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Nuclear Fusion could be used as a basis for 
clean commercial energy production in the 
near future. The tokamak magnetic 
confinement device has so far been most 
succesful in creating nuclear fusion 
conditions on earth. A major setback for 
creating fusion conditions in a tokamak is 
caused by turbulence induced transport 
which makes fuel particles to drift faster 
from the magnetic field lines than predicted 
by classical transport theory, disturbing the 
plasma confinement and thereby the fusion 
process. Low frequency turbulence-induced 
zonal flows along with large ExB flows 
however can decorrelate turbulent 
fluctuations leading to enhanced 
confinement regimes. Turbulent transport 
and in particular its self regulation can be 
studied with first principal computer 
models, which solve for the coupled problem 
of Bolzmann's kinetic equations and 
Maxwell's equations. In this manuscript 
turbulent transport phenomena in ohmic 
FT-2 tokamak discharges are modeled with 
the first principal code ELMFIRE. 
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Abstract 
The work described in the thesis focuses on understanding large-scale mean ExB flows, fine-

scale zonal flows and turbulent transport in ohmic plasma discharges in the small Russian FT-
2 tokamak from a first principal basis. The investigations are performed with the full-f 
particle-in-cell (PIC) code Elmfire which calculates the time evolution of the full distribution 
function of the electrons and a selection of ions while self-consistently calculating the electric 
field making the code suitable to study neoclassical and turbulent transport processes 
simultaneously. 
 
The equations solved in the Elmfire code are based on a set of gyrokinetic Vlasov equations 
which explicitly includes the polarization drift in the equations of motion by using an 
alternative definition for the gyrocenter. The differences to the standard gyrokinetic model and 
the advantages of this treatment for particle-in-cell codes are addressed. The coefficient matrix 
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parallel nonlinearity. Two types of interpolation schemes to obtain the particle electric field 
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and momentum conservation are discussed. Collisions are treated by a binary collision model. 
The dependence of the transport quantities on the spatial resolution and the influence of 
particle noise are addressed. Steady state simulation profiles are obtained by the balance of 
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Preface

The work presented in this thesis has been carried out at the Department of

applied physics of the Aalto University between 2006 and 2012. When I started

to work on my thesis in the Elmfire code development group in 2006, Dr. Jukka

Heikkinen, Dr. Timo Kiviniemi and Salomon Janhunen already spent 6 long

years on developing and benchmarking the code against neoclassical theory

and other gyrokinetic codes. Although only limited computational resources

were available at the time, it was decided that experimental validation of the

Elmfire code would be the next step. Due to its small size, its geographical

location and a long history of mutual collaboration, the Russian FT-2 tokamak

experiment in St. Petersburg was chosen to be the appropriate tokamak to

start this effort. In the next paragraphs I would like to show my appreciation

to all the persons that have helped me to construct this thesis over the past

six years.

I would like to start with thanking my instructor Dr. Jukka Heikkinen and

Dr. Timo Kiviniemi for their guidance during the work and for critically

reading this manuscript. It has been and still is a great privilege to work

with both of you. I am indebted to Salomon Janhunen and Dr. Francisco

Ogando for their fantastic introduction to the Elmfire code and for many

useful discussions. They have been of tremendous help while carrying out my

thesis work. Furthermore this thesis would not have been possible without

the support of the entire FT-2 tokamak team, where I specially would like to

thank Prof. Evgeniy Gusakov, Dr. Alexey Gurchenko, Dr. Victor Bulanin

and Dr. Serguey Lashkul for their contributions. I would also like to thank

Dr. Peter Catto, Prof. Felix Parra, Dr. Seong-Hoe Ku and Prof. C.S. Chang

for sharing their valuable insights during my stay at MIT and NYU in 2009.

I am thankful to Prof. Rainer Salomaa for giving me the opportunity to work

within his research group. His moral support during the last stages of writing

the thesis was also greatly appreciated. Furthermore I would like to thank all
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my colleagues at Aalto University and VTT for many pleasant conversations

during lunches, coffee breaks and other encounters. You have made me feel

very welcome and at home.

On a more personal note, I would like to thank my family for their many

trips to Finland and for their hospitality when I come over for a visit. I am

very fortunate to have such a supportive group of people back home! Last but

not least I would like to thank my husband Rob for his continuous love and

support and for always keeping my morale high.

The work in this thesis has been carried out within the Euratom-Tekes asso-

ciation agreement. Financial support from the Finnish Academy is gratefully

acknowledged.

Espoo, November 22, 2012,

Susan Leerink
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1. Introduction

With the worlds energy consumption steadily increasing every year the need

for new and clean energy sources is growing rapidly. Nuclear fusion as a basis

for large scale commercial energy production could offer these prospects in

the near future. It is the same energy source that powers the sun by fusing

light atomic nuclei together thereby releasing a large amount of energy. This

process produces no long term radioactive waste, is safe and has no emission

of greenhouse gases. With hydrogen isotopes as its fuel, the available fuel

resources can meet the world’s energy requirement for thousands of years. For

fusion reactions to occur on earth, fuel particles must reach temperatures of

several hundred million degrees Celsius for sufficiently long time for the fuel

particles to overcome the repulsive coulomb force and fuse. The higher the

cross-section the easier particles will fuse and promising candidates for fusion

reactions on earth are:

2D+ 2D → 3T+ n+ 4.03 MeV 50% (1.1)

→ 3He + n+ 3.27 MeV 50% (1.2)

2D+ 3T → 4He + n+ 17.6 MeV (1.3)

At fusion temperatures charged electrons are no longer attached to the atoms

and an ionized gas, called a plasma, is created. Sustaining a high temperature

plasma on earth is a very difficult task. This is mainly due to the fact that

there are no materials able to store the plasma without melting and an extra

barrier is needed that prevents the plasma of coming in to contact with the

walls of its container. The most promising device for creating this barrier is

the tokamak which uses magnetic fields to confine the plasma. The tokamak

exploits the fact that charged particles follow a helical path along the magnetic

field lines. By bending the magnetic field lines into a closed loop the plasma

is confined and fusion reactions can continue as long as there is enough fuel

available. In the tokamak device a poloidal and toroidal magnetic field is

11
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Figure 1.1. Simplified schematic picture of the tokamak [1]

generated, which makes the plasma particles to run around in spirals without

touching the wall of the chamber, as illustrated in figure 1.1.

Although experimental research on tokamak devices already started several

decades ago, perfectly controlled nuclear fusion has not yet been achieved. A

major obstacle is that the transport of the fuel particles across the magnetic

field lines can not be predicted by only analytical transport theory. Turbulence

induced transport, a still unsolved problem in physics in general, has been at-

tributed to be the main reason. It is causing fuel particles to drift faster

from the magnetic field lines, disturbing the plasma confinement and thereby

the fusion process. Turbulent transport has been found dominant in tokamak

experiments where in particular the electron heat conductivity has been mea-

sured to be one to two magnitudes higher than the neoclassical predictions.

Although turbulence is responsible for degrading the overall radial confine-

ment of the plasma, experimentalists have found several enhanced confinement

regimes where the transport caused by anomalous turbulence was decreased

remarkably. It is widely believed that low frequency turbulence-induced zonal

flows along with large E ×B flows is decorrelating turbulent fluctuations and

decreasing the radial correlation length of turbulent fluctuations leading to a

radial transport bifurcation. Obtaining a better understanding of turbulent

transport and in particular its self regulation would be a crucial step forward

towards achieving reactor relevant tokamak plasmas.

Turbulence induced transport is a transport regime characterized by chaotic

12
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property changes, and investigations into this regime can be done by so-called

first principal computer models. These codes solve the coupled problem of

Bolzmann’s kinetic equations for the total particle distribution (full-f) func-

tion and Maxwell’s equations in a complex magnetic field while using the

gyrokinetic model. The gyrokinetic model performs averaging over the gyro-

orbit reducing the calculations from six-dimensional space to five dimensions

while keeping the time and length resolutions high enough for turbulence stud-

ies. During the last decades the computational capacity reached the level with

which modeling of turbulence induced transport in tokamak experiments with

the gyrokinetic approach has become possible [2-17].

1.1 Single particle motion in a tokamak

Particle and heat transport in a cylindrical plasma configuration with homo-

geneous and stationary magnetic field can be described by simple Coulomb

collisions between particles. The diffusion coefficients can be obtained by a

random walk model Dα = ρ2α/τ , with τ the collision time and ρα the random

walk step size of particle species α defined by its Larmor radius. When a

plasma, however, is bent in a torus shape, like in a tokamak, the magnetic

field is no longer homogeneous and the curvature and gradient of the mag-

netic field will create extra drifts usually increasing the transport compared to

the classical random walk model. Collisional transport including these extra

drifts is described by neoclassical transport. One of the most visible aspect of

neoclassical transport is the presence of trapped particles. Particles traveling

in a magnetic field gradient ∇‖B will experience a force F‖ = μ∇‖B, where

μ = mαv
2
⊥/2B is a constant of motion called the magnetic moment, where

mα is the species mass and v⊥ the perpendicular velocity. This force will slow

down the parallel motion of the particles when they are moving to the high

field side of the tokamak and in the absence of collisions a fraction of the total

amount of particles will have low enough v‖ to be stopped and reflected back.

These particles will oscillate in the weak magnetic field region of the tokamak

on so called banana orbits with a bounce frequency ωb = vth/(qRo), where

vth is the thermal velocity, q the safety factor and R0 the major radius of the

tokamak. The remaining part of the particles with high enough velocity to

overcome this reflection are called passing particles. Due to drifts the orbits

of the passing and trapped particles will be shifted compared to the magnetic

field lines where the shift for the trapped particles is called the banana orbit

width wB ∝ ραq. An estimate for the fraction of particles trapped in banana
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orbits is given by [35]:

ft =
1− (1− ε)2

√
1− ε2

1 + 1.46
√
ε

(1.4)

with ε = r/R0 the inverse aspect ratio at radial position r. The existence of

particles on shifted orbits can have a significant impact on the particle and heat

transport. When a particle experiences a collision in the time that it needs

to complete one orbit, the particle will not be able of finish one orbit and the

transport will be close to the classical transport. When the collision frequency

however is lower than the bounce frequency, the particle is able to complete an

orbit and the step size in the random walk model will no longer be the Larmor

radius but the much larger banana width, resulting in higher particle and

heat transport. Standard neoclassical transport theory defines three transport

regimes depending on the ratio between the ion bounce frequency and the ion

collision frequency ν∗ = νii/ωbε
−3/2 where νii = q4i niλii/(4πε

2
0m

2
i v

3
th) is the

ion-ion collsion frequency with ni, mi and qi the ion density, mass and charge,

respectively, λii the coulomb logarithm and ε0 the vacuum permittivity. In

the low collisional banana regime (ν∗ < 1) passing and trapped particle orbits

exist, in the highly collisional Pfirsch-Schluter regime (ν∗ > ε−3/2) particles do

not complete full orbits and in the intermediate plateau regime(1 < ν∗ < ε−3/2)

only passing orbits are present. For every collision regime various neoclassical

theories have been developed to estimate the heat and particle fluxes while

taking various assumptions on for example the magnetic field background, the

flow velocity, the collision operator, etc.

