equation along a field

line with minimal poloidal and radial extent. This leads to relatively

quick computations and results in knowledge of the behaviour of the

local plasma. Full-flux-surface simulations use a bigger simulation do-

main which covers the full poloidal angle, mimicking the flux surface

at a specific radial location. Computing the solution of the gyrokinetic

equations in this larger domain takes more time, which is the drawback

of this simulation method. Radially global simulations take even more

time but cover a large poloidally and radially extended domain and are

thus able to include large scale events.

• Linear vs nonlinear: Interactions between microinstabilities lead, through

the nonlinearity in the gyrokinetic equations, to the development of tur-

bulence. Solving these equations is computationally expensive. While

GENE is capable of such computations, for many studies, nonlinearity

is dropped and only the linear equations are evaluated. GENE is also

capable of this much less computationally expensive approach, calcu-

lating linear growth rates, frequencies and eigenfunctions.

A simplification is made in the linear runs where only the most unstable

mode is tracked, and growth rates and frequencies of this mode, and a

quasilinear transport coefficient are given as output.

• Initial value (IV) vs eigenvalue (EV): The solution of the linearized

gyrokinetic equations can be found using either initial value or eigen-

value solvers. The initial value solver uses a Runge-Kutta time scheme

for time stepping towards a solution [52]. The eigenvalue solver uses
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implemented linear algebra packages such as SLEPc to solve the eigen-

value equation [53]. The eigenvalue solver can evaluate subdominant

modes, while this is not possible using the initial value solver.

• Collisional vs collisionless: Collisions between particles in a plasma have

been ignored in the theoretical background chapter 2. However, GENE

has the possibility to include Landau-Boltzmann or Lorentz collision

operators in the gyrokinetic equations to model this type of interaction

between particles.

3.2 The coordinate system for GENE

GENE uses a flux tube as the domain for its simulations. The flux tube

is a small volume around a magnetic field line. These coordinates, defining

this flux tube are aligned with the magnetic field, making computations on

fluctuations of the magnetic field more efficient. As an example introducing

the field aligned coordinates, the magnetic field of a tokamak, with (almost)

concentric flux surfaces is shown in figure 12. The flux surfaces are defined

by the constant flux going through the volume enclosed by the surface. This

flux can be defined by looking either at the toroidal direction, resulting in

the toroidal flux label ψtor, or by looking at the poloidal direction, resulting

in the poloidal flux label, ψpol. In GENE the toroidal flux normalised with

respect to the toroidal flux at the edge of the plasma, ψtor/ψedge, is used

to define these surfaces, and the label is shortened to ψ. Another feature of

these flux surfaces is that magnetic field lines lie on these flux surfaces. In

the figure, the label α is used to choose one specific field line from the many

on one flux surface, and the label z is used to denote the position along the

field line. A field line, which is the basis for a flux tube, can thus be specified

by the GENE coordinates (ψ, α, z). This representation was already seen in

equation (2.12) and later in equation (2.18). To make the interpretation of
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Figure 12: Schematic view of flux surfaces making up the magnetic field
of a tokamak. The flux surfaces are concentric around the magnetic axis
(cross). On each flux surface, the magnetic field lines are displayed. In red the
directions of the set of field line following coordinates (ψ,α,z) are displayed.
(Adapted from Coenen [54])

the toroidal magnetic flux label ψ somewhat easier, it can be expressed in

the normalised minor radius, ρ = r/a, as ψ = ρ2.

In figure 13 a part of a flux tube is shown, a rectangular simulation box

around a magnetic field line. Typically, such an flux tube is followed along

the magnetic field until it has made a single poloidal turn around the mag-

netic axis, but for some simulations an extended domain is needed and the

amount of poloidal turns simulated is increased. This figure shows what the

flux tube, spanning approximately half a poloidal turn, looks like when de-

picted in Cartesian space. The box has a complicated structure, following the

field line. In figure 14 however, the same flux tube is shown, but now in the

space of the field line aligned coordinates, which are also used in GENE. In
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Figure 13: Part of the flux tube around a magnetic field line of the stellarator
W7-X, depicted in Cartesian space, but also including the coordinate labels
(ψ, α, z). In the Cartesian coordinates the flux tube simulation box twists
to account for the shear of the plasma and the geometry of the field line.
(Adapted from Martin [55])

this system the coordinates follow the field line, thus the flux tube is straight.

This shows how the transformation in coordinates can make the geometry

much easier, which allows for faster calculations in GENE.

However, not only the spatial coordinates are important for the calculation

of the gyrokinetic distribution functions in GENE, but the velocity space

is also considered. This is done by using v‖, the particle velocity parallel

to the magnetic field line, and µ =
mv2⊥
2B

, the magnetic moment. The mag-

netic moment is a representation of the particle velocity perpendicular to the

magnetic field lines.
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Figure 14: Part of the flux tube around a magnetic field line of the stellar-
ator W7-X, but now depicted in the coordinate system of GENE, the field
line following coordinates (ψ, α, z). In this coordinate system the flux tube
simulation box is straight.

3.3 GENE input and output

The input for GENE is called the “parameters file”. This file tells GENE

exactly what kind of simulation to run, and which other input files to use and

which output files to generate. For example, it includes the choice between

each item in the list of chapter 3.1. An example of a parameters file is given

in appendix A.2.

One of the inputs of the parameters file is the “geometry file”, a file specify-

ing the spatial coordinates of a flux tube for a specific tokamak or stellarator,

which is created by the Geometry Interface for Stellarators and Tokamaks

(GIST) code [51]. GIST takes as input the MHD equilibria obtained by

running the Variational Moments Equilibrium Code (VMEC) [56]. Thus,

both the information of the equilibrium parameters and the geometry are in-

cluded in the output of GIST, the geometry file. Key equilibrium parameters

which are included are: magnetic field strength (B), safety factor (q0), mag-

netic shear (ŝ), plasma beta (β), and pressure gradient amplitude normalised

to the reference magnetic pressure (−∇p/pm). The geometry parameters in-
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cluded are: Major radius (R), minor radius (a), starting location of flux tube

in GENE coordinates (ψ0, α0), and two resolution parameters: the amount

of poloidal turns covered by the flux tube (Npol), and the amount of points

in parallel resolution (Nz). Note that the poloidal and parallel resolution of

the simulation are set in the geometry file and a new input file should be

created with GIST when higher resolution is desired.

The output of the model is divided between several output files. In the first

of the main output files, velocity space moments of the fluctuating part of

the distribution functions fi,e are given, while in the second the complex

valued field of the electrostatic potential is saved, while another output file for

linear simulations gives the real (ωr) and imaginary (γ) part of the complex

frequency, ω = ωr + iγ for each value of kyρref considered in the simulation.

Here the reference gyroradius is the ion Larmor radius ρref = ρi. Additional

output can be generated for analysing the free energy during the simulation

and the GENE geometry which is based on the GIST geometry. Output

data is stored in ASCII or binary format. Binary output can be plotted or

translated to ASCII using the GENE IDL diagnostic tool [17].

3.4 Convergence

Before any simulation can be trusted to have delivered meaningful results, the

resolution of the simulation domain has to be tested. Various non-physical

features can be found in the simulations, if the resolution of the grid of

the simulation domain is too coarse. To check if the grid is refined enough,

leading to converged simulation results, one needs to increase the simulation

resolution of each coordinate until nothing changes in the results of the sim-

ulation. This can take up quite some time, as the convergence is dependent

on many parameters. For example, Nx, Nz, Nv| and Nµ define the amount of
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grid points in their respective direction, and each of these parameters should

be checked independently for convergence. If the convergence is checked by

running scans of Nx,y,z,v|,µ = 16, 32, 64, 128, and the assumption is made that

the convergence of one parameter is not dependent on another, a quite big

set of 16 simulations could be needed to obtain converged results. Some of

these convergence tests have been performed previously and the results from

these tests were used to estimate starting points for the convergence test in

this research [17,57,58]. After convergence is attained, simulation results can

be trusted not to be affected by discretisation errors.
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4 Simulation diagnostics and method

The goal of this thesis is answering the research question: “How does the

behaviour of plasma microinstabilities depend on the magnetic field config-

uration of Heliotron-J”. In this section the method of tackling this research

is explained. First, the diagnostics used are explained, this includes two dif-

ferent GENE diagnostics as well as the synthetic CECE diagnostic created

for this thesis. Then, the choices which simulations to run, with the goal of

obtaining information relevant for the comparison of the standard and the

bumpy magnetic field configurations, are discussed.

