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Preface

I have really come to appreciate Python as a beautiful and fun programming tool
over the last few years. Guido van Rossum and others have created a language
and a plethora of libraries that allow me to just do my own thing, i.e. hack away
wonky code to multiply some numbers and make pretty plots without worrying
too much about what is going on behind the scenes. I can concentrate on whining
about the slowness of reading archaic text files et cetera.

Apologies for the most ham-fisted analogy in the history of thesis prefaces, but
I have similar feelings about my adventures in the academic world and life in
general. It is all too easy to take things, people, and the British membership of
the European Union for granted.

Cosmic coincidences nudged me to infiltrate the Finnish fusion community
and the fusion group at Aalto University, where Jukka and others had written
a pretty cool simulation code. Getting to know the mystical entity also known
as ELMFIRE did not come easy, but luckily I had a group of wonderful people
to help and co-suffer in the process. Thanks to Laurent, Ronan, Timo, Tuomas,
and Susan for guiding me and bearing with me (some pun might be intended).

Much like the Finnish national football team, the fusion group was going
through a transition phase when I jumped in. Rainer was still at the helm
as I did my first summer internships, while Mathias got the once-in-a-lifetime
chance of supervising my thesis with a four-year(ish) contract. Besides allowing
me to work on a topic as fascinating as plasma turbulence, Mathias bestowed on
me invaluable guidance on e.g. how to present and communicate stuff efficiently
– advice, which I am safely ignoring right now.

During the thesis project, legendary members such as Otto and Simppa gradu-
ated with an accelerating rate, while new talent also appeared, like Konsta and
his life-affirming view of the world. It was a bit surreal to notice that students
from my exercise sessions were lurking around the office, as I still remembered
working oh-so incredibly hard in the exercise sessions given by Andy and Eero.
Luckily the inevitable existential crises were wrapped into positive fluffiness by
Taina and the dogs every now and then.

Thanks to the established institutions of EUROfusion and FinnFusion, I
largely managed to miss a crucial part of the Researcher Experience, i.e. apply-

vii



Preface

ing for grants. Money was simply flowing into my bank account like electricity
from a socket. I do not know if I will ever appreciate it fully, even though I have
seen and felt the randomness of funding decisions from close proximity. I owe to
the pioneers of the Finnish fusion program and people operating FinnFusion for
mostly sheltering me from the process.

Moreover, the established international connections helped me get going with
my research, go to great conferences in pretty awesome places, and meet new
people. Most outsiders would probably be surprised by how nice physicists and
engineers disguised as physicists actually are. The outsiders would also be very
unsurprised by how stupid and lazy they can make you feel, in a good way, kind
of. Most importantly, this thesis would look completely different without the
constant collaboration with the Ioffe Institute. Hours of intensive meetings,
endless lines of email conversations, and lots of laughs were had with Evgeniy,
Alexey and colleagues.

All work and no play would obviously make Paavo an even duller boy. As the
reigning champion and Most Valuable Player of the Aalto University Physics
Department Floorball Tournament, I feel obliged to thank the people organising
and participating in the sport sessions at the university. Chasing a ball presented
me with a rare opportunity to forget the precarious thesis project and – again –
gave me the chance to meet some awesome people.

Last but not least, I would like to thank my family and friends for never telling
me what to do, and my fiancée Vilhelmiina for not backing away in horror when
I told her I was trying to be a physicist.

Espoo, August 15, 2018,

Paavo Niskala

This work has been carried out within the framework of the EUROfusion Con-
sortium and has received funding from the Euratom research and training
programme 2014-2018 under grant agreement number 633053 and from Tekes –
the Finnish Funding Agency for Innovation under the FinnFusion Consortium.
The views and opinions expressed herein do not necessarily reflect those of the
European Commission. The work was also partially funded by the Academy of
Finland project No. 278487.

The supercomputing resources of CSC - IT center for science were utilized in
the studies, and a part of the research was carried out using the HELIOS su-
percomputer system at International Fusion Energy Research Centre, Aomori,
Japan, under the Broader Approach collaboration between Euratom and Japan,
implemented by Fusion for Energy and JAEA.
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1. Introduction

Figure 1.1. Sunset at the ITER construction site in Cadarache, France, in December 2017,
when the project reached the halfway point for construction. Image credit: ITER
Organization, http://www.iter.org/.

The movie 2010: The Year We Make Contact was released in 1984. While it
never captured the critical acclaim enjoyed by Stanley Kubrick’s masterpiece
2001: A Space Odyssey, the sequel manages to deliver an intriguing final act.
As the mysterious extraterrestrial monoliths shrink down the planet Jupiter,
thermonuclear fusion ignites in the core of the planet and a second star is born
in the Solar System. The stellar event convinces the leaders of the United States
of America and Soviet Union to abandon the arms race of the Cold War and to
seek peace on Earth.

The final scenes of 2010: The Year We Make Contact reflect the fantastic
potential often associated with nuclear fusion as a source of limitless energy. It
powers our Sun and enables life on Earth, after all. Fittingly, Ronald Reagan
and Mikhail Gorbachev met in real life in 1985 and agreed to pursue controlled
thermonuclear fusion for peaceful purposes. Since then some 35 countries have
joined forces with the superpowers. The culmination of the collaboration and
decades of fusion research is ITER, an experimental reactor and a Big Science
project under construction in the serene South of France (Fig. 1.1).
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1.1 Tokamaks for the confinement of fusion plasmas

Nuclear fusion is the reaction of two light elements combining to form new
nuclei and possibly neutrons or protons. The process releases energy as the
kinetic energy of the fusion products. Usually the merging nuclei are isotopes of
hydrogen, as in the fusion of deuterium (21H or D) and tritium (31H or T)

2
1H + 3

1H → 4
2He + 1

0n + 17.6 MeV, (1.1)

to be used in ITER and the following demonstration devices. The helium nucleus
4
2He carries 3.5 MeV and the neutron 1

0n gets 14.1 MeV out of the total energy
of 17.6 MeV. The abundance of hydrogen, the energy density of the reactions,
and the benign end products make nuclear fusion an attractive component of
future power production portfolios. It would provide a safe energy source on a
large scale.