1.2 A set of fluid equations

The collective statistical behavior of a large number of charged particle in a

plasma is governed by the Fokker Planck equation

∂fα
∂t

+ v · ∇fα +
qα
mα

(E+ v ×B)
∂fα
∂v

= Cα(f) (1.5)

which describes the change of the distribution function fα(x,v, t) of a single

species α as a result of the Lorentz force F = qα(E + v × B) and collisions

Cα(f). Here E is the electric field, B the magnetic field, qα the particle

charge, x the location in the configuration space and v the velocity vector. A

full kinetic description of the transport processes in a plasma is obtained by

solving equation 1.5 together with Maxwell equations:
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∇×E = −∂B

∂t
(1.6)

∇×B = μ0j+ μ0ε0
∂E

∂t
(1.7)

∇ ·B = 0 (1.8)

∇ ·E =
ρc
ε0

(1.9)

while appropriately accounting for the collisions. Here j is the electric current

density, ρc the electric charge density and μ0 the vacuum permeability. When

the plasma is assumed to be in an equilibrium state a set of fluid equations for

macroscopic quantities can be constructed by taking moments of the distri-

bution function. In the absence of sources and sinks for particles, momentum

and energy the moments for density nα, flow velocity vα and temperature Tα

are expressed by [18]:

dnα

dt
+ nα∇ · vα = 0 (1.10)

nαmα
dvα

dt
= nαqα(E+ vα ×B)−∇ ·Pα +Rα (1.11)

3

2
nα

d

dt
Tα + pα∇ · vα = −∇ · qα − (Π · ∇) · vα +

∑
α=β

Qαβ (1.12)

where

d

dt
=

∂

∂t
+ vα · ∇ (1.13)

is the time derivative in the frame moving at the fluid velocity vα, also

referred to as the convective derivative. Here Rα is the inter species friction

force and Pα the pressure tensor which can be split up in the scalar pressure

pα and the anisotropic part Πα, so that Pα = pα · I+Πα. The scalar pressure

relates to the temperature via pα = nαTα and the anisotropic part depends on

collisions and velocity gradients and describes the viscosity of the plasma. qα

is the heat flow and Qαβ is the heat transferred from species α to species β by

means of collisions. Each of the momentum equations represent a conservation

law. Equation 1.10 is called the continuity equation. Equation 1.11 is referred

to as the momentum balance and equation 1.12 is the equation of energy

conservation. To determine the space-time evolution of nα, vα and Tα by

solving the fluid equations a description for qα in terms of the macroscopic

quantities is required to provide closure for the equations.
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1.3 Organization of the thesis

In this manuscript results obtained with the full-f gyrokinetic Elmfire code for

the small Russian FT-2 tokamak are presented. The Introduction will be used

to present the main highlights of the work. Furthermore the introduction will

include details which have been left out from the publications but which pro-

vide valuable background information on how the final published results have

been obtained. Chapter 2 will start by presenting the equations solved in the

Elmfire code which are based on a set of gyrokinetic Vlasov equations which

explicitly includes the polarization drift in the equations of motion by using an

alternative definition for the gyrocenter. The differences to the standard gy-

rokinetic model and the advantages of this treatment for particle-in-cell codes

are addressed. Publication V comments on a misunderstanding regarding the

validity of this model. The dependence of the transport quantities of both

the interpolation schemes, presented in publication VI, as well as the spatial

resolution and particle noise are discussed and illustrated. The binary colli-

sion model is shortly addressed and a benchmark of the plasma resistivity to

the Sauter model is presented. Direct measurements of transport phenomena

in ohmic FT-2 discharges are shown to be quantitatively reproduced by the

Elmfire simulation predictions in chapter 3. A detailed agreement with mean

equilibrium E×B flows, oscillating fine-scale zonal flows and turbulence spec-

tra observed by a set of sophisticated microwave back-scattering techniques

as well as a good fit of the thermal diffusivity data are demonstrated in this

publication. The measured and simulated mean equilibrium E × B flows are

validated against various analytical models where the effect of the Te/Ti-ratio,

ion orbit losses and impurities are investigated in more detail providing a more

solid basis for the findings on the background flow presented in publication

VII. Linear growth rate results obtained with the Weiland reactive fluid model

are presented to support the Elmfire results for the phase velocity presented

in publication II, III, IV and VII.
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2. The full-f particle-in-cell code

Elmfire

The Elmfire code is based on the gyrokinetic Particle-In-Cell (PIC) method

which follows the trajectories of charged particles in a self-consistent electrostic

field computed on a fixed simulation grid. The Elmfire code calculates the

full gyrokinetic distribution function (full-f) at every timestep making the

code suitable to simulate turbulent and neoclassical transport, making it a

powerful tool to simultaneously study both macro(background flow), meso

(flow oscillation) and micro (turbulence) scale transport phenomena. In this

section only a brief overview of the properties of the code that played an

important role in the simulations of the FT-2 tokamak ohmic discharges are

presented. A more complete overview of the code can be found in [17].

2.1 The Elmfire flowchart

The code starts by initializing the full-f gyrokinetic distribution function for

ions and electrons according to the input profiles by introducing a large num-

ber of test particles equally spaced in configuration space and Maxwellian

distributed in 2D velocity space onto the simulation grid. Each test particle

will represent a large number of real particles. In the FT-2 tokamak simula-

tions kinetic electrons and ions as well as one kinetic impurity species are taken

into account. Since there is a significant difference between the impurity and

the ion density the real-to-test-particle-ratio (from now on called weight ratio)

of the impurities is taken to be 1/(charge of the impurity) times smaller than

the weight ratio of the hydrogen isotopes and the electrons, to obtain similar

particle statistics. To avoid strong deviations from the input profiles and the

creation of strong start-up currents, the ions and impurities are initialized on

pre-evaluated collisionless orbits while taking an appropriate analytical esti-

mate for the radial electric field into account. To ensure quasi-neutrality at

the start, an electron is initialized on the gyro-orbit of each ion and impurity.
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The full-f particle-in-cell code Elmfire

After initialization, particles are moved by a Runge-Kutta particle pusher

used for the integration of the explicit terms of the equations of gyrocenter

motion. Heat sources and sinks are taken into account in the same particle

loop as the particle pushing. The Elmfire code utilizes an implicit solver

for the ion polarization drift and the electron parallel acceleration and the

corresponding particle contribution of the implicit terms to the potential have

to be collected in the coefficient matrix to solve the Poisson equation. For

efficiency reasons this sampling is also performed in the same particle loop as

the particle pushing. Once the particle pushing and collection of the implicit

terms to the coefficient matrix is performed the charge separation is sampled

to the grid and the potential is solved on the grid points. To obtain a quasi

neutral system the particles still have to be moved by the implicit terms of the

equations of gyrocenter, e.g. the polarization drift and the electron parallel

acceleration, while taking the newly calculated potential into account. When

the quasi neutral system is obtained, particles are allowed to collide by the

binary collision model randomizing the particle velocity and pitch angle while

leaving the particle positions untouched. After sampling the final macroscopic

quantities to the grid the process is repeated until convergence of the system

is reached. A schematic overview of the code’s flowchart is given in figure 2.1.

In the following sections the separate parts of the Elmfire flowchart are out-

lined in more detail starting with the first two sections where the gyro center

equations of motion and the corresponding electric field solver are presented.

Section 4 outlines the different coordinate systems and the magnetic field

background used in the ohmic FT-2 simulations followed by section 5 which

shortly describes the binary collision operator. Section 6 will outline the dif-

ferent heating and cooling methods and the particle recycling schemes. The

noise sensivity of the numerical model is discussed in the final section.

2.2 The equations of gyrocenter motion

During the last decades the nonlinear gyrokinetic approach has been widely

used for numerical investigations into tokamak micro turbulence. As men-

tioned in the Introduction charged particles in a magnetic field will gyrate

around the magnetic field lines. The gyrokinetic approach eliminates the ex-

plicit dependence of the Vlasov equations on the phase angle of the gyration

by gyrophase-averaging while taking the electromagnetic perturbations of the

field into account. This makes it unnecessary to solve for the fast time scale

associated with the particle gyromotion while still retaining finite Larmor ra-
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Figure 2.1. The flowchart of the Elmfire code
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The full-f particle-in-cell code Elmfire

dius effects. The approach is only valid for fluctuations that remain within the

nonlinear gyrokinetic ordering. This ordering requires that the perturbation

frequencies ω are small compared to the ion cyclotron frequency of the gyro-

motion Ωi = qiB/mi and the ion Larmor radius ρi = vth,i/Ωi =
√
2Ti/(miΩ2

i )

small compared to the characteristic background scale length L. The scale

length of the parallel perturbations are taken to be of the same order as the

characteristic background scale length:

ω

Ωi
∼ ρi

L
∼ δ k‖L ∼ 1 (2.1)

where δ � 1 is the small ordering parameter. The equations solved in the Elm-

fire code are based on a set of gyrokinetic Vlasov equations which explicitly

includes the polarization drift in the equations of motion by using the alterna-

tive definition for the gyrocenter R = x− b× (v⊥ − uE)/Ω while gyrophase-

averaging. Here v⊥ is the velocity vector perpendicular to the magnetic field

unit vector b = B/B and uE = (b × ∇〈φ〉g)/B with 〈φ〉g the gyroaveraged

electrostatic potential. This alternative set of gyrokinetic equations was first

derived by Sosenko et al. [19] and later on by Parra et al. [20] and Heikkinen

et al. [21] while using Krylov-Bogoliubov averaging and by Wang at al. [22]

while using the Lie-transform perturbation method. The full extent of the

model, including the possibility of the model to be solved up to very high

order in perturbation theory by including trembling terms of the gyrokinetic

Poisson equation via Larmor radius correction, is demonstrated by Heikkinen

et al. [21]. In the work presented in this thesis however we have restricted the

model to be solved up to second order while neglecting second order nonlinear

terms in the potential. As such we can adapt to the formulation presented

by Heikinnen at al. where the equations of motion in terms of the gyrocenter

position R, the parallel gyrocenter velocity U and the gyrocenter magnetic

moment μ are given by:

dR

dt
= Ub+

1

B∗b×
[
μ

qα
∇B +

mαv
2
‖

qα
b · ∇b+∇〈φ〉g

]