4.1 Linear simulation - The frequency spectrum diagnostic

Linear simulations are mainly used to characterise the behaviour of microin-

stabilities in this thesis. One of the outputs used from GENE is the frequency

spectrum, which shows the real (ωr) and imaginary (γ) part of the frequency

equation (2.15), as a function of the perpendicular wavenumber, ky, for the

most unstable microinstability present in the configuration. As a convention

the real frequency is taken to be positive in the direction of the ion dia-

magnetic drift. An example of this output for a linear simulation is given

in figure 15. This frequency spectrum is obtained from a simulation of the

bumpy configuration, using temperature gradient a
LTi

= a
LTe

= 0 and density

gradient a
Lni

= a
Lne

= 2. Note that the magnitude of the growth rate, the real

frequency and the perpendicular wavenumber are normalised. The reference

length is set equal to the minor radius a, the reference velocity is determined

by the temperature and reference mass cref =
√
Tref/mref , and the reference

gyroradius is, as introduced earlier, the ion Larmor radius ρref = ρi. This

normalisation allows easy comparison between simulations performed on dif-

ferent input geometry or different machines.
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Figure 15: A frequency spectrum showing the normalised growth rate, γ a
cref

,

and real frequency, ωr
a

cref
, of the most unstable microinstability as a function

of normalised perpendicular wavenumber, kyρref . This frequency spectrum is
obtained from a simulation of the bumpy configuration, using temperature
gradient a

LTi
= a

LTe
= 0 and density gradient a

Lni
= a

Lne
= 2.

As there is only a density gradient included in the simulation resulting in

the frequency spectrum of figure 15, a TEM microinstability is expected.

However, the analysis of this figure will be done pretending this information

is not available, showing what information can be read out from the figure

itself. TEM and ITG modes generally attain high growth rates at low ky,

meaning kyρref = O(1), while ETG modes, due to their smaller spatial scale,

peak at much higher values of kyρref ≈ 30 to 60. However, as turbulence

resulting from ETG modes is assumed to be small due to the small scale of

the instabilities, the range of ky in this, and further, analyses is limited to

kyρref of order unity, usually excluding these modes [59]. Using this inform-
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ation, it is clear that this figure must either show ITG or TEM modes. The

plural “modes” is used as there are several discontinuities in both the real

as the imaginary frequency. This indicates that one microinstability, with

a different frequency and growth rate profile, attains a higher growth rate

than its predecessor, becoming the most unstable mode. As only the most

unstable mode is shown in this diagnostic, discontinuities imply a switch

from one mode to the other. While it is not always clear in the structure of

the growth rate, the real frequency profile shows reasonably well at which ky

the most obvious discontinuities take place, at ky = 0.1, 0.25, 0.35, 0.9. Thus

at least five different modes can be seen in this single figure, while possibly

many other subdominant modes might be growing, but do not attain high

enough growth rates to be shown. A first guess in defining whether the most

unstable modes are TEM or ITG modes, can be made using a rule of thumb

concerning the real frequency: generally ITG modes have positive real fre-

quencies, while TEM modes have negative real frequencies. Using this rule,

the first three modes, between ky = 0 and ky = 0.35, can be said to be TEM

microinstabilities. However, for the last two modes, between ky = 0.35 and

ky = 2, the rule of thumb fails, as both positive and negative frequencies are

seen. This shows that a second method is needed to identify modes, which

will be explained in section 4.2.

Not only the real frequency shown in the frequency spectrum can be used to

characterise properties of the microinstabilities, but the growth rate can be

used as well. The growth rate does not provide information about the mode

identity, but rather on the mode impact. Modes with high growth rates will

have big impact on the turbulence. However, irrespective of their growth rate,

big modes, with low perpendicular wavenumbers, have more influence on

turbulence than small modes, with high perpendicular wavenumbers. Taking

both these considerations into account the the quasilinear scaling is intro-
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duced:

χQL =
∑
k⊥

γ

k2
⊥
, (4.1)

which is based on the mixing length assumption for the heat diffusivity made

by Kadomtsev: χ = γ
k2⊥

[60]. Here, k2
⊥ = gxxk2

x + 2gxykxky + gyyk2
y, which de-

pends both the perpendicular wavenumbers ky and kx, and on the geometry

used in the simulation through the metric elements gab. A higher value of χQL

thus indicates a higher estimate for the heat transport due to the turbulence

caused by the microinstabilities found in a certain simulation. Comparing

this value between simulations gives an estimate which of these simulations

show less turbulence. But, χQL is only an estimate and should not be taken

as the true heat diffusivity as many processes, such as the effect of subdom-

inant modes, nonlinearities and turbulence saturation, are neglected using

this scaling [61].

4.2 Linear simulation - The energy diagnostic LES

As a second diagnostic for determining the type of microinstability present,

the energy diagnostic LES (Large Eddy Simulation), designed by Navarro

[62], which indicates where the energy of the system is transferred, can be

used. Using this diagnostic, it can be shown for both ions and electrons if

energy is transferred from their motion to a microinstability, destabilising

the mode, or from the microinstability to the ions and/or electrons, stabil-

ising the mode. Generally, ITG microinstabilities are destabilised by ions

and TEM modes by electrons. Unfortunately, recent studies show that ion

driven TEM (iTEM) microinstabilities could also be present in stellarators,

especially if the classical electron-driven TEM is absent, as predicted for

quasi-isodynamic configurations, making identification more difficult [63]. In
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figure 16 three subfigures can be seen describing the energy transfer between

the particles and a possible microinstability. Three different cases are shown,

the first depicting a situation where electrons destabilise the microinstabil-

ity, which can be seen from the positive value of δEe
δt

, and ions work stabil-

ising (negative value of δEi
δt

), typical for an electron driven TEM. The energy

transfer rate exponentially grows, after a certain time the GENE simulation

automatically rescales the energy transfer values, as can be seen by the jumps

in the amplitude in the figures. The ratio of the magnitude of energy transfer

by ions to that the magnitude of energy transfer by electrons, from here one

called “the ratio”, is near 0, showing that the ions are less stabilising than

the electrons are destabilising. The second figure shows the case of a typical

ITG, where the energy transfer by the ions is positive, destabilising the mode,

while that of electrons is negative. The ratio shows that the ions are approx-

imately a factor 1.7 more destabilising than the electrons are stabilising. The

third subfigure shows a case, where the ratio is first below 1 with destabilising

electrons and stabilising ions, but at t = 25 the ions become destabilising as

well. In time the ions become more destabilising until a converged solution

of the gyrokinetic equations is found, and the ratio value stays constant. To

obtain value of the ratio, which, like the converged solution of the gyrokinetic

equations, is independent of the time of the simulation, the last 1000 data

points are averaged. This averaged ratio will be used to describe the mag-

nitude of destabilisation by ions with respect to destabilisation by electrons.

Thus, the identity of the mode can thus be found by analysing this ratio,

and by seeing whether the ions, the electrons or both are destabilising.

Summarising this section on the diagnostics used for linear simulations, both

the real frequency from the frequency spectrum diagnostic and the LES en-

ergy diagnostic can be used to determine the identity of the most unstable

mode in a particular simulation. Furthermore, the growth rate given by the
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(a) a
LT

= 4, a
Ln

= 1, ky = 1.2 (b) a
LT

= 1, a
Ln

= 1, ky = 0.3

(c) a
LT

= 3, a
Ln

= 0, ky = 1.2

Figure 16: Output of the LES diagnostic, showing three different cases with
a) destabilising electrons and stabilising ions, b) destabilising ions and sta-
bilising electrons, and c) destabilising ions and electrons. In each figure the
transfer of energy from ions (electrons) to the instability is shown in red
(blue). A positive value means that the particles deposit energy in a microin-
stability, destabilising it, while a negative value shows absorption of energy
from the instability, stabilising it. The amplitude is rescaled by GENE, after
a set amount of time. The black curve depicts the ratio of the magnitude of
energy transfer by ions to that of electrons. The grey area shows the region of
the last 1000 data points, which is used for further analysis. The parameters
of the linear simulations these cases represent are given below each subfigure.

58



Section 4: Simulation diagnostics and method

frequency spectrum diagnostic can give, when filled into the quasilinear heat

diffusivity estimate, a qualitative estimate of the turbulence caused by the

most unstable microinstability in each simulation.

4.3 Nonlinear simulation - The synthetic CECE diagnostic

Even though a lot can be told from the linear simulation results, comparison

with experimental data needs the results of nonlinear simulation rather than

linear simulations. To this end nonlinear simulations will be performed, and

a synthetic diagnostic should be designed which translates nonlinear out-

put data to data which can be compared to experiments. In this section the

design steps that need to be taken for this synthetic diagnostic to work, are

explained.

Microinstabilities interacting with each other and resulting in turbulence

cause high frequency, small amplitude, fluctuations in the electrostatic po-

tential, density and temperature profiles of the stellarator plasma. Thus, in

experiments, these fluctuations can be analysed to obtain information about

the turbulence in the plasma. The choice is made to focus on fluctuations

of the electron temperature. Generally, the electron temperature fluctuation

profile, T̃e/Tref , is measured by observing plasma emission using the elec-

tron cyclotron emission (ECE) diagnostic [64]. However, the thermal noise

in the emission exceeds the signal obtained from any possible temperature

fluctuations due to turbulence [65]. To combat this, the Correlation ECE

(CECE) diagnostic was designed, which filters out the uncorrelated noise,

leaving the correlated thermal fluctuations due to turbulence measurable [66].