Harnessing fusion power for energy production is complicated by the tendency
of charged particles to repel each other. At extremely short distances, the
attractive nuclear force is able to overthrow the Coulomb repulsion and bind the
positively charged nuclei together, but the particles need to have a substantial
amount of energy to reach these distances. The temperatures in ITER will reach
150 million degrees Celsius, ten times the temperature in the core of the Sun.
The thermal energies of the fuel particles easily exceed the 13.6 electronvolts
required to ionise the atoms, and so the fueling gas transforms into a plasma.

Plasma is a highly ionised gas consisting of ions and electrons. As most of the
ordinary matter in the universe exists in the form of plasma, its densities and
temperatures range from the cool and sparse auroras to the hot and dense stellar
cores. Plasmas are neutral from the outside, while inside charged particles
interact with each other via electromagnetic fields. The interactions lead to
collective motion of particles, which is a defining feature of plasmas. It also
makes the complex evolution of plasmas a challenge for e.g. simulating the solar
wind and its interplay with Earth’s magnetic field or confining the plasmas in
nuclear fusion reactors.

The Soviet-developed tokamak is the number one contender for the basis of
future nuclear fusion reactors. It is also the concept in the heart of ITER, one
of the biggest science projects in the history of mankind. A tokamak utilises
powerful magnetic fields to confine the plasma inside a torus-shaped vacuum
chamber (Fig. 1.2). The chamber is surrounded by field coils that generate a
toroidal magnetic field going the long way around the torus. A current driven
through the plasma toroidally creates a complementary poloidal field going the
short way around the chamber. The combination results in helical magnetic
field lines that the charged particles follow and gyrate around inside the reactor.
The current running through the plasma also acts as a resistive heat source,
while injecting either microwaves or neutral particles into the plasma provides
additional external heating.
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Figure 1.2. Tokamak uses helical magnetic fields to contain the plasma in a toroidal vacuum
vessel. Major radius R0 of a tokamak extends from the toroidal axis to the poloidal
axis in the center of the plasma, while minor radius a is measured from the poloidal
axis to the wall of the chamber. Image credit: EUROfusion.

1.2 Confinement as the basis of fusion performance

The ultimate goal of fusion and tokamak research is to develop a reactor capable
of maintaining a self-sustaining fusion reaction. This is possible by utilising
helium as the product of the deuterium-tritium fusion in Eq. (1.1). If the fusion
power density is high enough and helium nuclei transfer most of their energy to
the fuel ions, the plasma will remain sufficiently hot for a continuous reaction to
occur with minimal external energy input. This state is called a burning plasma.

Ignition of a burning plasma requires that the fuel is hot, dense, and confined
long enough. These prerequisites are encapsulated in the condition for the fusion
triple product [1]

nTτE ≥ 5.0×1021 keVs/m3, (1.2)

which is an extension of the Lawson criterion [2]. The key quantities are the fuel
temperature T, density n, and energy confinement time τE. The last of these
measures the efficiency of the confinement and how quickly the plasma loses its
energy out of the confined region. The ratio of the total thermal energy content
of the plasma W to the power loss PL gives the energy confinement time τE as

τE = W
PL

. (1.3)

Development of experimental fusion reactors such as ITER requires the ability
to predict the performance of future devices for controllable parameters. For
this purpose, scaling laws for τE are constructed as a function of engineering
parameters via regression analysis of experimental databases. For example, the
scaling law for the high confinement mode [3]

τE ∝ I0.97
p B0.08P−0.63n0.41M0.20R1.93

0 ε0.23κ0.67 (1.4)

predicts a significant improvement in energy confinement for ITER relative to
the existing machines. The engineering parameters include the plasma current
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Ip, magnetic field B, heating power P, density n, fuel particle mass M, tokamak
major radius R0, inverse aspect ratio ε= a/R0, and plasma elongation κ.

The scaling laws point out potential means of enhancing the performance of
tokamaks, e.g. increasing the size of the device, but they do not give meaningful
insight into the underlying physical mechanisms. Their validity is limited to
certain plasma parameter regimes. To build confidence in the scaling laws
and improve their predictive capabilities, deepening the understanding of the
fundamental physical processes is desirable. This requires the development of
physics-based models for plasmas.

1.3 Random walk approach to understanding confinement

The confinement performance of tokamaks is limited by the transport of heat and
particles from the dense and hot core plasma towards the walls of the device and
out of the confined region. These transport losses correspond to the denominator
PL in Eq. (1.3) and are quantified by heat and particle fluxes. For example, the
radial particle flux Γ relates to the density gradient ∇n through the diffusion
coefficient D as [4]

Γ=−D∇n. (1.5)

Prediction of transport losses thus necessitates estimation of diffusion coeffi-
cients. Diffusive transport is divided into three main categories based on the
underlying physical processes and the expected magnitude of fluxes: classical,
neoclassical, and turbulent transport. The last is driven by microscopic plasma
instabilities, whereas macroscopic instabilities can destroy the confinement
completely and are beyond the scope of this thesis.

1.3.1 Collisions induce classical transport

Classical collisional transport sets the base level of transport in tokamaks [5, 6].
The associated scaling can be understood by studying a random walk model that
predicts the diffusion coefficient [7]

D = (Δr)2

Δt
(1.6)

for an average radial step size Δr and time taken for the step Δt. In a mag-
netised plasma, the ions and electrons gyrate around the magnetic field with
the gyroradius ρ = √

mv⊥/(qB), where m is the mass, q the charge, and v⊥
the speed of the particle perpendicular to the magnetic field B (Fig. 1.3). As
the electrons and ions collide with frequency νei = 1/τei, they diffuse radially
with D ∼ ρ2

e /τei. Comparing the collisional diffusion prediction to experimental
observations shows that the purely collisional transport is orders of magnitude
too small to account for the particle and heat losses in tokamaks.
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Figure 1.3. Illustration of trapped particle orbits in a tokamak. Image credit: EUROfusion.