− 1

ΩB

d∇〈φ〉g
dt

m
dU

dt
= −

(
b+

mαv‖
qαB∗ b× b · ∇b

)
· (μ∇B + qα∇〈φ〉g)

(2.2)

with

B∗ = B∗b+
mαv‖
qα

b× b · ∇b (2.3)

B∗ = B +
mαv‖
qα

b · ∇ × b (2.4)
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The full-f particle-in-cell code Elmfire

These equations of motion include the E×B-drift, the gradient and curvature

drift as well as the polarization drift. Including the polarization drift explicit

into the equations of motion does not change significantly the energy invariance

of the system and as such the exact energy conservation law of the standard

gyrokinetic model holds, as proven by Wang et al. [22]. The influence of

the alternative definition of the gyrocenter on the Poisson equation and its

advantage for PIC codes are discussed in the next section. The electrons are

treated drift kinetically by setting the Larmor radius to zero.

2.3 Electric field calculation

2.3.1 The Poisson equation

The radial electric field evolution in a gyrokinetic code is obtained by solving

the quasi neutral gyrokinetic Poisson equation for the ensemble average of the

gyrocenter motions. The Poisson equation for the real particle densities nα is

given by:

∇2φ = −
∑

α qαnα

ε0
(2.5)

where α runs over all particle species. This formula illustrates that when

non ambipolar particle motion cause a charge separation in a plasma a radial

electric field is created. The polarization drift vp = −(m/qαB
2)d∇⊥φ/dt

restores quasi neutrality by generating the polarization density which counter

balances the charge density created by the non ambipolar particle flux. The

real particle density is related to the gyrocenter particle density by:

nα =

∫
FI(R, U, μ, θ)δ3(R+ ρ− x)|J |d3RdUdμdθ (2.6)

where FI is the standard gyrocenter distribution function and |J | the Jaco-

bian for the transformation from the particle phase space to the gyrocenter

phase space. The distribution function solved for in PIC codes, also referred

to as the primary form of the distribution function, automatically takes the

changes in gyrocenter phase space volume into account while sampling the

”pushed” particles to the grid and is related to the standard gyrocenter dis-

tribution function as:

Fp(R, U, μ, θ)d3RdUdμdθ = FI(R, U, μ, θ)|J |d3RdUdμdθ (2.7)
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The full-f particle-in-cell code Elmfire

The long wavelength limit (k⊥L ∼ 1) polarization density for the ions in

terms of the gyrocenter variables is given by:

nα,pol =
q2α

mαBε0

∫
d3RdUdμdθ(φ− 〈φ〉g)δFp

δμ
δ3(R+ ρ− x) (2.8)

To sample
δFp

δμ with a full-f PIC method is impossible and an analytical

approximation calculated from a Maxwellian distribution is often used to solve

the Poisson equation. When the polarization drift is explicitly included in

the gyrocenter equations of motion by defining the gyrocenter variable as

R = x−b×(v⊥−uE) the long wavelength limit of the polarization density will

vanish and the Poisson equation for a pure plasma will reduce to the simple

form:

∇2φ(x, t) = − [qiNi(x, t) + qene(x, t)]

ε0
(2.9)

where Ni is now expressed in terms of the primary distribution function

Fp as defined in publication V. It was the different definition of the particle

distribution function which lead to a misunderstanding concerning the validity

of the gyrokinetic model used in the Elmfire code. All controversies have,

however, been resolved in publication V and [24]. By defining the gyrocenter

variable as R = x − b × (v⊥ − UE) instead of the standard definition R =

x− b× v⊥ no Maxwellian assumption for the distribution function is needed

to solve the Poisson equation with the PIC method making the approach more

consistently full-f .

2.3.2 The implicit Poisson solver

The Elmfire code evaluates the potential implicitly by linearizing the density

change in each grid point caused by the ion polarization drift and the electron

parallel acceleration. Considering how the linearized densities change in time,

the Poisson equation can be rewritten as:

0 = Ni(xj , t)− ne(xj , t) = Ni(xj , t−Δt)

+ δNi,w/o pol.drift(xj , φ(xj1,...,jm , t−Δt))

+ δNi,pol.drift(xj , φ(xi1,...,in , t)− φ(xj1,...,jm , t−Δt))

− ne(xj , t−Δt)− δne,w/o par.accel.(xj , φ(xj1,...,jm , t−Δt))

− δne,par.accel.(xi1,...,in , φ(xj , t))

(2.10)

The contribution of the density change to the potential has to be sampled to a

matrix to solve for the potential and is calculated particle wise. Depending on
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the field interpolation scheme, described in the next section, each contribution

of every particle affects the potential in several surrounding grid cells (i1, ..., in)

and (j1, ..., jm). The field interpolation stencil has to be chosen so that the

matrix is well posed to prevent problems with the matrix inversion. Neumann

and/or Dirichlet boundary conditions for the potential are used at the inner

and outer radial simulation boundary. To obtain stable boundaries flux surface

averaging of the charge separation is performed in a buffer region near the

boundaries.

2.3.3 Electric field interpolation scheme

While particles can be located anywhere in the simulation domain, the macro

quantities are calculated on the simulation grid-points by sampling the test

particles to the grid according to a test particle shape function Sk(x). The

electrons are sampled at the guiding center position. For the ions four points

are chosen on the ion Larmor radius and at each of those points sampling is

performed with one quarter of the ion weight ratio. The Elmfire code utilizes

the cloud-in-cell shape function for sampling the particles, which is a simple

first order linear weighting scheme. After sampling the charge separation

to the grid the potential is implicitly solved on the same grid as used for

the particle sampling. When the particles are moved the local electric field

for every particle position is recovered from the grid via a field weighting

interpolation scheme, which describes the weighting of the potential of the

surrounding grid-cells to the local particle position. The Elmfire code has

two different field weighting schemes implemented. Scheme I uses the same

weighting scheme for the particles and the electric field:

E(x) =
∑

EkSk(x− xk) (2.11)

Scheme II uses the same weighting scheme for the particles and the potential,

making the electric field a function of the gradient of the particle weighting

scheme:

E(x) = −∇φ = −
∑

φk∇Sk(x− xk) (2.12)

Scheme II is numerically stable against divergent E × B flow, as proven by

Byers et al. [25], but does not conserve toroidal angular momentum leading

to a self-force acting on the particles. As a result a nonambipolar E × B

radial current is produced. Scheme I conserves toroidal angular momentum

and therefore keeps the E × B flow ambipolar. Unfortunately this scheme is

prone to numerical instability by divergent E × B flow. In publication VI a

modification to scheme I is presented which forces the toroidal component of
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Figure 2.2. The particle diffusion coefficients (top) and the heat conductivity (down) for

the electrons, ions and impurities averaged over 60 μs for the turbulent stage

while using Scheme I and scheme II for the field interpolation. The simulation

parameters are presented in publication VII.

the curl of E to be zero, stabilizing the scheme. The influence of the field

weighting schemes on the particle transport is illustrated in figure 2.2 showing

the diffusion and heat coefficients for the simulation parameters presented in

publication VII. A simulation grid of 120x150x8 in radial/poloidal/toroidal

direction was used for both simulations. A clear increase of the transport

coefficients is seen when scheme 1 is used. The toroidal angular momentum

conservation for the two schemes is presented in figure 6 of Publication VI. The

flux-surface-averaged radial electric field averaged over 60 μs of the saturated

turbulent state and its envelope are presented in figure 2.3 and 2.4. The bursti-

ness of the radial electric field in scheme I is increased compared to scheme

II and the average radial electric field is more negative. In publications I and

II scheme II for the field interpolation was used. The simulations presented

in the other publications and in the Introduction part of this manuscript use

interpolation scheme I.

2.4 Magnetic field background, coordinate systems and spatial

resolution

The Elmfire simulation results presented in this work have utilized an analyt-

ical circular quasi-toroidal magnetic field equilibrium expressed by

B =
R0

R
(Bp(r)eθ +Bteφ) = Bθeθ +Bφeφ (2.13)
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Figure 2.3. The flux-surface-averaged radial electric field averaged over 60 μs (-) and its en-

velope (- -) obtained with interpolation scheme I for the simulation parameters

presented in publication VII
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Figure 2.4. The flux-surface-averaged radial electric field averaged over 60 μs (-) and its

envelope (- -) obtained with interpolation scheme II for the simulation param-

eters presented in publication VII
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where Bt is the on axis toroidal magnetic field, R = R0 + r cos θ the radial

distance from the symmetry axis of the tokamak, R0 the major radius of the

tokamak and r/θ/φ the radial/poloidal/toroidal coordinate. Bp is the flux-

surface-averaged poloidal magnetic field and its radial dependence is given

by:

Bp(r) =
√
1− ε2

μ0I(r)

r
(2.14)

with ε = r/R0 the inverse aspect ratio and I(r) the radial plasma current

defined as:

I(r) =
I0
2π

[
1−

(
1− r2

a2

)αj+1
]

(2.15)

I0 is the total plasma current and a the minor radius of the tokamak. To

minimize computational expenditure while obtaining enough accuracy two dif-

ferent coordinate systems are used in the code. Orbits are followed in straight-

field line coordinates (r, θw, ζ) [26] while the grid used for sampling and solving

the potential utilizes quasi-ballooning coordinates (r, χ, ζ) [27]. The choice of

coordinates of the grid is made to set the toroidal-poloidal periodicity by intro-

ducing a misalignment to the magnetic field via exact offset-periodic meshing

of the grid lines at the boundary. The coordinate transformation from the

straight field line coordinates to the quasi-ballooning coordinates is given by:

χ = θw − 1

q(r)
ζ (2.16)

where q(r) is the safety factor. Equidistant spacing for the grid cells is used

in all three quasi-ballooning coordinates resulting in larger grid cells on the

outboard side of the torus compared to the inboard side when transformed to

toroidal coordinates.