This CECE is installed on Heliotron-J and experimental measurements of

temperature fluctuations, and thus of the turbulence, are performed [11]. The
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electron temperature fluctuation level is generally reported as the end result

of CECE measurements, and is particularly suitable to be compared with

results from nonlinear simulations. It is suitable, as one of the outputs from

nonlinear simulations is a mapping of the electron temperature to the sim-

ulation domain, and this data can be transformed to obtain a comparable

measurement of synthetic temperature fluctuation levels. This transforma-

tion of the data is the task of the synthetic diagnostic written in Python. To

obtain an understanding of what requirements these nonlinear simulations

need to meet, and how their results will be processed in the synthetic CECE

diagnostic, the concept of the the CECE diagnostic installed on Heliotron-J

is shortly described.

Temperature fluctuations due to microinstabilities have a certain radial and

poloidal extent depending on the shear of the magnetic field. It is shown that

in low shear devices radially elongated structures appear as shear dependent

mechanisms such as zonal flows are not strong enough to break up the struc-

tures [67]. Heliotron-J is also categorised as a low shear device, and radially

elongated structures can thus be expected. Typical radial structure lengths

are in the order of mm, while in Heliotron-J they can thus become much

larger. Thus, the radial correlation length of these temperature fluctuations

is also a in the order of centimetres. As thermal noise is uncorrelated, two

measurement points radially spaced less than the correlation length from

each other encompass the same information on a temperature fluctuation,

but distinct information concerning the thermal noise. Correlating these two

signals then suppresses the influence of the thermal noise on the signal, and

highlights the contribution of the signal due to the correlated temperature

fluctuations, making it possible to measure them. The ECE signal from two

radially separated points can be measured with a single sight line, as the

frequency of the obtained ECE signal is dependent on the magnetic field
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Figure 17: Schematic representation of the spectral decorrelation method. A
single sight line is used for the CECE to measure at two radially separated
measurement points. Two distinct frequency signals f1 and f2 from two sep-
arated measurement points are obtained by passing the signal through filters.
After this they are correlated. (Adapted from Watts [68])

strength, which is a function of position (B ∼ 1/R). Thus, measuring the

ECE signal, using a single line of sight, at a two different frequencies, results

in two measurement points which have a certain radial spacing between them.

This technique is called the spectral decorrelation method, and a schematic

representation is given in figure 17 [68].

The CECE diagnostic on Heliotron-J uses this spectral decorrelation method,

and can capture signals between 52 and 72 GHz. The line of sight, mapped

on the poloidal cut of the magnetic field at φ = 285° is shown in figure 18.

Using variable frequency channels this diagnostic can measure multiple sets of

two measurement points, each set at a different radial position, and each two

measurement points in a set within a typical fluctuation correlation length

from each other [11]. The measurement points of the real diagnostic have

some radial extend, which defines the sensitivity profile of each frequency.

Six of these sensitivity profiles, three sets of two measurement points, are

plotted as a function of the radial position in figure 19.

61



Section 4: Simulation diagnostics and method

Figure 18: The poloidal cross section of the magnetic field at φ = 285° show-
ing the magnetic flux surfaces of Heliotron-J (grey), and the line of sight of
the CECE (yellow). (Adapted from Weir [11])

After the two frequencies, and thus measurement locations have been chosen,

and their signals are measured, the signals must be correlated. The mathem-

atical method used to correlate the signals and obtain electron temperature

fluctuation levels is described by Creely [69]. Following this description by

Creely, the fluctuations level is determined by:

T̃e
Te

=

√
2

BIF

∫ f2

f1

Re {γc(f)− γbg}
1− Re {γc(f)− γbg}

df, (4.2)

whereBIF = 0.2 GHz is the intermediate frequency bandwidth of the Heliotron-

J CECE, f1 and f2 are integration boundaries over which to integrate the

function depending on the complex coherence γc, and the background com-

plex coherence γbg. The complex coherence γc defines the similarity between

the two signals, and γbg is the complex coherence over a high frequency re-

gime, which detects any correlated background noise. The intermediate fre-
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Figure 19: The sensitivity profiles of six CECE channels as a function of
radial position ψ. Three sets of two profiles can be seen, where the radial
distance between the two centres of the profiles of each set is within the
correlation length of temperature fluctuations. (Calculated using the Python
opticaldepth X2 1D.py code created by Weir)

quency is used in the real diagnostic to split the obtained ECE signal in

frequency bands, such that they can be correlated. The complex coherence is

a simple function from signal processing theory which quantifies how related

two signals are, outputting 0 if they are not related, and 1 if an one-on-one

mapping can be made.

This description of the Heliotron-J CECE diagnostic, and its correlation

method, shows that the synthetic diagnostic must be able to mimic the fre-
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Figure 20: Depiction of possible results of the nonlinear simulation, showing
normalised electron temperature fluctuation profiles in the GENE coordinate
system (ψ, α, z). Here only a few planes along the z direction are shown, in
typical simulations the resolution in the z direction is in the order of 128 or
256 nodes.

quency dependent, and therefore the spatially dependent, sensitivity of the

real diagnostic [11]. The output of the nonlinear simulation is the temperat-

ure fluctuation, T̃e/Tref , where Tref is the reference temperature set in the

simulation, at each coordinate ψ, α and z as a function of time. Figure 20

shows what this looks like at one specific time, using the coordinate system

of GENE.

But, if kept in these GENE coordinates, the data cannot be used to overlap

with the line of sight of the real CECE diagnostic in Cartesian coordinates.

Thus a transformation must map the results as depicted by figure 20, onto

the Cartesian coordinate system. The example used in section 3.2 is used

again: Previously shown in figure 13, now the flux tube of Wendelstein 7-X is

depicted in figure 21 with mappings of the electron temperature fluctuation
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Figure 21: Depiction of electron temperature fluctuation maps of the non-
linear simulation after transforming it to the Cartesian coordinate system,
showing electron temperature profiles. This figure is not meant to represent
a real transformation, only to show the great deformation of the fluctuation
maps due to the geometry of the stellarator.

profiles similar to those of figure 20. Do note that this is a mock transform,

the real transformation of electron temperature fluctuation profiles to the

geometry of Weldelstein 7-X might look very different. A real transformation

of the coordinates must be performed for the Heliotron-J nonlinear simulation

results. The code to perform this transformation is run by J. Smoniewski [70].

Then, after the transformation to Cartesian coordinates interpolation of the
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data might be necessary, such that it becomes possible to overlap the data

with the poloidal cross-section given by figure 18. The synthetic diagnostic

can then be used to trace the line of sight of the real CECE onto the in-

terpolated simulation data. Note, this is only possible when a correct radial

location is modelled and the flux tube crosses the line of sight of the CECE,

otherwise the traced line of sight might miss the modelled simulation domain

and no data will be seen. If the line of sight crosses the simulation domain,

the synthetic diagnostic imports the Python script opticaldepth X2 1D.py

created by G.M. Weir, to calculate the 1D sensitivity profiles along the line

of sight for any given frequency channel of the CECE. The convolution of

these sensitivity profiles with the data along the line of sight gives a time

dependent electron temperature signal. If two frequency channels are given,

the synthetic diagnostic imports the 1D sensitivity profiles for both of these

channels and calculates the temperature signals. These signals are then used

for temperature fluctuation level correlation calculations similarly to the real

CECE signals using the method of Creely (equation (4.2)).

Thus, for the synthetic diagnostic to work, only a couple of things are needed.

First of all, the line of sight of the CECE, secondly, the temperature and

density profiles of a real experiment along this line of sight, used to calculate

the sensitivity profiles, and thirdly, a time dependent temperature map at

the location of the line of sight, resulting from a nonlinear simulation. This

makes the synthetic diagnostic versatile, as not only the Heliotron-J CECE

can be modelled, but also the CECE of other fusion devices such as the

Wendelstein 7-X stellarator. This also brings a new way to cross-reference

results from nonlinear simulations of different machines.

However, this thesis focuses on the possibilities the synthetic diagnostic

brings for analysing nonlinear simulations of Heliotron-J. The experimental
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data obtained for the standard configuration can be used to asses the validity

of the nonlinear simulation. Both the real and the synthetic CECE diagnostic

output the temperature fluctuation level for the standard configuration. If

the value of the synthetic simulation falls within the uncertainty regime of

the real CECE diagnostic, it can be said that the nonlinear simulation does

not under- or overestimate the fluctuation level. If this is the case, the non-

linear simulation is validated.