1.3.2 Neoclassical transport enhances losses

The magnetic field of a tokamak is not uniform, which modifies the trajectories
of the particles and by extension the transport of heat, particles, and momentum.
The toroidal field coils are bunched closer to each other at the inboard side of the
torus, making the toroidal magnetic field Bt stronger at the inboard (high-field
side or HFS) than at the outboard side (low-field side or LFS). The gradient and
the curvature of the magnetic field cause the particles to drift perpendicular to
the magnetic field with the velocity

vB = mσ

qσ

(
v2
∥ +

1
2

v2
⊥

)
B×∇B

B3 , (1.7)

where v∥ and v⊥ are the speed of the particle parallel and perpendicular to the
magnetic field, respectively, and the index σ indicates the particle species. As a
result, a fraction of the particles get trapped on the low-field side of the machine,
and electrons and ions can be classified into freely circulating passing particles
and trapped particles.

Collisional transport in inhomogeneous magnetic fields is described by neo-
classical theory. Its predictions are sufficient to explain the losses in certain
improved confinement scenarios [8, 9]. The trajectories of the trapped electrons
and ions have a banana-like shape when projected on the poloidal plane; hence
they are called banana orbits (Fig. 1.3). The passing particles also drift radially
but have circular orbits on the poloidal plane. The radial width of the orbits is
approximated by the poloidal gyroradius ρp = mvt/(qBp), where vt is the thermal
speed and Bp is the poloidal magnetic field, which is significantly smaller than
the toroidal field. The larger poloidal gyroradius replaces the gyroradius ρ in
the random walk estimate, and the modified trajectories thus increase transport
of heat and particles relative to the classical estimate.
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1.3.3 Turbulence amplifies transport further

Transport of heat and particles is further enhanced by turbulence. Tokamaks
require steep radial temperature and density gradients to achieve high fusion
power density in the core of the plasma and to prevent excessive heat loads
damaging the wall materials. In combination with the aforementioned magnetic
inhomogeneity, the pressure gradients trigger plasma instabilities that feed
turbulent pressure perturbations and push particles and heat radially towards
the wall of the device.

The Rosenbluth-Longmire picture gives intuitive understanding of the insta-
bility mechanism in the presence of magnetic inhomogeneity and temperature
gradient. First, the plasma is separated into hot and cool parts in a region of
strong temperature gradient and homogeneous density is assumed (Fig. 1.4)
[10]. The magnetic inhomogeneity drift of Eq. (1.7) makes the electrons and ions
drift vertically in opposite directions depending on the charge qσ of the particle
species σ [1]. Since the magnetic drift is proportional to the energy, the electrons
and ions of the hot region drift faster than the cold ones. If a perturbation is
introduced in the interface between the hot and cool domains (Fig. 1.4), the
difference in drift velocities results in charge separation. The generated electric
field E pushes the particles with the E×B drift velocity

vE = E×B
B2 (1.8)

either outwards or inwards. The drift depends on the direction of E but is
independent of the charge. The electric field amplifies the original perturbation
on the low-field side but stabilises it on the high-field side. This leads to an
asymmetry on the turbulent fluctuations on the poloidal cross-section, with
larger fluctuation amplitudes on the low-field side.

The instability mechanism creates eddies that transport the particles via the
E×B drift of Eq. (1.8), much like vortices in a river stream (Fig. 1.5). As the
turbulent fluctuations oscillate and propagate, old eddies disappear and new
ones emerge after an eddy lifetime. Radial extent of the vortices corresponds to
the step size of the random walk and has a critical effect on the level of transport.
Bohm scaling

DB ∝ Te

eB
(1.9)

suggests that the eddies are comparable to the system size and significant
transport from turbulence, whereas gyro-Bohm scaling of transport

DgB ∝ ρs

a
DB (1.10)

assumes that the size of the eddies is proportional to the ion sound Larmor radius
ρs =

√
Te/mi and predicts a more favorable scaling of transport for experiments

[11–13].
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Figure 1.4. A simplified illustration of the curvature-driven instability mechanism based on
numerical simulations. When the interface between hot and cool regions is perturbed,
the difference in the magnetic inhomogeneity drift of the hot and cool particles creates
electric fields that tend to amplify the perturbation at the low-field side.

Figure 1.5. Turbulent fluctuations of electric potential (blue for negative, red for positive) result
in electric fields that move the particles along the equipotential surfaces (black
dashed lines) out of the confined plasma via the E×B drift. Flow shear has twisted
and partially broken the radially elongated structure of the fluctuations.

1.3.4 Sheared flows suppress turbulence

Turbulent transport is limited by sheared poloidal and toroidal flows that tear
apart radially elongated eddies (Fig. 1.5) [14]. The strength of the turbulent
instability is generally quantified by its linear growth rate γ, which depends on
the steepness of the plasma pressure gradients. If the radial flow inhomogeneity
ωs = ∂V /∂r is larger than the linear growth rate, the shear is strong enough to
decorrelate the turbulent eddies and to suppress turbulent transport.

Both turbulence and neoclassical physics contribute to the formation of the
plasma flow profile. As a radial electric field Er develops in the plasma, it
rotates the electrons and ions in poloidal and toroidal directions through the
E ×B drift of Eq. (1.8). An equilibrium radial electric field results from the
radial momentum balance, which is determined by the neoclassical transport
of ions and modified by external inputs through e.g. neutral beam injection.
The radial electric field is further adjusted by turbulence-driven zonal flows
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Figure 1.6. Zonal flows in the atmosphere of Jupiter as captured by the Cassini probe from the
south pole (left) and in the simulated poloidal cross-section of a tokamak (right). The
colours and the arrows in the simulation visualisation indicate the direction of the
flow. The different zonal colours in Jupiter stand for different temperatures and a
similar wind pattern. Jupiter image credit: NASA/JPL/Space Science Institute [19].

that form in poloidally constant, but radially localised bands on the poloidal
cross-section, similarly to the structures seen in planetary atmospheres (Fig.
1.6) [15–17]. Axisymmetry and finite radial wavelength prevent the zonal cells
from contributing to transport but make them potent sources of flow shear, so
they are expected to be involved in confinement transitions. The self-regulatory
feedback mechanism between turbulence and zonal flows gives the interaction
predator-prey-like characteristics [18].