To obtain a correct nonlinear saturated state of turbulence, the radial reso-

lution has to be high enough so that the magnetic shear s = rΔq/(qΔr) can

be accurately reproduced. When this is not the case the turbulent streamers

will not be correctly sheared leading to an overestimate of the radial transport.

For large toroidal mode numbers the rational surface spacing is estimated by

Δq ≈ (m + 1)/n −m/n = 1/n, where m and n are the poloidal and toroidal

mode number, respectively. Substituting the rational surface spacing into

the magnetic shear equation we find that the required radial spacing has to

be Δr = r/(ms) [28]. The minimum required radial resolution is found by

taking m to be equal to the number of poloidal grid cells (= highest possi-

ble m number). In figure 2.5 the diffusion and heat conductivity coefficients

are shown for a low radial resolution simulation and a high radial resolution

simulation. The low radial resolution simulation has grid size 30x200x8 in ra-

dial/poloidal/toroidal direction and does not fulfill the minimum radial surface
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Figure 2.5. The particle diffusion coefficients (top) and the heat conductivity (down)

for the electrons, ions and impurities averaged over 60 μs for the turbulent

stage while using grid size 30x200x8 (- -) and grid size 120x150x8 (-) in ra-

dial/poloidal/toroidal direction for the simulation parameters presented in pub-

lication VII.

spacing while the high radial resolution simulation has grid size 120x150x8

which does fulfill the radial resolution requirement. Much higher transport

coefficients are found for the radially under resolved simulation. The flux-

surface-averaged radial electric field averaged over 60 μs (-) and its envelope

(- -) for the saturated turbulent state is presented in figure 2.6 and 2.7. A

difference in both the average as well as the burstiness of the radial electric

field is seen between the two resolution cases.

2.5 The binary collision model

In order to establish a correct long time statistical equilibrium of the total

particle distribution function an accurate collision operator is required for

both pitch angle scattering and energy diffusion and slowing down. Although

the collisional transport in tokamaks is expected to be much smaller than the

turbulence induced transport, the collisional transport does become important

in the case when turbulent transport is significantly reduced, like in the L-

H transition. On top of that the collision operator performs the important

task of returning distorted distributions back to the Maxwellian distribution.

Calculating the equilibrium distribution function for a collisional gyrokinetic

system is nontrivial and only in a very few cases when drastic assumptions are

allowed an analytical result can be obtained. The most important criterion for
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Figure 2.6. The flux-surface-averaged radial electric field averaged over 60 μs (−) and its

envelope (- -) as a function of normalized radius for grid size 30x200x8 for the

simulation parameters presented in publication VII.
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Figure 2.7. The flux-surface-averaged radial electric field averaged over 60 μs (−) and its

envelope (- -) as a function of normalized radius for grid size 120x150x8 for the

simulation parameters presented in publication VII.
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a collision operator in a full-f gyrokinetic code is to conserve particles, energy

and momentum both locally and globally as otherwise artificial plasma flows

can easily be created.

The Elmfire code utilizes the binary collision model which treats collisions

by applying a pairwise collision operator to the test particles. It is clear that

it would be an impossible task to calculate binary collisions accurately on a

particle-to-particle basis for the complete particle distribution. But since we

are interested in simulating the macroscopic net effect of the binary collisions

to the entire system a Monte Carlo type operator can be used. The Elmfire

code has adopted the binary collision model as first presented by Takizuka et

al.[29]. This model starts by grouping test particles that reside within a simi-

lar plasma background after which these particles are randomly paired and let

to collide like if they were regular physical particles. While colliding the two

test particles the relative velocity ur of the two particles is altered by a scat-

tering angle. The scattering is chosen randomly from a Gaussian distribution

with mean zero and a variance determined by the angular relaxation rate ναβ

multiplied with the timestep. For a collision between species α and species β

ναβ is given by:

ναβ =
q2αq

2
βnβλαβ

8πε20m
2
αβ |ur|3

(2.17)

where mαβ = mαmβ/(mα +mβ) and λαβ is the coulomb logarithm defined

for electron-electron collisions as:

λee = 23.5− ln(n1/2
e T−5/4

e )− [10−5 + (lnTe − 2)2/16]1/2 (2.18)

for electron-ion collisions:

λei = 23− ln(n1/2
e ZT−3/2

e ), Time/mi < Te < 10Z2eV (2.19)

= 24− ln(n1/2
e T−1

e ), Time/mi < 10Z2eV < Te (2.20)

= 30− ln(n
1/2
i T

−3/2
i Z2μ−1), Te < TiZme/mi (2.21)

and for mixed ion-ion collisions as:

λii′ = 23− ln

[
ZZ ′(μ+ μ′)
μTi′ + μ′Ti

(
niZ

2

Ti
+

ni′Z
′2

Ti′

)1/2
]

(2.22)

where μ is the ion mass normalized to the proton mass, Z is the ion charge

state. In equation 2.18-2.22 the density ne/i and temperature Te/i are in units

of [cm−3] and [keV], respectively. The length of the relative velocity vector

is left untouched leaving the energy conserved. The new velocities of the

two colliding test particles are calculated from the new relative velocity while
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making sure that the momentum remains conserved. During the time interval

Δt every particle has collided at least once with every particle species. As long

as the time interval is chosen sufficiently small compared to the relaxation time

of the system the collision model nicely reproduces the theoretical estimates

of the slowing-down rate, the energy transfer rate, the deflection rate and the

energy exchange rate obtained with the Landau collisional integral, as shown

in [29]. On top of a very short time step, the collisional grid should be small

enough in the radial direction and sufficient particles per collision grid cell are

required for accurate statistics. Gyrokinetic corrections are omitted in this

collision model.

2.6 Sources and Sinks

Full-f gyrokinetic codes solve for both the plasma perturbations as well as the

plasma background. As a result the background profiles are able to evolve in

time and will change due to radial particle and heat transport. Only when

there are accurate sources and sinks included in the simulation a long time

saturated equilibrium state close to the experimentally measured profiles can

be reached. In this section the heat and particle sources and sinks used in

publication VII are presented.

2.6.1 Ohmic heating

Toroidal current, created by applying a loop voltage to the plasma and needed

to achieve the magnetic equilibrium in a tokamak, is also a source of plasma

heating. When a loop voltage is applied to a plasma the electrons are ac-

celerated until the acceleration force is balanced by the ion-electron collision

force creating a large steady state electron flow velocity. The plasma resistiv-

ity scales with T
−3/2
e making ohmic heating a rather weak energy source for

larger fusion experiments where the electron temperature is in the keV range.

For the small FT-2 tokamak however the electron temperature remains within

several 100 eV making ohmic heating a rather effective heating source. In the

simulations presented in publication VII ohmic heating is simulated by apply-

ing a radially uniform loop voltage ramping up and sustaining the prescribed

total plasma current of 18.9 kA. Figure 2.8 shows the time evolution of the

electron parallel flow v‖,e for this simulation where a saturated state is found

after an initialization period of 5 μs. The efficiency of a loop voltage as a

heating source is depending on the parallel conductivity and can be obtained
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from Elmfire simulations by Ohm’s law:

σ‖ =

〈
j‖
〉

〈
E‖

〉 =
qe 〈ne〉

〈
v‖,e

〉− 〈jb,e〉〈
E‖

〉 (2.23)

where 〈..〉 denotes the flux-surface-average, j‖ the parallel current and jb the

bootstrap current. The analytical estimate for the classical conductivity is

given by the Spitzer conductivity [30]:

σSptz = 1.9012 · 104N (Zeff )
T
3/2
e

31.3− ln(
√
ne/Te])

(2.24)

where N(Zeff ) accounts for the impurity contribution:

N(Zeff ) =
0.76 + Zeff

Zeff (1.18 + 0.58Zeff )
(2.25)

where the effective charge Zeff =
∑

j njZ
2
j /

∑
j njZj with Zj the ion charge

state and j running over all ion species. To obtain an expression for the

neoclassical conductivity the contribution of the trapped particles has to be

accounted for as well as the detrapping effect of a toroidal electric field [35, 36].

The most commonly used expression for the parallel neoclassical conductivity

σNC has been obtained with numerical simulations presented by Sauter et al.

[37] where the Fokker-Planck equation with the full collision operator for a

wide variety of plasma and equilibrium parameters were solved:

σNC

σSptz
= 1−

(
1 +

0.36

Zeff

)
X +

0.59

Zeff
X2 − 0.23

Zeff
X3 (2.26)

with

X =
ft

1 + (0.55− 0.1ft)
√
νe∗ + 0.45(1− ft)νe∗/Z

3/2
eff

(2.27)

where ft is the trapped particle fraction as defined in section 1.1 and νe∗ =

6.921 · 10−18qeR
5/2neZeff (31.3− ln(

√
ne/Te))/(T

2
e r

3/2). Figure 2.8 shows the

parallel conductivity obtained with the Elmfire code calculated with equa-

tion 2.23 compared to the neoclassical conductivity obtained with the Sauter

model for several values of Zeff . A very good agreement is found for all Zeff

values. No substantial influence of the electrostatic turbulence to the parallel

conductivity is found.

2.6.2 Particle losses and heat control

The Elmfire code does not solve for the magnetic axis and therefore the sim-

ulation domain has an inner and outer radial boundary. For particles passing

the inner boundary the orbit trajectory of the particle is calculated (without
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taking collisions into account) up to the position where the particle would

re-enter into the simulation domain. Particles passing the outer boundary are

reinitialized into the simulation domain as an electron-ion pair according to

a prescribed profile. In publication VII the prescribed profile is based on the

measured radial profile of the neutral hydrogen density in the FT-2 tokamak.

When there is an unequal amount of electrons and ions flowing out, the re-

maining unpaired particles after neutral reinitialization are reinitialized near

the outer boundary.