4.4 Simulation parameters

Using the discussed diagnostics and methods, the simulations can be set

up. Only some choices for parameters of the simulations remain, which are

discussed in this section. The simulations, both linear and nonlinear are

meant to compare the standard and the bumpy magnetic configuration of

the plasma. In the linear simulations, for both these configurations, a scan

over the temperature and density gradient parameter space is made, calcu-

lating the value of χQL at each point, based on a scan over the wavenumbers

ky = 0.3, 0.6, 0.9, 1.2. The gradients spanning the parameter space are given

by:
a

LT
= −ad lnT

dx
= 0, 1, 2, 3, 4,

a

Ln
= −ad lnn

dx
= 0, 1, 2, 3, 4,

(4.3)

where the temperature and density gradient are chosen to be equal for ions

and electrons. A simple comparison for one set of gradients can already show

if one simulation or the other contains a more unstable mode. But, a scan

over the gradients makes it possible to make statements about the strength

of linear growth rates in different instability regimes (ITG or TEM regimes)

for a single configuration, and compare this to the other configuration. How-
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ever, the value of χQL does not give any information about the identity of

the modes in itself. Thus for each point in the temperature and density

gradient parameter space, the real frequency diagnostic and the energy dia-

gnostic must also be used. For example, for a mode where both temperature

and density gradients come into play, a
LT

= 2, a
Ln

= 3, the real frequency

(obtained from the frequency spectrum diagnostic) and the LES energy dia-

gnostics identify whether the TEM or ITG mode is more dominant, and thus

in which regime this point lies. If done for all simulations, a mapping of the

instability regimes can be plotted on top of the values of χQL, creating a

mapping of the size and type of instabilities present in each configuration.

The simulations used for the scan over ky,
a
LT

and a
Ln

will be electrostatic,

collisionless, initial value, local, linear runs considering kinetic ions and elec-

trons. Due to the simulation being local, a choice must be made for the

radial position, and field line position of this simulation. The choice is made

for ψ0 = 0.25 and α0 = π/4 such that comparison with earlier work is pos-

sible [71].

For the nonlinear simulation, intended for the use in the synthetic CECE

diagnostic the simulation parameters have to be chosen as well. A nonlinear,

electromagnetic, collisionless, initial value, local simulation which considers

kinetic ions and electrons, is set up which has to resemble the real sampled

plasma as closely as possibly. Again, as the local simulation asks for a flux

tube at a certain radial position, ψ0, and at a certain field line label, α0,

these have to be chosen. They have to be chosen in such a manner that an

equal, or at least a similar, part of the plasma is sampled using the syn-

thetic and real CECE diagnostics. Figure 22 shows the 3D representation

of the line of sight of the real CECE going through the magnetic field of

Heliotron-J. It also shows a magnetic field line, which is labelled α = 0.55 in

GENE coordinates, crossing the line of sight of the CECE. Thus, α = 0.55
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Figure 22: 3D representation of the CECE line of sight (yellow) through the
magnetic field of Heliotron-J (red). The magnetic field line intersecting the
CECE line of sight is labelled α = 0.55 and is shown in black. (Obtained
from MCViewer on courtesy of Y. Turkin)

is chosen to be the magnetic field line label used in the nonlinear simulations.

Furthermore, the radial position for the nonlinear simulation must be chosen.

As the radial position scanned by the synthetic CECE diagnostic depends on

the frequency of the channels, these frequencies must be chosen. Two specific

frequencies are chosen, such that the predicted sensitivity of the synthetic

CECE is high, the radial separation between the two channels is smaller

than the expected radial correlation length in Heliotron-J, and experimental

CECE data based on these frequencies channels is available for comparison.

This leads to the choice of frequency channels 68 and 68.3 GHz. The radial

sensitivity profiles of these frequency channels are shown in figure 23. The

spacing between the peaks of the two sensitivity functions is ∆ψ = 0.015,
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Figure 23: The sensitivity of the CECE diagnostic for two frequencies, 68
and 68.3 GHz, as a function of the radial coordinate ψ. (Calculated using
the Python opticaldepth X2 1D.py code created by Weir)

meaning a separation of approximately 3 mm, which falls within one radial

correlation length. This shows that the radial position for the nonlinear sim-

ulation should be ψ = 0.14. Thus, this will be the position at which the flux

tube will be centred.

But, it is not enough to match only the simulation box with the real CECE

position, the plasma parameters of the experiment and the simulation must

also match. Therefore, Thomson scattering data from real operation cycles

of Heliotron-J is used to fit temperature and density profiles during these ex-

periments, following the fitting procedure described by Kenmochi [72]. From
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Table 2: Fitted temperature, density and gradient parameters at the radial
position ψ0 = 0.16 used for the nonlinear simulation.

Fitted parameters at ψ0 = 0.16
Electron temperature Te 0.610 keV
Ion temperature Ti 0.061 keV
Plasma density ne = ni 0.528 ·1019 m−3

Electron temperature gradient a
LTe

2

ion temperature gradient a
LTi

0.5

Plasma density gradient a
Lni

= a
Lne

0

these fitted profiles, the temperature, density, and their gradients at ψ = 0.16

along the line of sight of the CECE can be calculated. The experiments used

for this are: 60283, 60290, 60302, 60306, 60344, 60351 and 60359. These shots

are chosen as they show similar temperature and density profiles, which al-

lows for better statistical determination of temperature and density gradi-

ents. Unfortunately, as the profile data from these shots only has little radial

resolution and high error margins, a range of temperature gradients were

found from this fitting 0 < a
LT

< 5. However, as nonlinear simulations are

computationally costly, only one specific set of the temperature and density

gradients can be chosen. The gradients chosen for the nonlinear simulation

are found in table 2.

71



Section 5: Results & discussion

5 Results & discussion

5.1 Linear simulations

The results of the linear simulations are presented here. First the compar-

ison of the standard and bumpy configuration of Heliotron-J is tackled. In

figure 24 the value of the quasilinear heat diffusivity estimate χQL (equa-

tion (4.1)) is given for each combination of the temperature and density

gradients considered (equation (4.3)), which are obtained from simulations

of both the standard and the bumpy configuration. A high χQL, means that

the microinstability is estimated to have a high impact, increasing turbulence

and the heat diffusivity in the plasma. In the simulations the perpendicular

wavenumber in the radial direction is set to zero, kx = 0, which means that

k2
⊥ = gyyk2

y. As the geometrical factor gyy is constant for each geometry, the

biggest effect on the quasilinear heat diffusivity estimate will thus be due to

simulations at ky = 0.3. The following things should be noted in figure 24:

1. The point a
LT

= a
Ln

= 0 is excluded from this analysis, as no growth of

microinstabilities is seen when gradients are 0.

2. Within both of the subfigures the expected trend is seen which shows

that microinstabilities under the influence of high temperature and

density gradients show relatively high values for χQL, and are thus

deemed more unstable. As this trend is expected, it does not give new

insights but it rather strengthens the trust in these linear simulation

results.

3. In both the standard configuration and the bumpy configuration a de-

viation from the trend discussed in point 2 is seen. The value of χQL

drops when going from a
Ln

= 0 to a
Ln

= 1 at high a
LT

. For the bumpy

configuration, this is also true for the change from a
Ln

= 1 to a
Ln

= 2.
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This indicates that a small density gradient can be stabilising in these

configurations. This behaviour was predicted for the η-mode in section

2.4.1. Thus, this shows that the microinstabilities present at high a
LT

and low but finite a
Ln

in both configurations could be ITG microin-

stabilities.

4. The most important message this figure conveys is that for combina-

tions of gradients where a
Ln

= 2, 3, 4, the bumpy configuration shows a

lower value of χQL than the standard configuration. At a
Ln

= 0, 1 and
a
LT

= 2, 3, 4, this claim is contested. Thus, a split is seen in a region

where the linear growth rates of the microinstabilities are smaller in the

bumpy configuration than in the standard configuration, and a second

region where the growth rates are higher in the bumpy configuration.

This result can already be used to claim that a higher bumpiness can

be used to mitigate some microinstabilities, especially when running

the machine with high a
Ln

and low a
LT

.

As has been discussed in the methods, the quasilinear heat diffusivity does

not give information about the mode identity. Item 2 on the list above gener-

ates a suspicion for those specific gradients, pointing towards an ITG mode,

but whether this is correct must be seen. Checking this, and obtaining inform-

ation about the border between the ITG and TEM regime in the gradient

parameter space, is done by analysing the real frequency of the frequency

spectrum diagnostic and the LES energy diagnostic. This analysis is first

performed on the simulations concerning ky = 0.3, as microinstabilities are

large in spatial scale and have the most influence on stability at low ky. Later,

after the analysis of the frequency spectrum and the following analysis of the

LES energy diagnostic, the same analysis is performed on the simulations

concerning ky = 0.6, 0.9, 1.2.
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(a) Standard configuration (b) Bumpy configuration

Figure 24: The quasilinear heat diffusivity (χQL) for various simulations as a
function of a

LT
and a

Ln
for (a) the standard configuration and (b) the bumpy

configuration. A slight decrease of the value of χQL can be seen for most
of the simulations of the bumpy configuration, with respect to the stand-
ard configuration. The standard configuration only outperforms the bumpy
configuration for high a

LT
and low a

Ln
.

In figure 25 the real frequency for ky = 0.3 for both the standard configura-

tion and the bumpy configuration is shown as a function of the temperature

and density gradients.