Zonal flows are usually divided into two components: low-frequency or semi-
stationary zonal flows and temporally oscillating geodesic acoustic mode (GAM).
Their amplitude is expected to be defined by the balance of non-linear drive and
damping. The latter separates the two branches from each other. While only
collisions damp the stationary flows, the finite frequency of the GAM makes
the mode also susceptible to Landau-like collisionless damping through wave-
particle interaction. The effect of damping on the flow amplitude is important
as it limits non-linearly the amplitude of the turbulent fluctuations and thus
the magnitude of particle and heat fluxes.

1.3.5 Major challenges in understanding confinement

The suppression of turbulence by flow shear is understood to play a key role in
sudden improvements of confinement in tokamak plasmas [20, 21]. The most
common example is the high confinement mode or H-mode discovered in the
ASDEX tokamak in the early 1980s. Wagner et al. [22] observed that with a
sufficient increase of heating power the performance of the tokamak improved
suddenly. The transition to H-mode has been observed repeatedly and routinely
in magnetic confinement devices since then. It is crucial for achieving ITER’s
ambitious goals for fusion performance; producing 500 megawatts of fusion
power with 50 megawatts of input heating power in pulses lasting 400 seconds.
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Despite the development of the turbulence-flow paradigm, the exact transition
sequence and mechanism remain elusive.

There is also uncertainty on how the fuel isotope impacts the energy and
particle confinement of tokamak plasmas. Most fusion experiments utilise ei-
ther hydrogen, deuterium, or helium gas, while burning ITER plasmas require
deuterium-tritium fuel for maximum fusion power. This makes predicting the
isotope scaling of transport and confinement a critical task. Experiments and
empirical scaling laws like Eq. (1.4) generally show improvement in confinement
when heavier fuel is used [23], whereas collisional, neoclassical, and gyro-Bohm
scaling arguments would predict the opposite. The discrepancy between experi-
mental observations and theoretical predictions is called the isotope effect, and
it is the subject of intense research [24–34].

Advanced computer simulations are essential for addressing the uncertainties
of confinement transitions and isotope effect. Measurement of relevant plasma
properties with sufficient accuracy is challenging, as is formulating analytical
theory that accounts for the non-linear and chaotic interplay of flows and tur-
bulence. The computational effort is complicated by the disparate spatial and
temporal scales involved in fusion plasmas. The ITER tokamak measures in
meters and the projected confinement time in seconds, whereas micrometers
and picoseconds characterise the motion of electrons. Advances in theoretical
plasma physics, parallel computing, and numerical methods allow simulations of
present experiments that pave the way for studies of burning plasmas in ITER.

1.4 Scope of the thesis

This thesis presents numerical studies of the isotope effect and interplay between
turbulence and flows in Ohmic tokamak plasmas with gyrokinetic simulations.
The simulations are able to predict and explain the isotope effect on particle
transport in discharges dominated by a specific type of turbulent instability. At
the same time, the characteristics of the mean flows and the geodesic acoustic
mode are extensively compared to experiments and analytical theory to present
evidence for the impact of the oscillating flows on the transport of particles and
energy.

The structure of the thesis is as follows. Chapter 2 describes the computational
tools used for the work in this thesis, and Chapter 3 presents the verification of
basic physics predictions with the ELMFIRE simulation code. Physics predic-
tions for experimental discharges and comparison to experimentally measured
quantities are presented in Chapter 4. Finally, Chapter 5 includes a summary
and a brief discussion on the results of the thesis.
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2. Computational tools

The simulation codes ELMFIRE and GENE and the transport solver ASTRA
are the main tools used for the work presented in this thesis. ELMFIRE and
GENE are based on the widely applied gyrokinetic theory with different feature
sets and capabilities. This chapter gives a brief introduction to the fundamental
concepts of kinetic theory and gyrokinetics, followed by a description of the
computational tools.

2.1 From kinetic theory to gyrokinetics

Kinetic theory is the fundamental starting point for the modeling of plasmas.
The motion of particles and the evolution of electromagnetic fields is determined
by the combination of the Lorentz force and Maxwell’s equations. The latter
describe the evolution of the magnetic field B and electric field E in the presence
of charge density � and current density J as

∇·E= �

ε0
,

∇·B= 0,

∇×E=−∂B
∂t

,

and ∇×B=μ0J+ 1
c2

∂E
∂t

.

(2.1)

The fields act on discrete particles with charge qσ and velocity v according to
the Lorentz force

F= qσ (E+v ×B) . (2.2)

The result is a computationally extremely demanding N-body problem. For
tokamak plasmas with high fusion performance, the densities are typically of
the order of 1020 m−3 and plasma volume of the order of cubic meters. These
parameters make the problem unsolvable without advanced methods and sim-
plifications.
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The first step is to replace the discrete particles with a continuous distribution
function f (x,v) that gives the probability distribution of the particles in the
six-dimensional phase space. Moments of the distribution function produce e.g.
the density and temperature in the configuration space. The time evolution of
the distribution function is described by the Boltzmann equation

∂ f
∂t

+ p
m

·∇ f +F · ∂ f
∂p

=
(
∂ f
∂t

)
coll

(2.3)

when collisions are accounted for.
There are two main approaches for solving the Boltzmann equation numeri-

cally: the Eulerian method discretises the distribution function and the fields on
a six-dimensional phase-space grid, whereas the Lagrangian approach uses a
finite number of macroparticles to model the distribution function in continuous
phase space. The particle-in-cell method mixes the two concepts by modeling
the particles in the Lagrangian fashion and sampling them to an Eulerian grid
to solve the field quantities [35]. The fields are interpolated back to the particles
after solving for the next iteration. To reduce the computational complexity,
each macroparticle (or marker) corresponds to a finite number of real particles.
The ratio markers to physical particles determines the weight of the markers
that is used in the sampling process.