Due to the flux surface averaging of the charge separation near the bound-

aries, turbulence is suppressed in this area and particles are not flowing out

fast enough from the outer simulation domain. As a result a particle accu-

mulation near the outer boundary can be seen from the particle density. To

increase the removal of particles near the outer boundary the particle out-

flow caused by the two FT-2 poloidal limiters is modeled by assigning a ran-

dom toroidal distance, ranging between 0 and πR0 (R0=the major radius),

to each ion entering the outer layer of the simulation domain shadowed by

the limiters. When the ion has traveled the assigned distance it is recycled

back into the plasma according to the same prescribed profile used for reini-

tialization. For every removed ion a random electron from the same radial

position is simultaneously removed. The model successfully prevents particle

accumulation near the outer boundary and captures the most prominent fea-

tures of the recycling process. Since fast ions are removed faster than slow

ions this model also provides cooling near the outer boundary. In publication

VII the cooling of the electrons is performed according to the experimental

fit of the power density of the impurity radiation and ionization given by

Prad = 3.5× 106(−0.16ρ exp (8ρ− 8) + 0.08ρ+ 0.15) W/m3 with ρ = r/a the

normalized radius.

When only a small region of the plasma configuration is simulated, as in publi-

cation VIII, the temperatures near the boundaries are controlled with a back-

ground collision model. The background collision model is based on a basic

Monte Carlo energy diffusion collision operator where particles are allowed to

collide with a Maxwellian background. When the background Maxwellian has

a higher/lower temperature than the simulated plasma particles, the particles

will be heated/cooled respectively. To make the collision model more effective

as a heating/cooling source a higher collisionality than the one obtained from

the Maxwellian background is often used.
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2.7 Noise in the Elmfire particle-in-cell code

In the Elmfire code the electron, ion and impurity densities are obtained by

sampling the test particles onto the simulation grid. Due to the finite test

particle number the density fluctuations will not only include physics such

as neoclassical effects and turbulence but also numerical effects arising from

noise and initialization. In general it is assumed that the noise in particle-

in-cell simulations reduces as (δn/n)noise ∝ 1/
√
N where N is the average

number of test particles in each cell. The Elmfire code applies the cloud-in-

cell method, rather than the particle-in-cell method, which will bring down the

noise level. The 4-point gyro-averaging method used for the particle sampling

of ions will further reduce the noise level. An estimate for the fluctuation level

for fully developed turbulence can be quantified by using the mixing-length

estimate for the nonlinear saturation state of the turbulence (δn/n)turbulence ∝
1/(k⊥Ln) where LN is the density gradient scale length. Assuming that the

most dominant turbulent fluctuations in the nonlinear turbulent stage will

have k⊥ρi ≈ 0.1 − 0.3 and taking the density profile from the simulation

presented in publication VII where LNi/ρi <∼ 50−100 an average turbulence

fluctuation level of 5% is found indicating that as little as 500 particles per

grid cell could be sufficient to recover turbulent fluctuations for the typical

ohmic FT-2 plasma parameters. For larger tokamaks the density gradients in

the core are normally weaker and LNi/ρi ≈ 500 making these simulations more

demanding, not just because of the larger size of the tokamak but also due to

the lower turbulence fluctuation level. The fluctuation level for neoclassical

fluctuations goes as (δn/n)noise ∝ ε cos θ [39] making the neoclassical effects

much easier to recover than the turbulent effects.

The fluctuation level of density and fluxes caused by noise and initialization

can be studied by analyzing the density fluctuation level at the start up of the

simulation, when the neoclassical and turbulent effects have not yet developed.

Figure 2.10 shows the ion density fluctuation level at the outboard side as a

function of normalized radius averaged over the first 100 timesteps and a clear

reduction of the noise fluctuation level is observed when increasing the test

particle number. Figure 2.11 shows the noise fluctuation level presented in

figure 2.10 averaged over the radial domain ρ = 0.3 − 0.8 together with the

1/
√
N value. From these results it can be clearly seen that when more than

3000 test particles per grid cell are used on average, the noise level will be

smaller than 1%. Because the fluctuation level caused by the initialization

also reduces when more test particles are initialized it is difficult to determine
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Figure 2.10. The noise level of the ion density fluctuations as a function of normalized

radius for various number of average test particles per grid cell.

a dependence of just the particle noise on the number of test particles. In

figure 2.12 the fluctuation level of the ion density in the turbulent saturated

state for varying particles number is presented. From an average number of

500 particles per grid cell the turbulent fluctuation level is of the same order

as the noise fluctuation level and when an average number of 3000 particles

per gridcell are used the noise fluctuation level is clearly much lower than the

turbulent fluctuation level and convergence of the simulation results to particle

number is obtained.

In the presented simulations the particle weight ratio (= the amount of real

particles represented by one test particle) is kept constant in time and as such

noise accumulation, as is common in simulations with varying particle weight,

will not occur in these simulations. When weak dissipation is present in the

simulation, noise accumulation (weak occupation of some parts of phase space)

can occur in the velocity space when turbulence develops. The simulations

presented in publication VII are highly collisional (effective collisionality ν∗ =

10 − 25) and as such the level of dissipation is high enough to overcome this

problem.

Figure 2.13 and 2.14 show the particle and heat flux as a function of time for

two simulations with 100 and 3000 test particles per grid cell at normalized
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as a function of normalized radius for various number of average test particles
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Figure 2.13. The particle flux as a function of timestep for the simulation parameters

presented in publication VII while using 100 and 3000 test particles per grid

cell on average (left) and while using 2000 and 3000 test particles per grid
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Figure 2.14. The heat flux as a function of timestep for the simulation parameters pre-

sented in publication VII while using 100 and 3000 test particles per grid cell

on average (left) and while using 2000 and 3000 test particles per grid cell on

average (right).

radius ρ = 0.65. It is interesting to notice that in figure 2.13a and 2.14a

the average level of the fluxes is reasonably similar at the end state of the

simulation but that the bursts observed in the 3000 test particle per grid cell

simulation are not recovered in the 100 test particles per grid cell simulation.

This indicates that the dominant neoclassical fluxes have been obtained in

both cases. To prove that the bursts are fully converged with respect to the

test particle number figures 2.13b and 2.14b present the heat and particle

fluxes at ρ = 0.65 for the simulations with 2000 and 3000 particles per grid

cell. Little difference is found between both the average fluxes as well as the

dynamics of the fluxes between the two simulations.
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3. Turbulence and plasma flows in

ohmic FT-2 discharges

In this chapter direct measurements of micro, meso, and macro-scale transport

phenomena in the FT-2 tokamak are compared to global full f nonlinear gy-

rokinetic simulation predictions by means of a synthetic Doppler reflectometry

diagnostic. The effect of the impurity ratio, the Te/Ti ratio and the ion orbit

losses on the mean equilibrium E × B flow are clearly illustrated by a set of

parameter scans performed with the Elmfire code. The growth rates and fre-

quencies for the main turbulent instabilities present in ohmic FT-2 discharges

are investigated and the turbulence driven Er dynamics are examined.

3.1 A synthetic Doppler reflectometry diagnostics

Reflectometry is a radar technique which uses back scattered reflection of

electromagnetic waves by a plasma cutoff layer to obtain information about

size and the poloidal rotation velocity of electron density fluctuations in the

vicinity of the cutoff layer. A microwave is launched from a transmitting

antenna into the plasma at a finite tilt angle φtilt with respect to the normal

of the cutoff layer. The incident beam is both reflected and back scattered

at the cutoff layer and the relation between the probing wave number k0

and the wave number k of the density fluctuations responsible for the back

scattering is given by the Brag diffraction equation for the back scattered

wave. By varying the tilt angle φtilt the reflectometer is able to select plasma

density fluctuations with finite wave number k in the cutoff layer. When the

reflectometer is absolutely calibrated the amplitude of the detected wave can

provide information of the density fluctuation level. Therefor by scanning

the tilt angle it is possible to determine the fluctuation level of the density

fluctuations with different k-values. The average perpendicular velocity of the

selected electron density fluctuations is derived from the Doppler frequency

shift between the outgoing and back scattered wave. This Doppler frequency
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shift is induced by the movement of the selected density fluctuation fD =

1/(2π)v · k where v is the rotation velocity. It is well known that the parallel

wave number for tokamak fluctuations is small compared to the perpendicular

wave number so the Doppler shift results only from the velocity component of

the fluctuations perpendicular to the magnetic field fD = 1/(2π)v⊥ · k⊥ . The

perpendicular velocity of the density fluctuations consist of two contributors:

v⊥ = vEr×B + vphase where vEr×B is the plasma rotation velocity relative to

the lab frame and vphase the phase velocity of the density fluctuation in the

plasma frame. When the plasma is in an equilibrium state, no modulations

in the phase velocity are expected and changes in the radial electric field

dynamics will lead to a direct change in fD(t).

The back scattered radiation is detected by a microwave two-homodyne re-

ceiver detector. This detector provides both phase and amplitude information

of the back scattered signal and the spectrum of the back scattered signal can

be produced in the positive and negative frequency ranges by means of Fourier

transformation of the complex signal of the detector I(t) = Icos(t) + iIsin(t).

This output signal of the Doppler Reflectometer detector can be related to

density fluctuations by:

I(t) =

∫ ∫
δn(r, θ, t)W (r, θ)rdrdθ (3.1)

where W (r, θ) = Wcos(r, θ) + iWsin(r, θ) is a complex spatial weighting

function, δn(r, θ, t) the density fluctuation. The weighting function provides

information on the spatial and wave number resolutions of the DR and de-

pends on the antenna tilt angle with respect to the microwave cutoff layer.

The Born approximation for axisymmetric distributions of the background

plasma density, i.e. an approximation of small plasma fluctuations, has been

used while constructing the weighting function. Where normally equation 3.1

is used to obtain information of density fluctuations from the DR detector

signal it can also be used inversely. When density fluctuation information is

provided equation 3.1 can reproduce the DR output signal by multiplication

and spatial integration of the density fluctuations with the weighting function

providing the synthetic diagnostic for DR spectra. The average shift of the

spectrum is determined by the macro scale background flow where as the spec-

tral shape is determined by the diagnostic instrument function together with

the perturbations of the poloidal flow on both meso and micro scale level.