This figure shows that for both the standard and the bumpy configuration,

both modes propagating in the direction of the ion diamagnetic drift, and in

the direction of the electron diamagnetic drift are found in simulations. As a

reminder, the rule of thumb noted in section 4.1 indicates that ITG modes

generally have a positive real frequency, while TEM microinstabilities have

a negative real frequency. In this case, the ITG modes are thus focused at
a
Ln

= 0, 1 while the the TEMs, which are induced by density and electron

temperature gradients, are shown for higher values of a
Ln

. There is little dif-

ference when comparing the bumpy configuration to the standard one, the

only one being that values of the real frequencies are slightly more positive
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(a) Standard configuration (b) Bumpy configuration

Figure 25: The real frequency ωr
a

cref
, obtained from the frequency spectrum

diagnostic read out at ky = 0.3 as a function of a
LT

and a
Ln

for (a) the standard
configuration and (b) the bumpy configuration. The real frequency is defined
to be positive in the direction of the ion diamagnetic drift (red) and negative
in the direction of the electron diamagnetic drift (blue).

in the bumpy configuration.

To check the results of the frequency spectrum diagnostic analysis, the res-

ults of the LES energy diagnostic for ky = 0.3 are analysed in the manner

discussed in section 4.2. The result of this analysis are shown in figure 26.

This figure shows two things: whether the microinstability associated with

ky = 0.3 is growing due to energy transferred to it by ions, electrons or both,

and how the magnitude of the energy transfer due to ions relates to the energy

transfer due to electrons. Both properties are shown in this images for both

the standard configuration and the bumpy configuration, for various values

of the temperature and density gradients, a
LT

and a
Ln

. The first property is

shown by the colour of each of the squares, red indicating destabilisation by

ions, blue standing for destabilisation by electrons, and white for both. The

second property is given by the numbers in each of the squares, which is

the absolute value of the ratio δEi
δt
/ δEe
δt

. Note that the point a
LT

= a
Ln

= 0 is
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(a) Standard configuration (b) Bumpy configuration

Figure 26: The absolute value of the ratio δEi
δt
/ δEe
δt

, and the identity of the
particle species which is destabilising, ions (red), electrons (blue) or both
(white), for various simulations at ky = 0.3 as a function of a

LT
and a

Ln
for

(a) the standard configuration and (b) the bumpy configuration.

excluded once again for the reason that no microinstability is growing in this

simulation.

In the standard configuration, all simulations show destabilising ions and

stabilising electrons, and a ratio which is bigger than 1, indicating that the

ions transfer more energy to the microinstability than the electrons take from

it. This typically indicates an ITG mode for all these simulations. For the

bumpy configuration, the same can be said, except for the combination of

gradients a
LT

= 0 and a
Ln

= 4, where both ions and electrons destabilise the

mode. In this simulation the ions transfer more energy to the mode than

the electrons transfer to the mode. This behaviour indicates a TEM microin-

stability driven both by electrons and ions.

Comparing the conclusions drawn from the real frequency and LES energy

analyses, both show that at low a
Ln

the ITG mode is the most dominant
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mode for both the standard and the bumpy configuration. However, at high
a
Ln

, the real frequency analysis argues that due to a negative real frequency,

TEMs are the most unstable modes, while the energy diagnostic mainly3

shows destabilising ions and stabilising electrons, indicating an ITG modes.

This difference between the two diagnostics can be explained by including

the ion driven TEM is in the analysis. The iTEM can be identified by a

negative real frequency and is driven by the ions and stabilised by electrons,

fitting the previously described modes. Thus, the modes displaying negative

real frequency but ion destabilisation and electron stabilisation are identified

as iTEMs.

In figure 27 the conclusions given above are visualised. This figure shows dif-

ferent regions of mode identity (ITG, TEM or iTEM), bounded by the black

lines, plotted over figure 24, for both the standard and bumpy configuration.

Each region bounded by the black lines indicates a different dominant mode

for the simulations within that region.

Comparing the standard and bumpy configuration in figure 27, two conclu-

sions can be made. The first one being that at high a
LT

the transition from
a
Ln

= 0 to a
Ln

= 1 falls within the ITG regime. Thus, the suspicion formed

when analysing figure 24, that the η-mode stabilisation is seen in this region,

is more likely to be true. However, the lower value of χQL when transitioning

from a
Ln

= 1 to a
Ln

= 2 at a
LT

= 4 is not due to this η-mode stabilisation,

but rather due to a change from the ITG to iTEM microinstability. Secondly,

and most importantly, the exact region that has a higher value of χQL in the

bumpy configuration with respect to the standard configuration, is shown to

be the region where ITG modes are the most unstable microinstabilities. The

3In the bumpy configuration at a
LT

= 0 and a
Ln

= 4 both ions and electrons are
destabilising, indicating a TEM microinstability.
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(a) Standard configuration (b) Bumpy configuration

Figure 27: Identity (ITG, TEM, or iTEM) of the modes, determined with the
frequency spectrum diagnostic and the LES energy transfer diagnostic for
various simulations at ky = 0.3 as a function of a

LT
and a

Ln
for a) the stand-

ard configuration and b) the bumpy configuration. The grid of this figure is
identical to that of figure 24, and the values of χQL are kept. The black lines
represent the borders between different regions where the microinstabilities
found have the same identity.
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region which showed lower quasilinear heat diffusivity estimates is the region

where iTEMs/TEMs are the dominant microinstability. This shows that the

bumpy configuration, with respect to the standard one, is more prone to ITG

microinstabilities, but less so to iTEM or TEM microinstabilities.

As discussed and shown in section 2.5, the bumpy configuration has, com-

pared to the standard configuration, better magnetic field and quasi-isodynamicity

properties. These properties predict that the bumpy configuration is more

resistant to TEM microinstabilities than the standard configuration. There-

fore, the results showing lower susceptibility to TEM microinstabilities are

expected and can be explained by these properties. However, the bumpy con-

figuration is also shown to be less resistant to ITG microinstabilities in the

results of the linear simulation. The main property determining the resist-

ance to ITG modes is the curvature. If the curvature is worse for the bumpy

configuration, ITG modes should be more prominent and the results can be

explained. Figure 28 shows that the curvature of the bumpy configuration is

indeed slightly more negative than that of the standard configuration. The

difference between the curvature of the two configurations is small, but it

can explain the difference between the quasilinear heat diffusivity estimate

of the two cases, as this difference is also in the order of a couple percent.

As this extensive analysis of the frequency spectrum and LES energy dia-

gnostics for ky = 0.3 is complete, the results obtained from these diagnostics

are compared to cases of ky = 0.6, 0.9, 1.2. For each of these cases the results

of the diagnostics are shown in figures 29, 30 and 31. From these figures, the

general trend can be seen for both the standard and the bumpy configura-

tion, where less of the simulations show negative real frequencies. In figure 29

there are still negative frequencies seen for low temperature gradients, but in

figure 30 almost all gradients show positive frequency. Figure 31 shows sim-
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Figure 28: Comparison of the curvature of the standard (red) and the bumpy
(blue) configuration.

ilar real frequencies as figure 30, with the exception of the area at a
LT

= 4. At

this high temperature gradient, and for the low density gradients, negative

frequencies are shown with a high absolute value. This change of frequency

is mirrored by the subfigures showing the energy transfer ratio δEi
δt
/ δEe
δt

and

the mode identity. In these figures, for both the standard and bumpy case, a

shift is seen from modes destabilised by ions to modes destabilised by both

ions and electrons. Electrons thus become destabilising instead of stabilising

for high ky. However, in the simulations where both ions and electrons are

destabilising, the ions are still more destabilising than the electrons, as shown

by the values of δEi
δt
/ δEe
δt

> 1. In the regime of a
LT

= 4 and low a
Ln

, again a

new feature can be observed for ky = 1.2. In this regime, only the electrons

are destabilising and the ions become stabilising, and at the same time, elec-

trons are transferring the most energy rather than the ions as δEi
δt
/ δEe
δt

< 1.

These observations show that for increasing ky the the modes at low temper-
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ature gradients become more destabilised by the electrons, indicating that

the mode identity shifts from purely iTEM to an iTEM/TEM identity, where

both ions and electrons destabilise the TEM. At high temperature gradients

the mode identity stays ITG, but at higher ky the frequency becomes larger.

The only deviation from this trend is seen at ky = 1.2 and a
LT

= 4, where

the mode can be said to be either an electron temperature gradient driven

TEM, or an ETG, as both have negative frequency and are driven by elec-

trons. Furthermore, the border between the iTEM/TEM and ITG regime is

shifting towards lower temperature gradient at higher ky, showing that ITG

modes become more dominant.