Gyrokinetic theory is an invaluable tool for simulating plasma turbulence [36].
The electrons gyrate around the magnetic field lines with a gyrofrequency of
Ωg ∼ 100 GHz and a gyroradius of ρe ∼ 10 μm, while the plasma discharge time
is measured in seconds and system size in meters. The transport relevant time
scales lie between these two extremes. Gyrokinetic theory applies a phase-space
transformation on the particle coordinates to gyrocenter coordinates in order to
decouple the fast gyromotion from the slower particle motion along the field line.
Effectively the particles are replaced with charged rings with the gyroradius ρ

that follow the motion of the gyrocenters. The dimensionality of the problem
reduces from six to five, as only velocity components parallel and perpendicular
to the magnetic field remain.

The gyrokinetic transformation allows increased time steps and enables com-
putational study of low-frequency turbulence and transport-relevant time scales.
The gyrokinetic theory builds on a separation of temporal and spatial scales. It
assumes a slowly varying background relative to the particle motion, i.e.

Ωg 	ω and ρ
 L, (2.4)

where ω and L are the characteristic frequency and scale length of background
fluctuations. The perpendicular wavelength of the fluctuations is taken to be
comparable to gyroradius ρ.
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2.2 ELMFIRE

ELMFIRE is a numerical tool for simulating neoclassical and turbulent physics
of plasmas developed at Aalto University, Finland. It is a particle-in-cell ap-
plication of full- f gyrokinetics [37]. ELMFIRE solves the evolution of the full
distribution function for electrons, main ions, and one impurity species and
self-consistent electrostatic turbulence on a toroidal three-dimensional grid.
Neoclassical effects are included via a binary collision operator. The mesh covers
the whole plasma from magnetic axis to the wall, with an option to include the
scrape-off layer. The following subsections describe the main features of the code
briefly, and a more detailed overview is available in Refs. [38, 39].

2.2.1 Simulation geometry

ELMFIRE utilises a three-dimensional toroidal simulation grid with poloidal
cross-section of concentric circles. The grid uses the straight-field-line coordi-
nates (r,θw,ϕ) with the radial coordinate r, straight-field poloidal angle θw, and
toroidal angle ϕ. The angle θw depends on the geometrical poloidal angle θ and
inverse aspect ratio ε= r/R0

θw = arccos
(
ε+cosθ

1+εcosθ

)
. (2.5)

The coordinate transformation accounts for the radial and poloidal dependence
of the toroidal magnetic field

Bt = Bt,0
R0

R0 + rcosθ
, (2.6)

where Bt,0 is the field on the magnetic axis. This relation holds in the limit of
large aspect ratio. The poloidal field component Bp is calculated based on the
input current profile I(r) as

Bp = μ0I(r)
2πr

√
1−ε2, (2.7)

where the square-root term accounts for flux surface averaging. Numerically the
resolution of the grid is uniform in radial and toroidal directions. The poloidal
resolution varies radially according to the user input, with the exception of a
single point on the magnetic axis.

2.2.2 Initialisation

ELMFIRE initialises the plasma according to input density and temperature
profiles using the quiescent initialisation to avoid large radial currents in the
start-up phase [38] (Fig. 2.1). First, spatial locations for ions are chosen ran-
domly according to the density distribution in radial direction and uniformly
in poloidal and toroidal directions. The velocities are sampled from the local

13



Computational tools

Maxwellian, after which the particle trajectories are integrated without colli-
sions and the electric field. Two ions are then placed randomly on the orbit with
the symmetric poloidal coordinates θ and −θ. The radial position of the ions is
further iterated to improve the match between the initalised and input tempera-
ture and density profiles. Finally, the electrons are placed on the gyrorings of
the ions to provide a quasineutral initialisation of the plasma.

Binary collisions

Explicit particle
pusher

Sample charge
and implicit
coe cients

Solve potential

Implicit particle
pusher

Diagnostics
(1D, 3D)

Radiation losses &
particle recycling

Neoclassical
ltering

Initialisation

Figure 2.1. The key phases of the ELMFIRE simulation cycle. The quiescent initialisation and
the first time step assume zero electric field E = 0. Neoclassical filtering, radiation
losses, and particle recycling can be switched off as needed.

2.2.3 The equations of motion and the field solver

ELMFIRE includes an explicit term for polarisation drift in the equations of
motion unlike the standard gyrokinetic formulation [40–42]. This is achieved
by utilising the alternative definition of gyrocenter introduced by Sosenko et al.
[43]. The coordinates for a particle are defined as x(1) =R+b×V⊥/Ωg, where R
is the location of the gyrocenter. The definition discards the E×B drift from the
usual formulation.

The equations of motion for the gyrocenter location [44, 45]

Ṙ= B̂U + Ê×b
B�

, (2.8)

the parallel speed

U̇ = q
m

B̂ · Ê
B�

, (2.9)

and the magnetic moment

J̇ = d
dt

(
πmV 2

⊥
Ωg

)
= 0 (2.10)

include the effects of magnetic inhomogeneity, E ×B drift, polarisation, and
parallel acceleration by E. The fields Ê and B̂ (B� = B̂ ·b) are defined in the long
wavelength limit as

Ê= 〈E(x(1))〉g − J
2πm

∇B− m
q

d
dt

(
〈E(x(1))〉g ×b

B

)
(2.11)
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and

B̂=B+ m
q
∇×

(
Ub+ 〈E(x(1))〉g ×b

B

)
. (2.12)

The notation 〈...〉g has been used for gyroaveraging. Equation (2.10) follows from
magnetic moment J being an adiabatic invariant.