The FT-2 tokamak is equipped with two reflectometers: the Doppler Re-

flectometry (DR) [40] and the Doppler Enhanced Scattering (ES) [40, 41]

microwave diagnostics. Both diagnostics utilize back scattering of electromag-
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Table 3.1. Specifications of the microwave diagnostics

Microwave diagnostic Doppler reflec-

tometry

Enhanced scat-

tering

Propagation Ordinary Extraordinary

Incident freq. 26-36 GHz 54-66 GHz

kθ range 3-5 cm−1 15-30 cm−1

radial domain 0.8-0.9 r/a 0.65-0.87 r/a

rad. resolution ≈ 0.5 cm ≈ 0.1 cm
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Figure 3.1. DR spectra (-) compared to the corresponding synthetic Doppler spectra (- ·)
from the Elmfire simulation including impurities at several radial positions.

c©American Physical Society

netic waves off low frequency small-scale density fluctuations in the vicinity

of the cutoff for DR or the Upper Hybrid Resonance (UHR) layer for ES to

obtain information about small-scale fluctuation spectra and their perpendic-

ular rotation. Characteristics of the two microwave systems including their

spatial and wavenumber resolutions for the simulation parameters given in

publication VII are presented in TABLE I. Due to the fact that Bφ/Bθ � 1

the perpendicular motion of the density fluctuations is mainly in the poloidal

direction. The Elmfire code resolves for density fluctuations larger than the

ion Larmor radius which does not include the range of fluctuations responsible

for probing wave back-scattering in the UHR, diagnosed by the ES diagnos-

tic. As such the current version Elmfire code can not be used to investigate

frequencies and wavenumber spectra but can be used to study Er dynamics

observed by the ES diagnostic. Synthetic Doppler spectra can not be produced

for the ES diagnostic with the Elmfire code.

Comparisons of the shape between the reconstructed and the experimental

DR frequency spectra at several radii are shown in figure 3.1 where the sta-

tistical averages on the saturated nonlinear state are performed over 64 μs to

obtain similar statistics. Unfortunately the DR diagnostic at FT-2 is not ab-

solutely calibrated and can not scan the turbulence k-spectrum by changing
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Radius [cm] 7.34 7.17 7.06 6.90 6.61 6.50 6.36

vθ COM [km/s] -3.22 -2.43 -2.59 -1.99 -2.46 -2.20 -2.10

vθ Gauss [km/s] -2.98 -2.62 -2.48 -2.19 -2.73 -2.11 -2.08

Table 3.2. The average poloidal velocity obtained from the Centre-Of-Mass (COM) tech-

nique and the maximum of the Gaussian fit of the experimental Doppler spec-

trum.

its antenna tilt angle. Therefore comparisons of the turbulence fluctuation

level at different k-values by comparing the spectral amplitude, as performed

in [31], is not possible. The focus has therefore been on validating the poloidal

flow dynamics by investigating large-scale mean E ×B flows, fine-scale zonal

flows and turbulence. This type of investigation requests that the total dis-

tribution function (full-f) is evaluated in time, as all the above mentioned

processes have to be simultaneously incorporated into one simulation. In fig-

ure 3.1 not only the frequency shift, but also the width and even the form

of the experimental spectra are well reproduced by the synthetic diagnostic

indicating comparable rotation and spreading of the selected turbulent den-

sity fluctuations. To obtain the average fluctuation poloidal rotation velocity

from the spectrum one can fit a Gaussian peak to the spectrum or use the

centre-of-mass technique. In table 3.2 both values are shown.

In figure 3.2 average fluctuation poloidal rotation velocity obtained via the

centre-of-mass technique is presented for the synthetic and measured spec-

trum and close agrement is found. The value, however is slightly higher than

the computed vEr×B plasma rotation profile averaged over the DR domain.

This should be attributed to the fluctuation phase velocity, which appears to

be smaller than the plasma rotation velocity. The poloidal velocity of drift
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Figure 3.2. The poloidal velocity obtained from the ES (♦) and DR (�) measured fre-

quency spectra and the synthetic DR spectra (o) compared to the vEr×B av-

eraged over the DR domain. c©American Physical Society
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Figure 3.3. The electron, ion and impurity density profile for simulation VII

wave fluctuations responsible for probing wave back-scattering in the UHR

can equally be obtained from the mean value of the ES Doppler frequency

shift and is also included in figure 3.2. These velocities appear to be close to

those given by DR, indicating similar poloidal velocities for density fluctua-

tions with different poloidal wave numbers leading to the conclusion that for

both diagnostics the vEr×B plasma rotation is larger than the phase velocity.In

the next section the computed radial electric field Er is investigated in more

detail. The ES diagnostic at the FT-2 tokamak does provide the possibility

to scan the tilt angle during a plasma discharge and in publication IV the

frequency and wavenumber spectra of small-scale micro turbulence measured

with the enhanced scattering diagnostic are presented. The linear growth rate

and frequency of unstable drift modes responsible for UHR propagation are

investigated with the gyrokinetic GS2 code [32]. For the plasma periphery a

correlation between the small-scale component of the turbulence radial wave

number spectrum and the TEM growth rate was found, leading to a conclu-

sion that the radial wave number spectrum is formed by a cascade from the

small wave number spectrum produced by the TEM instability rather than

the ETG instability.

3.2 The background radial electric field

In this section the effect of the impurity ratio, the Te/Ti ratio and the ion orbit

losses on the background Er×B flow are clearly illustrated by a set of param-

eter scans performed with the Elmfire code. The purpose of the parameter

scans is to provide a better insight in the processes that determine the back-

ground radial electric field presented in the previous section and publication

VII. An overview of the different simulations and their initialized parameters

is given in Table 3.3.

In simulations 1-5 neoclassical filtering has been applied by removing modes
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Table 3.3. Specifications for Elmfire simulations

Number Neoclassical

Filtering

Te/Ti Total plasma cur-

rent [kA]

Zeff

1 yes 1 55 1

2 yes 3 55 1

3 yes 1 55 3.1

4 yes 3 55 3.1

5 yes 3 18.9 3.1

6 no 3 18.9 3.1

with toroidal mode number n �= 0 from the simulation at every timestep,

prohibiting turbulent modes from developing while still recovering the poloidal

side bands of the toroidal mode number n = 0. The temperature profiles are

given in publication VII, where the Te profile is set equal to the Ti profile

when Te/Ti = 1. The initialized electron, ion and impurity density profile for

simulation VII are presented in figure 3.3. When no impurities are taken into

account the initialized ion density is equal to the electron density presented

in figure 3.3. The initialized impurity temperature is set to be equal to the

initialized main ion temperature. For the presented profile parameters the

main ions are in the plateau regime at the inner region of the simulation and

in the Pfirsch-Schlüter regime at the outer region. The impurity ions are

everywhere in the Pfirsch-Schlüter collisional regime. The banana orbit width

varies between < 1 cm for simulations with total current of 55 kA to ≈ 2 cm

for simulation with a total plasma current of 18.9 kA.

3.2.1 A relation between the ion flow velocity and Er

Galeev and Sagdeev [33] derived the ion and electron fluxes, for arbitrary

radial electric field, directly from the drift kinetic equation. Generalizing their

analysis to include temperature gradient gives the following expression for the

neoclassical particle flux for species α [34]:

ΓN
α = −nαDα

(
n′
α

nα
+ γα

T ′
α

Tα
− qα

Tα

(
Er −BpUα‖

))
(3.2)

with Dα the particle diffusion coefficient, γα a factor depending on the col-

lisionality and Uα‖ the flow velocity parallel to the magnetic field. Using the

ambipolar condition for the neoclassical particle fluxes qiΓi + qeΓe = 0 and

using the fact that De � Di the well-known relation between the parallel ion

flow velocity and the radial electric field is obtained:
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Er =
Tin

′
i

qini
+ γ

T
′
i

qi
+BpUi,‖ = ENC (3.3)

In figure 3.4 the flux-surface-averaged radial electric field for simulations 1

and 2 are presented and compared to ENC . For γ the ν∗ approximate fit as

given by Hinton et al. [42] is used:

γ = 1−
(
1.17−0.35

√
ν∗

1+0.7
√
ν∗

)
− 2.1ν2∗ε3

1 + ν2∗ε3
(3.4)

A good agreement is found everywhere except near the outer border for both

cases, proving that the neoclassical electron flux can be ignored even when

the gradient of the electron temperature is higher than the ion temperature

gradient due to Te = 3Ti and the equation for ENC holds. The discrepancy

near the outer boundary will be discussed in more detail, when the ion orbit

loss effect on Er is studied in section 3.2.3.

3.2.2 The influence of impurities on the plasma flow

When impurity ions are included in the simulation the flux-surface-averaged

radial electric field no longer converges to ENC , as shown in figure 3.5. When

the radial gradients of the density and temperature are rather steep, as is the

case for the presented FT-2 simulations, a poloidal variation in the density of

the impurities can arise. This variation can lead to a substantial modification

of the radial electric field compared to the conventional description ENC . The

influence of impurities on the plasma flow when the bulk ions are in the plateau

collisionality regime and the impurities in the Pfirsch-Schlüter collisionality

regime is addressed by Landreman et al. [43]. A correction factor to ENC is

defined as:

X =
(
1 +

η

2

)−1 {
1 +

ηy

2

〈
nb2

〉− [3 + (1 + y)τ∗] εη 〈n cos θ〉
}

(3.5)

where

y =
Zε2τ∗α−1 + η−1(

〈
n/b2

〉− 1)− 3ε
〈
nb−2 cos θ

〉
+ (3 + τ∗)ε 〈n cos θ〉

Zε2τ∗α−1 + 2−1 (〈nb2 〉−1)− ετ∗ 〈n cos θ〉 (3.6)

with η = piT
′
i /(p

′
iTi) , α = 〈nZ〉T0Z

2/(2n0Ti), 2n0/T0 = ne0/Te + ni0/Ti

and ε the inverse aspect ratio. The normalized collisionality is defined as:

τ∗ =
√
πZT0τiZnZviB · ∇θ

8Tin0B0
(3.7)
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Figure 3.4. The flux-surface-averaged radial electric field obtained with the Elmfire code

compared to the analytical estimate ENC for simulations 1 (Te/Ti = 1, Zeff =

1, It = 55 kA) and simulation 2(Te/Ti = 3, Zeff = 1, It = 55 kA).
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Figure 3.5. The flux-surface-averaged radial electric field obtained with the Elmfire code

compared to the analytical estimates ENC and the approach presented by

Landreman et al. for simulations 3 (Te/Ti = 1, Zeff = 3.1, It = 55 kA) and

simulation 4 (Te/Ti = 3, Zeff = 3.1, It = 55 kA).
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with τiZ = 3(2πTi)
3/2ε20m

1/2
i /(nZZ

2q4eλiZ) where λiZ is defined in equation

2.22. The weak density variation approach is used by expanding the density

as n = 1 + nc cos θ + ns sin θ with:

ns = εg(1 + α)
2− η [3 + (1 + y)τ∗]

(1 + α)2 + g2(1 + ηy/2)2
(3.8)

nc = −εg2(1 + ηy/2)
2− η [3 + (1 + y)τ∗]

(1 + α)2 + g2(1 + ηy/2)2
(3.9)

and

g = − miIp
′
i

qeTiτiZnZB · ∇θ
(3.10)

The flux-surface-averages in equation 3.5 and 3.6 are defined by

〈
nb−2

〉
= 〈n(1 + 2ε cos θ)〉 (3.11)〈

nb−2 cos θ
〉

= 〈n(1 + 2ε cos θ) cos θ〉 (3.12)〈
nb2

〉
= 〈n(1− 2ε cos θ)〉 (3.13)

In figure 3.5 the radial electric field ENC multiplied by the correction factor

X is compared to the Elmfire simulation results. A good agreement is found

for the inner side of the radial simulation domain. When moving to the outside

of the radial simulation domain the discrepancy between the analytical Lan-

dreman approach and the Elmfire simulation result increases exponentially.