The differences between the results for the standard cases and the bumpy

cases can be described easily. In each of the figures 29, 30 and 31 the real

frequency in virtually all the simulations of the bumpy configuration is higher

(e.g. more positive) than the frequency in the simulations of the standard

configuration. This shows that the bumpy configuration is more susceptible

to ITG modes, but less to iTEM/TEM modes. This agrees with the previous

conclusions based on the analysis of the real frequency and LES energy

diagnostic at ky = 0.3.
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(a) Standard configuration (b) Bumpy configuration

(c) Standard configuration (d) Bumpy configuration

Figure 29: (a-b) The real frequency ωr
a

cref
, obtained from the frequency spec-

trum diagnostic read out at ky = 0.6 as a function of a
LT

and a
Ln

for (a) the
standard configuration and (b) the bumpy configuration. The real frequency
is defined to be positive in the direction of the ion diamagnetic drift (red) and
negative in the direction of the electron diamagnetic drift (blue). (c-d) The
absolute value of the ratio δEi

δt
/ δEe
δt

, and the identity of the particle species
which is destabilising, ions (red), electrons (blue) or both (white), for vari-
ous simulations at ky = 0.6 as a function of a

LT
and a

Ln
for (c) the standard

configuration and (d) the bumpy configuration.
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(a) Standard configuration (b) Bumpy configuration

(c) Standard configuration (d) Bumpy configuration

Figure 30: (a-b) The real frequency ωr
a

cref
, obtained from the frequency spec-

trum diagnostic read out at ky = 0.9 as a function of a
LT

and a
Ln

for (a) the
standard configuration and (b) the bumpy configuration. The real frequency
is defined to be positive in the direction of the ion diamagnetic drift (red) and
negative in the direction of the electron diamagnetic drift (blue). (c-d) The
absolute value of the ratio δEi

δt
/ δEe
δt

, and the identity of the particle species
which is destabilising, ions (red), electrons (blue) or both (white), for vari-
ous simulations at ky = 0.9 as a function of a

LT
and a

Ln
for (c) the standard

configuration and (d) the bumpy configuration.
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(a) Standard configuration (b) Bumpy configuration

(c) Standard configuration (d) Bumpy configuration

Figure 31: (a-b) The real frequency ωr
a

cref
, obtained from the frequency spec-

trum diagnostic read out at ky = 1.2 as a function of a
LT

and a
Ln

for (a) the
standard configuration and (b) the bumpy configuration. The real frequency
is defined to be positive in the direction of the ion diamagnetic drift (red) and
negative in the direction of the electron diamagnetic drift (blue). (c-d) The
absolute value of the ratio δEi

δt
/ δEe
δt

, and the identity of the particle species
which is destabilising, ions (red), electrons (blue) or both (white), for vari-
ous simulations at ky = 1.2 as a function of a

LT
and a

Ln
for (c) the standard

configuration and (d) the bumpy configuration.
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Summarising the results from the linear simulations: The scan over tem-

perature and density gradient parameter space shows expected increase of

the estimated heat diffusivity, χQL, going from low to high gradients. A de-

crease of the value of χQL for iTEM/TEM microinstabilities for the bumpy

configuration with respect to the standard configuration indicates a lower im-

pact of these microinstabilities and better confinement of the plasma when

iTEM/TEMs are the most unstable modes. However, the microinstabilit-

ies identified as ITG modes show higher χQL, thus for some points in the

temperature and density gradient parameter space, the confinement is worse

for the bumpy configuration. As this is predicted from theory, observing this

from the simulations confirms that the simulations are in line with the theory.

5.2 Nonlinear simulations

As the analysis of the linear simulations is fruitful, a beginning has been made

with nonlinear simulations focused on the electron temperature fluctuation

profiles. As nonlinear simulations are time-consuming and difficult to set up,

only a nonlinear simulation for the standard configuration is performed. Us-

ing this simulation, the validation of nonlinear simulation data with the data

from the real CECE diagnostic is attempted.

In figure 32 output obtained from the nonlinear simulation using the standard

configuration is shown. This output is the electron temperature fluctuation,
T̃e
Tref

, at constant z and varying in ψ, α), is shown for z = 0, the start of

the fluxtube, and at time step t = 1294 a
cref

, when the simulation is quasi-

stationary. In this simulation Tref = Te = 0.61 keV as shown in table 2. From

figure 32 the typical size of the turbulent structures, also called eddies, can

be read out. In the radial direction, ψ, the structures are approximately 50 to
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Figure 32: Electron temperature fluctuation magnitude T̃e
Tref

at z = 0 and

t = 1294 a
cref

as a function of x
ρref

, the radial position in the simulation

domain (in the direction of ψ) and y
ρref

, the perpendicular position in the

simulation domain (in the direction of α). Radially extended structures of 50
to 100 gyroradii long can be observed.

100 gyroradii wide, while in the direction of α, they span approximately 10

to 20 gyroradii. This shows, that a synthetic diagnostic, which has to obtain

two measurement points within a radial correlation length of the eddy, should

able to resolve these structures. But, to be sure, extensive convergence test

should be performed to check whether the large radial extend is physical,

due to the low shear of Heliotron-J, or if it stems from low resolution in the

simulation. A first test is performed which indicates that it is wise to check

the convergence. In figure 33 the flux spectrum of the nonlinear simulation is

shown. In this flux spectrum it is seen that all fluxes peak at the lowest value

of ky considered. Especially for nonlinear simulations performed for low-shear

geometries, such as the standard configuration of Heliotron-J, this peak can

be artificial, indicating that the simulation is not converged [73]. The lowest

ky included in the nonlinear simulation was chosen to be ky = 0.1, based

on linear growth rate spectra. However, a new nonlinear simulation, while

extending the lowest value of ky to ky = 0.05, should be performed to check

whether or not the peak at ky = 0.1 is artificially high.

The electron temperature fluctuation map shown in figure 32 is shown in the
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Figure 33: Flux spectrum analysis of the GENE diagnostic showing the elec-
trostatic and electromagnetic particle and heat fluxes Γes,Γem, Qes and Qem.
All of the fluxes peak at the lowest ky, ky = 0.1, which indicates possible
artificial results due to non-convergence of the simulation.

GENE coordinate system. However, for determining the overlap of this or

similar slices for other values of z, with the line of sight of the real CECE

diagnostic, the coordinates need to be transformed to Cartesian coordinates.

This transformation of the simulation domain from GENE coordinates to

Cartesian coordinates is attempted with the help of the transformation code

run by J. Smoniewski. However, this transformation did not lead to a suf-

ficient overlap of the simulation domain and the line of sight in real space.

Therefore, the convolution of the temperature fluctuation data with two dif-

ferent sensitivity profiles along this line of sight, and correlation of the two

resulting time series with each other can not be tested. A possible solution
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can lie in modelling a different fluxtube which, when transformed does suffi-

ciently overlap the line of sight of the CECE. Thus, this solution should be

pursued when developing the synthetic diagnostic further.

Summarising, using nonlinear simulations to validate results of the linear sim-

ulations in the manner described in this thesis seems promising, but more

time is needed to perform a nonlinear simulation for the bumpy configura-

tion, and thoroughly perform convergence checks on both simulations. The

synthetic CECE diagnostic is still too underdeveloped to produce temperat-

ure fluctuation levels to compare to experimental data obtained from the real

CECE diagnostic. Especially the transformation of the simulation domain

from GENE coordinates to Cartesian coordinates is proven to be an obstacle

for the development of the synthetic diagnostic. This hurdle might be over-

come by modelling a different flux tube, one that aligns better with the line

of sight of the CECE after transformation, but this is left as work to be done.
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6 Conclusions

In this thesis, the behaviour of the plasma microinstabilities in Heliotron-J

is investigated by performing linear simulations in GENE. This to answer

the research question: How does the behaviour of plasma microinstabilities

depend on the magnetic field configuration of Heliotron-J? Two config-

urations of the magnetic field are compared, the standard and the bumpy

configuration. In this comparison the identity of the most unstable mode

as a function of temperature gradient a
LT

, density gradient a
Ln

and perpen-

dicular wavenumber ky, is analysed and an estimate of the quasilinear heat

diffusivity χQL is given. The linear simulations reveal, with the use of the

frequency spectrum diagnostic and the energy LES diagnostic, that at low

wavenumber, ky = 0.3, the destabilisation of the plasma in both the stand-

ard and the bumpy configuration is governed by ITG modes and ion driven

TEM microinstabilities. At higher wavenumbers, ky = 0.6, 0.9, 1.2, the elec-

trons become a more important particle species concerning the drive of the

instabilities, as both electrons and ions become destabilising. In the case

of ky = 1.2, even purely electron driven microinstabilities are seen which

can either be classified as ETG modes or an TEMs. The striking difference

between the standard configuration and the bumpy configuration is that the

bumpy configuration is more susceptible to ITG type microinstabilities, while

the iTEM/TEM type microinstabilities are stabilised. This difference is ex-

plained by the higher degree of quasi-isodynamicity, better magnetic well

properties, and worse curvature in the bumpy configuration with respect to

that of the standard configuration. For typical gradients seen experiments

for the bulk of the plasma, a
LT
≈ 2 and a

Ln
≈ 0, it is shown that the most

unstable microinstabilities are ITG modes, and that therefore the standard

configuration should perform better in terms of turbulence.
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Furthermore, a start is made with the validation of the linear results by

performing nonlinear simulations. A nonlinear simulation for the standard

configuration has been performed. Thus, comparison of results for stand-

ard configuration with respect to bumpy configuration, validating the results

of the linear simulations, has not been possible. The nonlinear simulation

for the standard configuration is used to show typical sizes of electron tem-

perature fluctuation structures, which are found to be extended (50 to 100

gyroradii) in the radial direction. The electron temperature fluctuation res-

ults are used to set up a synthetic CECE diagnostic, which should give a

line averaged temperature fluctuation level, which can be compared to ex-

perimental CECE temperature fluctuation levels. The alignment of GENE

simulation data with the line of sight in Cartesian coordinates has proven to

be difficult, and no mapping has been found yet. However, overcoming this

hurdle will lead to the creation of a versatile synthetic diagnostic which can

be used for validation of simulation results with respect to experimental data

and therefore further investigation into this synthetic diagnostic is advised.
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7 Future investigations

Here some advises are given for future research to be focused on.