ELMFIRE solves the gyrokinetic quasineutrality equation as

0=
∑

σ�σ

ε0
(2.13)

after assuming ∇2φ ≈ 0 on the left-hand side. The polarisation density does
not appear on the right-hand side due to the definition of the gyrocenter. The
ELMFIRE solver is a hybrid of explicit and implicit methods. First, the particles
are pushed according to the explicit equations of motion that exclude parallel
acceleration and polarisation terms. The charge separation is sampled to the
grid, after which the electric field is solved as required for the parallel accelera-
tion and polarisation terms to ensure quasineutrality according to Eq. (2.13).
In practice, the electric field coefficients corresponding to the implicit terms are
sampled to a matrix, which leads to a linear equation for the electric potential
that is solved using the PETSc library [46]. The explicit pushing utilises the
fourth order Runge-Kutta method, while the implicit phase uses first order Euler
method for the polarisation drift and second order Velocity-Verlet method for
the parallel acceleration [47].

Neoclassical and adiabatic options are available in addition to the regular
gyrokinetic solver. The neoclassical studies of this thesis use flux-surface aver-
aging of the charge separation

∑
σ�σ/ε0 between the explicit and implicit stages

of the solver (Fig. 2.1). The averaging removes m �= 0 and n �= 0 terms from the
solved electric potential and thus excludes turbulent fluctuations. As a default,
electrons are included as a drift-kinetic species due to their vanishing gyrora-
dius relative to the grid, but it is also possible to use the Boltzmann response.
The adiabatic model initialises only ions in the simulation, while the electron
contribution is included in the implicit stage according to the Boltzmann relation

ne = ni,0exp
(

eδφ
Te

)
≈ ni,0

(
1+ eδφ

Te

)
. (2.14)

In this thesis, the flux-surface-averaged ion density is used just after the initiali-
sation for ni,0, as updating the density over the course of computation is known
to cause numerical issues in simulations [48].

2.2.4 Collisions, sinks, and sources

ELMFIRE includes collisions according to the binary model presented by Tak-
izuka [49, 50]. The model applies to inter- and intra-species collisions and
conserves particle number, energy, and total momentum. The large-angle colli-
sions result as a combination of several small-angle collisions, and this process
can be modeled with a Gaussian probability distribution. First, the particles
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are divided into collision slots in radial and poloidal directions in the beginning
of a time step. The collisions are then applied for randomly selected pairs of
particles inside a cell. The relative velocity vector Δv of the particles is rotated
in the scattering angle θs

θs =
√
−2ναβΔtln(1−R1) (2.15)

and the polar angle
φp = 2πR2, (2.16)

where R1 and R2 are uniformly distributed random numbers from the interval
(0,1). The relaxation rate due to collisions between species α and β is

ναβ =
nβq4

e Z2
αZ2

β
lnΛ

4πε2
0m2

αβ
(Δv)3

(2.17)

based on the flux-surface-averaged quantities and corresponds to the mean-
square deviation of the Gaussian distribution. Here mαβ = mαmβ/(mα+mβ)
is the reduced mass, Zα and Zβ are the charge numbers, lnΛ is the Coulomb
logarithm as defined in the Naval Research Laboratory (NRL) formulary [51],
and Δv is the speed difference between the particles.

The collision model enables Ohmic heating of the plasma and the collisional
energy transfer between different electrons and ions. ELMFIRE includes a
radially uniform loop voltage that creates an electric field for accelerating the
electrons. The loop voltage can be switched on or off, and a feedback-loop
algorithm adjusts the voltage each time step so that the resulting total plasma
current corresponds to the input value. This couples the parallel motion of the
particles to the current required for the poloidal magnetic field, but the coupling
is only in one direction, as the field itself is fixed and remains constant during a
simulation. The only energy sink are the radiation losses, which are applied to
electrons according to a user-defined radial power density distribution.

There are no particle sources besides particle recycling. An electron is removed
from the simulation domain, if its gyrocenter travels beyond the wall. For ions,
the polarisation drift is ignored when the gyrocenter crosses the wall and the
particle removed after the whole gyroring moves through the boundary. In
the end of each time step, the particles are randomly re-initialised into the
simulation volume as a thermal pair of electron and ion (or a group of electrons,
if the charge number of the ion is larger than unity) according to user-defined
radial distribution and temperature. Generally the temperature is T(r = a).

2.2.5 Diagnostics

ELMFIRE samples e.g. the density of each particle species to the three-domensional
grid and outputs the data for the whole grid as a function of the radial, poloidal,
toroidal, and time coordinates. The radial particle and energy fluxes are sampled
according to

Γ=
∫

f (r,v)vrd3v (2.18)
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and
Q = m

2

∫
f (r,v)v2vrd3v, (2.19)

respectively. In practice, the fluxes are sampled directly from the gyrocenter
motion, so that the radial speed vr corresponds to the total radial speed of the
gyrocenter. The definition of the energy flux accounts for the kinetic energy flux.
The diagnostics output flux-surface averages

〈A〉 =
∫

AdV∫
dV

(2.20)

as a function of radial position and time. Here 〈A〉 denotes the flux-surface
average of quantity A and

∫
dV integration over the finite flux-surface volume.

2.2.6 From annulus to full-torus simulations

ELMFIRE was upgraded significantly during the course of this thesis project.
Publications I–IV contain results obtained with a previous annulus version of
the code, while Publications V and VI present data from a newer full-torus
version as described in the previous subsections. The overview section of this
thesis concentrates on the results from the newer code version. The upgrades
enable relaxed boundary conditions and improved resolution. This resulted in
increased particle and energy fluxes in simulations as demonstrated by Korpilo
et al. [45] and observed in Publications IV and V.