This discrepancy can be explained by the main ion collisionality regime to

shift from the plateau collisionality regime to the Pfirsch-Schlüter regime for

which the Landreman approach is no longer valid. It is interesting to notice

that when Te = 3Ti and impurities are included in simulation 4 a small in-

crease of the radial electric field is observed. This can be explained by the fact

that apart from the electron temperature gradient being higher than the ion

temperature gradient, the electron density gradient is now also higher than

the ion density gradient resulting in a small contribution of the electron flux.

3.2.3 The ion orbit loss effect on Er

In publications [44, 45] a clear influence of nonambipolar ion orbit losses on

the radial electric field is observed near the outer boundary. By decreasing

the total plasma current the banana orbit width can be increased and the

penetration depth of the ion orbit loss effect can be investigated. In figure 3.6

the radial electric field of simulation 4 with a total current of 55 kA and sim-

ulation 5 with a total current of 18.9 kA are compared. It can be clearly seen
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Figure 3.6. The flux-surface-averaged radial electric field obtained with the Elmfire code

for simulations 4 (Te/Ti = 3, Zeff = 3.1, It = 55 kA) and simulation 5

(Te/Ti = 3, Zeff = 3.1, It = 18.9 kA), illustrating the ion orbit loss effect by

varying the total plasma current.
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Figure 3.7. The flux-surface-averaged radial electric field obtained with the Elmfire code for

simulation 5 (Neoclassical filtering) and simulation 6 (no neoclassical filtering),

illustrating the effect of turbulent transport on the ion orbit loss effect.
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that the lower the current the further the ion orbit loss effect on the radial

electric field penetrates into the simulation domain and the absolute radial

electric field value becomes strongly enhanced. As such it can be concluded

that the ion orbit loss effect near the outer boundary plays a substantial role

in explaining the observed discrepancy at the outer boundary between ENC

and the Elmfire radial electric field, discussed in section 3.2.1. It is interesting

to note that when turbulence is allowed to develop in simulation 6, the effect

of the ion orbit losses on the radial electric field seems to disappear, as shown

in figure 3.7. In this figure the radial electric field from the simulation includ-

ing turbulence is averaged over 64 μs to remove the turbulence driven radial

electric field fluctuations. The fact that the ion orbit loss process is such a

slower process compared to the particle losses due to turbulent transport could

explain this observation.

3.3 Turbulent transport in the FT-2 tokamak

Apart from collisional transport also turbulent transport is present in a toka-

mak and in most plasmas the turbulent transport is far larger than the neo-

classical transport. This same observation has been made for ohmic FT-2

discharges where the neoclassical and turbulent heat conductivity and diffu-

sion coefficient obtained with Elmfire simulations are presented in figure 1

of publication VII. As such, it can be stated that in general the neoclassical

model provides a lower limit for the tokamak transport. Turbulent transport

results from plasma fluctuations in an inhomogeneous plasma. The fluctua-

tions are able to grow when the gradients of the temperature and/or density

are able to provide free energy to the fluctuations. While the fluctuations are

growing bigger nonlinear terms will enable energy exchange between various

turbulent modes which will limit the growth of the originally linear turbulent

modes, leading to a saturated turbulent state of the plasma. Depending on

the plasma parameters various turbulent instabilities exist and in a tokamak

plasma micro instabilities of the size of the Larmor radius k⊥ρs ∼ 1 with

growth rates of the order of the diamagnetic frequency are responsible for the

observed turbulent transport.

3.3.1 The linear growth rate of drift wave instabilities

The two most common micro instabilities with the appropriate time a spa-

tial scales are the Ion Temperature Gradient (ITG) mode and the Trapped
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Figure 3.8. The area of positive (black) and negative (white) growth rates calculated with

the Weiland model for simulation case 1 at ρ = 0.65.

Electron Mode (TEM). In an inhomogeneous magnetic field both of these in-

stabilities are driven by the curvature and gradient drift of the magnetic field:

vDα =
Tα

mαΩα
b× (b · ∇b+∇ lnB) (3.14)

In the following we assume the plasma to be quasi neutral δni = δne and

we start by treating the electron perturbation adiabatically δne/ne = eφ/Te.

When a temperature perturbation occurs in the poloidal direction at the out-

board plane of the tokamak the magnetic field gradient and the ion temper-

ature gradient point in the negative radial direction. Because the vDα drift

is depending on both the temperature and the magnetic field gradient the

fast ions with high temperature will travel faster than the colder ions, causing

a density perturbation. The density perturbation will transfer via the adia-

baticity of the electrons to a potential fluctuation, which will cause a E × B

drift enhancing the initial perturbation, driving the ITG instability unstable.

At the inboard plane of the tokamak the magnetic field gradient and the ion

temperature gradient are in opposite directions which stabilizes the instabil-

ity. When there is a trapped fraction of electrons, the thermalisation along

the magnetic field line is distorted and poloidal temperature perturbations can

occur. These perturbations will provide a similar instability as described for

the ITG instability, with the difference that now only the passing fraction of

the electrons will provide the adiabatic response to the potential fluctuation.
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In this section the Weiland reactive fluid model [46] is used to find an es-

timate for linear growth rates and frequencies for ITG and TEM drift insta-

bilities in FT-2 ohmic discharges. The model starts from the moments of the

Fokker Planck equation presented in section 1.2 by treating the fluctuations

as first order corrections of the distribution function. The equations are lin-

earized by assuming T = T0 + δT and n = n0 + δn and Fourier analyzed by

transforming ∇ → ik and ∂/∂t → −iω. The fluid velocity for species α is

defined as:

vα = v∗α + vEα + vπα + vpα (3.15)

=
b×∇pα
nαmαΩα

+
E× b

B
+

b×∇ ·Πα

nαmαΩα
+

1

ΩαB

dE

dt
(3.16)

where v∗α is the diamagnetic drift, vEα the E×B drift, vπα the viscosity drift

and vpα the polarization drift. From the continuity equation and the energy

balance while using the diamagnetic closure for the heat flow the following

dispersion relation for the ITG and TEM instabilities can be derived:

ω∗e
Ni

[
ω(1− εn) +

(
ηi − 7

3
+

5

3
εn

)
ωDi − k2ρ2s [ω − ω∗i(1− ηi)]

(
ω

ω∗e
+

5

3τ
εn

)]

= ft
ω∗e
Ne

[
ω(1− εn) +

(
ηe − 7

3
+

5

3
εn

)
ωDe

]
+ 1− ft

(3.17)

with ωDα = vDα · k, ω∗α = v∗α · k, εn = 2Ln/LB, ηa = Lna/LTa where

LB = B/|∇B| is the magnetic field gradient length, Lnα = nα/|∇nα| the
density gradient length, LTα = Tα/|∇Tα| the temperature gradient length,

τ = Te/Ti, ft the trapped particle fraction as defined in section 1.1 and Nα =

ω2 − 10
3 ωωDα + 5

3ω
2
Dα where α denotes the particle species. If Ni − Ne < 0

the mode is defined as the ion temperature gradient mode and travels in

the ion diamagnetic direction. If Ni − Ne > 0 the mode is defined as the

trapped electron mode and travels in the electron diamagnetic direction. The

dispersion relation 3.17 can be solved easily for a certain kρi interval by varying

εn and ηa. The obtained eigenvalues can be expressed as ω = ωr + iγ, where

ωr is the frequency and γ the linear growth or damping rate of the Fourier

mode. Positive growth rates describe a growing unstable mode where as stable

modes have negative growth rate. In figure 3.8 the highest growth rate for each

point in the (εn,ηi) plane is plotted for τ = 1, LB = R−1
0 and k⊥ρi = 0.1− 1.

The negative growth rates are set to zero, so the white area indicates the

stable domain. For all the positive growth rates Ni −Ne > 0 indicating that

the trapped electron mode is unstable and the modes are propagating in the

51



Turbulence and plasma flows in ohmic FT-2 discharges

electron diamagnetic direction. In [47] figure 3.8 is presented for τ = 2, 3

showing an increase of the positive growth rate domain in both the εn and η

direction. In the same work a wide variety of FT-2 discharges are analyzed and

the parameter regime of all these discharges is indicated by the red square in

figure 3.8. For all of the analyzed FT-2 discharges η < 0.5 was found indicating

that there is no FT-2 parameter regime for which the trapped electron mode is

stable. A similar linear growth rate and frequency analysis has been performed

while using the GS2 code [32] and also here for none of the discharges a

negative growth rate was found for the k⊥ρi = 0.1−0.6 domain and the mode

propagation was always in the electron diamagnetic direction. These analysis

support the Elmfire results for the phase velocity presented in publication II,

III and VII where a phase velocity of the density fluctuations in the electron

diamagnetic direction was found.

3.3.2 Er dynamics in turbulent FT-2 plasmas

It is widely believed that transport of momentum via turbulent Reynolds

stresses can generate an amplification of E×B zonal flows [48] which can lead

to a decorrelation of turbulent eddies, decreasing the radial transport. Zonal

flows distinguish themselves from the mean Er × B flows by capturing their

energy exclusively via nonlinear transfer from drift wave turbulence. Zonal

flows therefore vanish when the underlying drift wave drive is extinguished

in contrary to the mean Er × B flows discussed in section 3.2 which are also

present in the absence of turbulence. The zonal flows are electrostatic potential

fluctuations with zero toroidal mode number and finite radial wavenumber and

can be categorized in two branches: the zero frequency branch and the high

frequency branch which involves an m=1 pressure disturbance. The pressure

disturbance is known as the Geodesic Acoustic Mode (GAM).