• Linear simulations for the Heliotron-J based on the low bumpiness con-

figuration, or various values of the bumpiness, can be performed to

obtain a scaling for the estimated impact for microinstabilities as a

function of bumpiness. This scaling can then be compared to that of

other, similar machines to obtain universal knowledge about the effects

of bumpiness. Within this research, an optimisation for temperature

and density gradient parameter space can be made, showing at which

bumpiness which gradients are most promising in terms of turbulence

repression. As ion and electron temperature gradients are often not

equal in experiments, this optimisation could include independent ion

and electron temperature gradients. This way a 4D parameter space can

be created (configuration, a
LTi

, a
LTe

, a
Ln

) where the optimal performance

parameters can be found.

• A nonlinear simulation should be performed on the bumpy configura-

tion of Heliotron-J. The results from this nonlinear simulation can then

be compared to that of the standard configuration. This comparison can

be used to validate the trends seen in the linear simulations.

• The comparison between the results of linear and nonlinear simulations

can be made, although this is a very qualitative comparison. When com-

paring the standard and the bumpy configurations, the result of the

quasilinear heat diffusivity (linear simulation) and the electron tem-

perature fluctuation level (nonlinear simulation) can change along the

same trend. For example, if both values decrease when going from the

standard configuration to the bumpy configuration, the credibility of

this result is strengthened. However, if the independent results do not
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follow the same trend, e.g. the linear simulations show that the bumpy

configuration is less stable than the standard configuration while the

nonlinear simulations show the opposite effect, the conclusion can be

made that the linear analyses might be insufficient to model the real

behaviour of the plasma.

• The synthetic CECE diagnostic can be developed further, making com-

parison of the nonlinear simulations with experimental CECE temper-

ature fluctuation levels possible. This comparison can be a valuable

tool for checking the validity of nonlinear simulations.

• The synthetic diagnostic can be used for this comparison between the

standard configuration and the bumpy configuration. Nonlinear simu-

lations could be performed for both configurations, and the synthetic

diagnostic can be used to find a value for the electron temperature

fluctuation level. These values could then be compared to each other

to obtain information on the stability of the configurations with re-

spect to turbulence. This can be done as a higher electron temperature

fluctuation level is a direct sign of larger turbulence.

• The synthetic diagnostic can be expanded to not only investigate tem-

perature fluctuation levels, but also other properties such as the size

and frequency of turbulent structures.
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Appendices

A.1 Theoretical derivation

Here the derivation of the gyrokinetic equation is given, following the course

of reasoning taken by Proll [24]. This derivation starts by taking a convenient

set of variables, transforming the Vlasov equation from Cartesian coordinates

to guiding-centre coordinates:

E =
mav

2

2
+ eaφ

µ =
mav

2
⊥

2B

R = r +
b̂× v

Ωa

v = v‖b̂ + v⊥ (cosϑe1 + sinϑe2)

(A.1)

where E is the energy, composed of kinetic and electrostatic potential energy,

µ is the magnetic moment, R is the position of the guiding-centre, r is the

position of a particle, b̂ = B/B is the unit vector along the magnetic field,

v is the particle velocity described by a parallel part v‖ and a perpendicular

part v⊥, e1 and e2 are the unit vectors perpendicular to b̂ and ϑ is the gyro-

phase, which is defined by the relation ϑ̇ = −Ωa. Figure 34 gives a visual

interpretation of the gyro-centre and the particle position.

Using the set of new coordinates, see equation (A.1), the Vlasov equation

can be written as:

∂fa
∂t

+ Ṙ · ∂fa
∂R

+ ϑ̇
∂fa
∂ϑ

+ Ė ∂fa
∂E

+ µ̇
∂fa
∂µ

= 0 (A.2)

The change of energy Ė can be rewritten to a function of the electrostatic

potential by noting that mav̇ = ea(E + v ×B), and thus:
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Figure 34: Visualisation of the guiding-centre R and position r of a charged
particle rotating around a magnetic field line.

Ė =
d

dt

(
mav

2

2

)
+ ea

(
∂φ

∂t

)
r

+ ea
∂φ

∂r
· dr

dt

= mav̇ · v + ea

(
∂φ

∂t

)
r

+ eav · ∇φ

= ea

(
∂φ

∂t

)
r

To be able to say anything about the factors ∂fa
∂t

, ∂fa
∂ϑ

, ∂fa
∂E and ∂fa

∂µ
, the form

of fa needs to be analysed. This perturbed distribution function, fa, can be

decomposed in an Maxwellian equilibrium distribution, including adiabatic

responses to small electric field, and a non-adiabatic part:

fa = fa0 + ga (A.3)

where ga � fa0. The Maxwellian equilibrium distribution plus adiabatic
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response is known and is given by:

fa0 = na(ψ)

(
ma

2πTa(ψ)

)3/2

e−E/Ta(ψ)

' na

(
ma

2πTa

)3/2

e−mav
2/2Ta

(
1− eaφ

Ta

)
,

(A.4)

where, in the first equation, the flux surface label ψ is introduced. Flux sur-

faces are toroidally stretched surfaces which enclose constant magnetic flux.

Here the density na(ψ) and the temperature Ta(ψ) are also taken to be con-

stant on a flux surface. Using this notation, it is clear that f0 is independent

of time and magnetic moment, and it is dependent on the energy following

the relation: ∂fa0/∂ε = −fa0/Ta. The assumption is made that the non-

adiabatic part of the distribution function, relative to the Maxwellian part,

varies slowly with energy and magnetic moment. Thus, with these consider-

ations, the Vlasov equation can be written as:

∂ga
∂t

+ Ṙ · ∂
∂R

(fa0 + ga)− Ωa

(
∂fa0

∂ϑ
+
∂ga
∂ϑ

)
− ea
Ta

(
∂φ

∂t

)
r

fa0 = 0. (A.5)

Both ∂fa0/∂ϑ = 0 and ∂ga0/∂ϑ = 0 in lowest order. Thus in the next order

equation (A.5) can be written as:

∂ga
∂t

+ Ṙ · ∂
∂R

(fa0 + ga)−
ea
Ta

(
∂φ

∂t

)
r

fa0 = 0 (A.6)

Now, a second transformation in the coordinates can be taken. The gyro-

centre transform is taken, this process is also called gyro-averaging. This

gyro-averaging is defined as integrating a function over a ‘gyro-disc’ centred

around a fixed R at constant µ and E . A visual interpretation of the change

of coordinates and gyro-averaging is given in figure 35. The mathematical
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Figure 35: Visualisation of the coordinate transformation from guiding-centre
coordinates to gyro-centre coordinates and the gyro-averaging over a ‘disc’
centred at fixed R, reducing the phase space of the plasma description from
6D to 5D. (Adapted from Garbet [18])

description is given by:

〈f(v, r, t, . . .)〉R =
1

2π

∫ 2π

0

f(v, r, t, . . .)dϑ. (A.7)

After gyro-averaging, equation (A.6) becomes:

∂ga0

∂t
+ 〈Ṙ〉R ·

∂

∂R
(fa0 + ga) +

ea
Ta

〈(
∂φ

∂t

)
r

〉
R

fa0 = 0 (A.8)

in which none of the terms depend on the fast gyro-phase any more, thus

removing this coordinate from the phase space of the equation. Thus, gyro-

averaging is the method to reduce the 6D Vlasov equation to a precursor of

the 5D gyrokinetic equation.

The second to last thing to do is rewriting the the gyro-averaged velocity, 〈Ṙ〉,
and the gyro-averaged change in electrostatic potential,

〈(
∂φ
∂t

)
r

〉
R

. In [25] the

gyro-averaged velocity is derived as a function of particle velocity and drift
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velocities:

〈Ṙ〉R = v‖b̂ + vE + vda. (A.9)

Here vE is the velocity of a particle due to E × B drift effects and vda is

the magnetic drift velocity. These drift effects have been discussed in further

detail in section 2.3. The gyro-averaged change in electrostatic potential can

be rewritten using the Ballooning formalism [26] to:〈(
∂φ

∂t

)
r

〉
R

' −iωJ0

(
k⊥v⊥
Ωa

)
φ, (A.10)

where

ω = ωr + iγ (A.11)

is the complex frequency of an unstable mode, made up of the real mode

frequency ωr and the growth rate γ, J0

(
k⊥v⊥

Ωa

)
is the zeroth order Bessel

function, and k⊥ is the perpendicular wavenumber. For ease of use, the zeroth

order Bessel function will be written as J0 from this point onward. Using these

definitions, equation (A.6) is now written as:

∂ga0

∂t
+ (v‖b̂ + vE + vda) · (∇ga0 +∇fa0) +

iea
Ta
J0φωfa0 = 0, (A.12)

where ∇ is now used instead of ∂/∂R for better readability.