The main improvements concern the simulation grid, which was upgraded
from an annulus to full-torus geometry [39]. In the process, the coordinate
system was changed from field-aligned to straight field line coordinates to ac-
commodate a new scrape-off layer model with poloidal limiter plates. Extending
the simulation volume to the magnetic axis and removing the inner boundary
allowed the relaxation of boundary conditions. Previously, the grid also had a
fixed number of cells in poloidal direction for every radial point, and the radial
interval between the points was constant across the volume. The variable grid
enabled the matching of grid box size to local thermal gyroradius. The upgrades
also increased the computational requirements of the calculations, since more
memory was needed as the grid size grows and more particles to guarantee
satisfactory statistics.

2.3 GENE

GENE (Gyrokinetic Electromagnetic Numerical Experiment) is an internation-
ally developed software package that utilises gyrokinetic theory [52]. Unlike
ELMFIRE, GENE is based on the δ f and Eulerian approaches, i.e. it simulates
a perturbation relative to the equilibrium distribution function and solves its
evolution on a five-dimensional phase space grid. Compared to the particle-in-
cell approach, the Eulerian method does not have to deal with numerical noise
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caused by the finite number of macroparticles. At the same time, the discreti-
sation of the distribution function on a finite grid in spatial and velocity space
causes non-physical effects that need to be mitigated by applying numerical
diffusion or upwind differencing methods, unless physical collisions are frequent
enough [53].

GENE is used in a variety of different configurations depending on the goal
of the simulations. Although the code has been expanded to cover global ge-
ometries and flux-driven computations as well [54], this thesis includes only
local simulations in a flux tube geometry and in the gradient-driven setting. In
the local setting the simulation volume follows the magnetic field lines around
the torus to take advantage of the long correlation lengths of turbulence in
the parallel direction and to save computational resources. The background
plasma profiles remain constant in time due to fixed equilibrium distribution
and periodic boundary conditions in the radial direction. These features allow
long simulations and good statistics of computational turbulence.

Linear settings are used for investigating the underlying linear instabilities of
the FT-2 tokamak parameters and identifying the dominant linear mode via the
initial value solver in Section 4.2. Various physical effects such as impurities,
electromagnetic fluctuations, and collisions are enabled and disabled to separate
their impact. Non-linear simulations predict turbulent particle and energy
fluxes in the presence of E×B feedback mechanisms of zonal flows in Section
4.3. The standard GENE output includes particle and energy fluxes as velocity
space moments of the fluctuating part of the particle distribution function δ f
according to Eqs. (2.18) and (2.19) by including only the E×B drift into vr.

2.4 ASTRA

In this thesis, ASTRA (Automated System for TRansport Analysis) is used for
the interpretive analysis of transport in experimental discharges [55]. Unlike
ELMIFRE and GENE, ASTRA does not apply gyrokinetic theory but includes
various tools for estimating transport via e.g. coupling with quasilinear trapped-
gyro-Landau fluid code (TGLF). This thesis includes the application of ASTRA
for solving one-dimensional equations to obtain the electron and ion energy
fluxes based on measured temperature and density and either measured or
estimated sources and sinks. Furthermore, the fluxes can be used together with
the temperature profiles to predict the thermal diffusivities. The analysis does
not consider the cause of transport, or e.g., the role of flows in determining the
level of transport or the balance between diffusive and convective terms.

The flux-surface averaged electron energy flux Qe at radial location r is satis-
fies the power balance

∇·Qe(r)+ ∂ue(r)
∂t

= se(r), (2.21)

where ue(r)= 3
2 ne(r)Te(r) is the energy density of electrons and se(r) represents
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combined source and sink densities for the particle species. Integrating the
equation over volume and applying the divergence theorem leads to

Qe(r)= 1
A(r)

(
Se(r)− ∂U(r)

∂t

)
, (2.22)

where Se(r)=∫r
0 se(r′)dV ′, Ue(r)=∫r

0 ue(r′)dV ′, and A(r) is the area of the flux
surface at the radial location r.

The sources for electrons include Ohmic heating, whereas sinks consist of
radiation losses and collisional energy transfer. Experimental measurements
provide radially distributed data points for the density, temperature, and radia-
tion losses that are fitted with curves to obtain radial profiles. These profiles
together with the measured loop voltage enable the calculation of the energy
time derivative, Ohmic heating source, and collisional energy transfer. The
Ohmic input power density

pOH = 1
σ∥

j2 = σ∥
(2πR0)2 V 2

loop (2.23)

depends on measured loop voltage Vloop and parallel conductivity σ∥ given by
analytical formulas based on temperature and density. The power density of
the collisional energy transfer between electrons and ions is also given by an
analytical formula based on temperature and density as

pei = 3me

mi

ne

τe
(Te −Ti), (2.24)

where τe is the electron collision time and the sign convention gives positive
power when Te > Ti. The power balance of ions only includes the collisional
transfer as a source and no sinks.
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3. Verification of fundamental physics
predictions in ELMFIRE simulations

Well-established analytical formulas exist for estimating the neoclassical trans-
port in magnetised plasmas, and the standard procedure of simulation code
development is to verify the models against these theoretical predictions. This
chapter presents comparisons between ELMFIRE and analytical formulas for
ad-hoc parameters within the validity range of the theoretical predictions. The
comparisons include plasma resistivity, the mean radial electric field, and the
temporal relaxation of radial electric field perturbations. The results were
partially included in Publication I and Publication VI.

3.1 Neoclassical physics

3.1.1 Neoclassical transport regimes

Neoclassical theory describes enhanced transport of heat, momentum, and
particles and the associated phenomena caused by the inhomogeneity of the
magnetic field in the presence of collisions. It applies the locality assumption,
i.e. the orbit widths ρp of the ions should be small compared to the system size
and plasma scale lengths.