As described in section 3.1, publication III and publication VII the poloidal

flow of density fluctuations can be studied with reflectomtery diagnostics and

in figure 3.2 the measured averaged poloidal flow was compared to the sim-

ulated predictions. It has so far been impossible to clarify whether the first

branch of the zonal flow is creating any changes to the equilibrium E × B

flow due to the lack of an accurate analytical or numerical model to predict

the mean E × B flow in the outer region of the simulation domain. A good

agreement however is found between the measured and simulated averaged

poloidal rotation, indicating that the observed increased radial electric field

due to ion orbit losses as observed in figure 3.7 is most certainly not seen

by experiments. This supports the conclusion that turbulence driven radial

52



Turbulence and plasma flows in ohmic FT-2 discharges

���

���

�

��

�
���
��
��
	
�


��

��
��

���

���

�

�
���
�


��

��
��

�����
�μ���

��������		

		


��
����	
�����

r=5.65 cm

A

B

Figure 3.9. A) The simulated raw (-) and low pass filtered (- -) radial electric field time

trace averaged over the ES domain centered at r=5.6 cm for the turbulent

saturated stage. B) The radial electric field measured by ES at r=5.6 cm

analyzed with FT (♦) and sliding FT (- ·). c©American Physical Society

particle fluxes eliminate the ion orbit loss effect on the equilibrium E×B flow

observed in neoclassical simulations.

In publication VII the spectral width of the DR spectrum is explained, in

substantial part, by giant oscillations of the field at a frequency of approxi-

mately 30-50 kHz much smaller than the typical drift wave frequency, but much

larger than the inverse energy confinement time, attributed to the geodesic

acoustic mode (GAM). This is supported by DR and ES measurements reveal-

ing similar oscillations in the poloidal velocity meso-scale dynamics. Applying

the sliding Fourier Transform (FT) procedure and the δ-phase method pre-

sented by Conway at al. [52] to the time signals obtained by the backscattering

techniques fD(t) time sequences are generated which by Fourier analysis give

the Er spectrum and reveal the GAM like spectral lines. In figure3.10B the

dominant Er oscillation frequency dependence on the radius obtained by Elm-

fire simulations with and without impurities, the ES and DR measurements

are presented. The Geodesic Acoustic Mode can be described by a dispersion

relation for which the angular frequency including the impurity contribution

has been recently presented by Guo et al. [53] and is given by:

ω ≈
[
2Ti

R2

(
7
4(ni + nz) +A

nimi + nzmz

)]
(3.18)

with

A = niτi
niqi
qene

+ nzτz
nzqz
qene

+ ni
qi
qz
τz
nzqz
qene

+ nz
qz
qi
τi
niqi
qene

(3.19)
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the geodesic acoustic frequency with (pink) and without impurities (green)

are presented for the start up (-) and steady state (- -) profiles. c©American

Physical Society

where τi/z = qi/zTe/(qeTi/z). This analytical value for the GAM frequency

is also included in figure 3.10B. For both the Elmfire simulations with and

without impurities, the dominant frequency is fairly reproduced by Guo’s an-

alytical theory whereas a good match of Guo’s theory to the ES and DR results

is found when the O+6 impurity component is accounted for.

More detailed investigations of the Er(t) oscillations were performed while

using the Doppler ES diagnostic, which possesses a much better spatial reso-

lution and higher GAM spectra peak contrast (≈ 4) then the DR. The radial

electric field time trace obtained with the Doppler ES technique is shown in

figure 3.9B. This Er(t)-signal, was constructed from scattering spectra with

an FT window of 64 points and a sampling period of 50 ns, corresponding to a

Nyquist frequency of fN = 156.25 kHz. For one on one comparison, frequen-

cies above the Nyquist frequency are removed from the simulated Er time trace

by a 156 kHz Low Pass Filter (LPF), as demonstrated by the dotted line in

figure 3.9A. The probability distribution functions of radial electric field fluc-

tuations δEr(t) = Er(t)− 〈Er(t)〉t, where 〈Er(t)〉t is the time averaged mean,

at the radial position presented in figure 3.9 are shown to be similar and well
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approximated by normal law, as shown in figure 3.11. This illustrates well

the stochastic nature of the GAM fluctuations. The standard deviation of the

δEr probability distribution functions at various radial positions is presented

in figure 3.10A. At all radial positions a good agreement is found between the

simulated and experimental standard deviation when filtering is applied to the

simulated data. When no filtering is used on the simulated Er, the fluctua-

tions have significantly higher average amplitudes. It can be concluded that

the simulations predict the correct GAM Er amplitude, even though the GAM

frequency is slightly over predicted. This over prediction can be explained by

the increased steady state temperature profiles caused by the under prediction

of edge transport.
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4. Summary & Future prospects

Numerical simulations of plasma turbulence performed with the Elmfire full-f

gyrokinetic particle-in-cell code for ohmic heated discharges from the small

FT-2 tokamak are presented. Resolution and conservation requirement of the

simulations are discussed and questions concerning the validity of the theoret-

ical background of the Elmfire code have been answered (see publication V).

The importance of the new momentum conserving interpolation scheme, pre-

sented in publication VI, is clearly illustrated in section 2.3.3 by illustrating its

influence on the radial transport coefficients and the radial electric field. The

spatial resolution and test particle number requirements have been addressed

in section 2.4 and 2.7, respectively. It was proven that an average of 3000 test

particles is enough to work above the noise level and that the shear is correctly

recovered when a grid resolution of 120/150/8 in radial/poloidal/toroidal di-

rection is used for the simulation presented in publication VII.

Publication I and II present the first preliminary Elmfire simulation results

of the radial electric field dynamics and the poloidal velocity for ohmic FT-2

tokamak discharges in the presence of micro turbulence. A good agreement

of the Er profile was found to neoclassical predictions at the plasma core,

but not at the edge of the plasma. It was shown that fluctuation driven

neoclassical non-ambipolar finite Larmor radius effects were insufficient to

explain the observed deviation at the edge, however Reynolds stress driven by

turbulence eddy viscosity and/or the geodesic acoustic mode was suggested as

a possible explanation. In [54] the radial electric field results of publication

I are reassessed while using the momentum conserving interpolation scheme.

The suppression of the radial electric field near the outer edge is no longer

observed and the radial electric field converges to its neoclassical prediction.

In publication III a weighting function synthetic diagnostic, based on full-

wave electromagnetic wave propagation, is outlined to validate poloidal veloc-

ity of simulated density fluctuations to Doppler reflectometry (DR) measure-
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ments. The main results of this manuscript are presented in publication VII

where direct measurements of micro, meso, and macro-scale transport phe-

nomena in ohmic FT-2 discharges are shown to be quantitatively reproduced

by the Elmfire simulation predictions. It was proven that Elmfire simulations

of an ohmic FT-2 discharge quantitatively reproduce estimations of the ef-

fective thermal diffusivities and the mean poloidal fluctuation rotation profile

(macro scale), the GAM dynamics and Er fluctuation statistics (meso scale)

and the DR frequency spectra (macro, meso & micro scale) demonstrating

the codes ability to simultaneously reproduce a wide range of transport scale

levels accurately. Chapter 3 of the introductory part of this manuscript has

been used to further strengthen the presented Elmfire results published in

publication VII. In this chapter the measured and simulated mean equilib-

rium E × B flows are validated against various analytical models where the

effect of Te > Ti, ion orbit losses and impurities are investigated in more detail

providing a more solid basis for the findings on the background flow presented

in publication VII. It can now be concluded that impurities have an influence

on both the mean E × B velocity as well as the burstiness of the observed

E ×B velocity dynamics. The linear growth rate results presented in section

3.3.1 support the Elmfire results for the phase velocity found in publication II,

III and VII providing proof that the trapped electron mode is the dominant

turbulent instability present in ohmic FT-2 discharges. The heat sources and

sinks utilized in the simulation to obtain the steady state simulation profiles

are described in section 2.6 and the Elmfire resistivity results are benchmarked

to the Sauter model. No influence of turbulent transport on the resistivity was

observed in the Elmfire simulation.

The predictive power of the full-f gyrokinetic code Elmfire is illustrated by

reproducing the poloidal flow dynamics for an ohmic FT-2 discharge. These

results could be strengthened in the near future by absolute calibration of the

FT-2 DR diagnostic and upgrading the diagnostic to scan the tilt angle dur-

ing a plasma discharge. This would make code validation of the turbulence

fluctuation level at different k-values possible. Furthermore an effort could be

made to upgrade the Elmfire model to resolve for density fluctuations smaller

than the ion Larmor radius enabling validation against ES spectra. A module

for lower hybrid heating is already present in the Elmfire code, and validation

in this heating regime will be performed in the near future. Furthermore an

in-depth coherence analysis of the ES GAM measurements are planned and

radial correlation lengths and times will be compared to the Elmfire simula-

tion predictions. Next to the FT-2 validation work, an effort to validate DR
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results obtained at the mid-sized TEXTOR tokamak are scheduled for the

upcoming year. First simulation results of the TEXTOR edge for a low and

high confinement discharge are presented in publication VIII. Due to limited

computational resources the simulations have so far been restricted to the

edge plasma. A recent increment of available CPU hours and the upgrade of

the memory handling scheme of the code will soon allow for simulations of

the entire TEXTOR tokamak, making the implementation of realistic sources

and sinks to prevent profile relaxation easier. Although Elmfire simulation

of mid-sized tokamak now seems to be feasible, the road to accurately sim-

ulate plasma discharges of bigger machines like ASDEX upgrade, JET and

ultimately ITER is still challenging. The large aspect ratio assumption for

the magnetic field will no longer be valid and the inclusion of a more realis-

tic magnetic field background will be necessary. In fact the analytical model

presently used in the code might already not be accurately enough for mid-

sized tokamaks. Furthermore the inclusion of electromagnetic perturbations

has to be questioned, specially when simulations of the low to high confine-

ment transition will be addressed. Both the magnetic field upgrade as well

as the inclusion of magnetic field perturbation will ask for many changes to

the Elmfire source code and will require more memory and CPU resources.

Nevertheless it is the ultimate goal of the Elmfire code development group to

address these problems in the near future.
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