For the last step it is checked what each term of the equation actually means,

and whether it can be rewritten or ignored. First of all, the derivative of ga0

with respect to time has to be taken. Thus we introduce:

ga0(R, E , µ, t) = ĝa(R, E , µ)ei(k⊥−ωt), (A.13)

φ(R, t) = φ̂(R, ω)ei(k⊥−ωt). (A.14)

where the perpendicular wave vector, k⊥ = kψ∇ψ+ kα∇α, is introduced. In
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these equations, the non-adiabatic part of the distribution function, and the

electrostatic potential, are divided in a slowly varying amplitude and a fast

changing phase. This division is done as it is known that the fluctuations in

the plasma vary slowly parallel to b̂ and fast perpendicular to it [27,28]. The

derivative of equation (A.13) can now be taken: ∂ga0
∂t

= −iωga0. Analysing the

terms in the second part of equation (A.12), it is deduced that vE ·∇ga0 can be

ignored in the linear stability analysis as it is a nonlinear term. Furthermore,

vda ·∇fa0 describes the neoclassical response in ga0, which can therefore also

be dropped, and b̂ · ∇fa0 = 0 as the distribution function is a flux function

which does not vary along a magnetic field line. The term vE · ∇fa0 can

also be rewritten using the Clebsch coordinate representation [29]. In this

representation the fact that the magnetic field can be described by nested flux

surfaces is used. Each successive surface is labelled by a ψ, thus the gradient,

∇ψ, is perpendicular to the flux surfaces and therefore to the magnetic field

defining these surfaces. Choosing another coordinate, α, to have its gradient

perpendicular to the magnetic field as well, this field can be defined as:

B = ∇ψ ×∇α. (A.15)

This is used to write:

vE · ∇fa0 = −E×B

B2
· ∇fa0

= − b̂×∇〈φ〉R
B

· ∇fa0

= −iJ0

(
k⊥v⊥

Ω

)
φ(R, t)

1

B
k⊥ · b̂×∇fa0

= −iJ0

(
k⊥v⊥

Ω

)
φ(R, t)

1

B
k⊥ · b̂×

∂fa0

∂ψ
∇ψ

= −iJ0
eaφ

Ta
ωT∗afa0

(A.16)
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where ωT∗a, is introduced as

ωT∗a = ω∗a

[
1 + ηa

(
E
Ta
− 3

2

)]
, (A.17)

where ω∗a is the diamagnetic drift frequency:

ω∗a =
Takα
ea

d lnna
dψ

, (A.18)

and ηa is the ratio between the temperature and density gradient:

ηa =
d lnTa
dψ

/
d lnna
dψ

. (A.19)

Finally, using all these revisions, the equation called the electrostatic colli-

sionless gyrokinetic equation is given by:

v‖∇‖ga − i (ω − ωda) ga +
iea
Ta
J0φ

(
ω − ωT∗a

)
fa0 = 0, (A.20)

where the hats have been omitted from ĝa and the magnetic drift frequency

is given by:

ωda = k⊥ · vda = (kψ∇ψ + kα∇α) · vda (A.21)

This ends the derivation of the gyrokinetic equation. However, to finalise

the gyrokinetic set of equations, a definition for the quasi-neutrality in the

plasma is needed. For this we start with the Poisson equation:

∇2ϕ =
e2 (ne − ni)

ε0T0

, (A.22)

where ϕ = eφ/T0 is the dimensionless electrostatic potential. Assuming that

the density of both species are approximately equal, only differing in their
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respective perturbations, this equation can be written as:

∇2ϕ =
δne − δni
n0λ2

D

, (A.23)

with λ2
D = ε0T0/n0e

2 the Debye length. As the electrostatic potential fluctu-

ates slowly, on length scales much larger than the Debye length, 1/∇ϕ ∼ L�
λD, the difference in the fluctuations should go to zero: (δne − δni) ∼

λ2D
L2 ≈ 0

and thus ∑
a=i,e

eaδna = 0 (A.24)

must hold. With the use of the definition of the 0th moment of the distri-

bution function, equation (2.1)), the density perturbation of each species is

written as:

δna(r, t) =

∫
(fa0 + ga0) dv − na(r)

=

∫
fa0dv +

∫
ga0dv − na

= na

(
1− eaφ

Ta

)
+

∫
ga0dv − na

= −naea
Ta

φ+

∫
ga0dv.

(A.25)

The integral of the non-adiabatic part of the distribution function with re-

spect to the velocity is rewritten as:
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∫
ga0dv =

∫
ĝa(R, E , µ)ei(S(R)/δ−ωt)dv

' ei(S(r)/δ−ωt)
∫
ĝa(R, E , µ)J0

(
k⊥v⊥
Ωa

)
dv

=
φ

φ̂

∫
ĝa(R, E , µ)J0

(
k⊥v⊥
Ωa

)
dv.

(A.26)

Using equations (A.25) and (A.26), the quasi-neutrality equation, which

closes the set of gyrokinetic equations becomes:

∑
a

nae
2
a

Ta
φ =

∑
a

ea

∫
ga(R, E , µ)J0dv, (A.27)

A.2 Parameters file

&parallelization

n_parallel_sims = 4 !Number of simulations ran parallel

n_procs_sim = 256 !Number of MPI processes used

/

&box

n_spec = 2 !Number of species considered

nky0 = 1 !Number of modes considered

nx0 = 64 !Number of radial grid points

nz0 = 256 !Number of parallel grid points (set by geometry)

nv0 = 64 !Number of parallel velocity grid points

nw0 = 8 !Number of magnetic moment grid points

lx = 125.628 !Extension of simulation box in x direction

adapt_lx = T !Adapt lx to optimal value lx=1/(ky*shat) if needed

lv = 3.00000 !Extension of simulation box in v direction

lw = 9.00000 !Extension of simulation box in w direction
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kymin = 0.3 !Minimum value of ky or

!extension of simulation box in y direction of 2pi/kymin

/

&in_out

diagdir = ’/output’!Output directory

istep_field = 100 !Step size field.dat

istep_mom = 400 !Step size mom.dat

istep_nrg = 10 !Step size nrg.dat

istep_omega = 20 !Step size omega.dat

istep_vsp = 500 !Step size vsp.dat

istep_schpt = 5000 !Step size security checkpoint

istep_energy = 100 !Step size energy.dat

istep_fe_time = 10 !Step size fe_time.dat

istep_fe_twoD = 10 !Step size fe_twoD.dat

/

&general

comp_type = ’IV’!Computation type set to Initial value

nonlinear = F !Nonlinear operation switch

diag_GyroLES= .true. !Activate energy transfer diagnostic

fracx=0 !Added to run energy diagnostic

arakawa_cons_bc= .true. !Added to run energy diagnostic

arakawa_zv = .true. !Added to run energy diagnostic

calc_dt = .t. !Automatic calculation of maximum time step

timelim = 86000 !Wall clock time limit

ntimesteps = 1000000 !Number of time steps limit

simtimelim = 0.1000E+05 !Simulation time limit

beta = 0.000000 !Set plasma beta

debye2 = 0.0000000 !Set squared bebye wavelength
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collision_op = ’none’!No collision operator

init_cond = ’alm’!Initialization with all modes

hyp_z = 0.250 !Hyperdiffusivity z direction

hyp_v = 0.2000 !Hyperdiffusivity v direction

GyroLES = .t. !Adaptive hyperdiffusion in x and y direction

/

&geometry

magn_geometry = ’gist’!Geometry file type

geomfile = ’geom.txt’!Geometry file

geomdir = ./ !Geometry file location

/

&species

name = ’ions’!Name of species 1

omn = 0.0000000 !Density gradient

omt = 0.0000000 !Temperature gradient

mass = 1.0000000 !Species mass

temp = 1.0000000 !Species temperature

dens = 1.0000000 !Species density

charge = 1 !Species charge

/

&species

name = ’electrons’!Name of species 2

omn = 0.0000000 !Density gradient

omt = 2.0000000 !Temperature gradient

mass = 0.5466E-03 !Species mass

temp = 5.0000000 !Species temperature

dens = 1.0000000 !Species density

charge = -1 !Species charge

/
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&units

Tref = 0.40 !Reference temperature in keV

nref = 0.1 !Reference density in 1E19 mˆ{-3}

Lref = 0.1618989 !Reference length (a) in m

/
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