Neoclassical transport is divided into three different regimes (Banana, Plateau,
and Pfirsch-Schlüter) based on the dominant particle diffusion mechanism that
impacts also heat and momentum transport. The mechanism depends on the
collisionality of the main ions, because the trapped particles can be untrapped
by collisions with other particles. The collision frequency of ions is

νi = ni(Zi qe)4lnΛ
3π3/2(ε0mi)2v3

t,i
, (3.1)

where lnΛ is the Coulomb logarithm as is calculated according to the Naval
Research Laboratory (NRL) formulary [51]. The ratio of the effective collision
frequency νi,eff = νi/ε to the bounce frequency ωb = vt,i

�
ε/(R0qs) of trapped
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particles is the collisionality

ν∗i = νiR0qs

vt,i ε3/2 , (3.2)

which is used to identify the transport regime of the plasma [4]. Here qs denotes
the safety factor, which describes the relationship between the poloidal and
toroidal magnetic fields.

Most of the trapped particles complete at least one orbit and dominate the
transport due to their larger orbit widths in the Banana regime (ν∗i < 1). The
diffusion coefficient D increases as function of collisionality in the Banana
regime. The collisional transport of passing particles dominates in the highly
collisional Pfirsch-Schlüter regime (ν∗i > ε3/2), where D also increases with
collisionality. The slow passing particles contribute the most to transport in
the Plateau regime between these two domains, and the diffusion coefficient
remains approximately constant there.

3.1.2 Verification parameters

ELMFIRE predictions for the radial electric field and the parallel conductivity
are compared to analytical estimates in a collisionality scan with ad hoc plasma
and tokamak parameters in the large aspect ratio limit (R0/a = 5). Comparisons
were performed previously with the annulus version of ELMFIRE as presented
in Publication I and Ref. [56], but this verification utilises the full-torus geometry.
Plasma profiles are hyperbolic according to the formula

X = X0

[
1− ΔX

LX
tanh

(
(r/a−0.5)

a
ΔX

)]
, (3.3)

where X is either density or temperature and parameters X0, ΔX , and LX

control the profile shape. Temperature and density are taken equal for electrons
and ions. These parameters produce clear maximum gradients and minimum
Er in the middle of the simulation domain at r/a = 0.5 (Fig. 3.1), while orbit
width effects are minimised by choosing X0, ΔX , and LX so that ρp/LTi < 0.025.

The plasma profiles and parameters remain constant over the different simula-
tion cases. A Banana regime case with low collisionality is used as the base case.
The collisionality is varied by multiplying the collision frequency artificially
by 10,100, and 1000 in Eq. (2.17) of the ELMFIRE collision subroutine. The
neoclassical solver and adiabatic electron response are applied as described in
Chapter 2. The simplifications allow the study of neoclassical physics in the ab-
sence of turbulence and usage of sparser grid in the simulations (8x124x(1-150)
grid cells in toroidal, radial, and poloidal directions, respectively). Depending on
the collisionality, either the ion collision time or the ion transit time determines
the time step used.
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Figure 3.1. Hyperbolic temperature and density profiles are used for the neoclassical verification,
as they have a well-defined maximum gradient in the middle of the simulation
domain. Here, T0 = 368 eV and n0 = 1018 m−3 in Eq. (3.3).

3.1.3 Verification of the mean radial electric field predictions

Hinton and Hazeltine (H-H) [5] present an analytical formula that relates the
radial electric field to parallel ion flow, ion density gradient, and ion temperature
gradients as

Er = 〈ui,∥B〉Bp

Bt
+ (1−k)

1
Zi

∂Ti

∂r
+ Ti

Zini

∂ni

∂r
, (3.4)

where Zi is the ion charge number. The dimensionless ion flow coefficient k is
fitted as a function of ion collisionality as

k =
1.17−0.35

�
ν∗i

1+0.7
�
ν∗i

−2.1ν2
∗iε

3

1+ν2
∗iε

3
(3.5)

in the plateau and collisional regimes. The fit converges to k = 1.17 in the
Banana regime, as presented by Rosenbluth and Hinton [57] for small inverse
aspect ratios ε, and to k =−2.1 in the Pfirsch-Schlüter limit.

The moment approach of Hirshman and Sigmar (H-S) [58] presents another
estimate for Er and k. Their formulation allows considering multiple ion species
and the effect of electrons on ions. For a single ion species, the analytical
expression reduces to Eq. (3.4) and the coefficient k depends on viscosity and
friction coefficients. The results in this thesis are calculated according to Kessel
[59].

For the comparison, the radial electric field is obtained from the radial deriva-
tive of the flux-surface-averaged potential 〈φ〉 outputted by ELMFIRE as

Er =−∂〈φ〉
∂r

. (3.6)

The local potential does not deviate from the flux-surface-average significantly
due to the neoclassical averaging.

ELMFIRE predicts an approximately logarithmic decrease of mean radial
electric field as a function of collisionality, which is in qualitative agreement
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Figure 3.2. Radial electric field predictions by ELMFIRE and analytical formulas of Hinton-
Hazeltine (H-H) and Hirshman-Sigmar (H-S) as a function of collisionality for r/a =
0.5 in the collisionality scan. ELMFIRE predictions are obtained with the adiabatic
electron response.
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Figure 3.3. Radial electric field profile as predicted by ELMFIRE with adiabatic (a.e.) and kinetic
electrons (k.e.) compared to the analytical predictions of Hirshman-Sigmar (H-S)
and Hinton-Hazeltine (H-H) in the Plateau case. The analytical values are based on
the profiles of the adiabatic electron case, and all the results are averaged over 100
μs.

with the analytical formulas (Fig. 3.2). The simulation results are within 15% of
the Hirshman-Sigmar estimate in the Banana and Plateau regimes, whereas
ELMFIRE systematically predicts larger absolute Er values than the Hazeltine-
Hinton formula in these regimes. The difference between the simulation and
theoretical predictions changes qualitatively in the transition to highly colli-
sional Pfirsch-Schlüter regime: ELMFIRE predicts the lowest absolute value,
but the scaling remains consistent with the lower collisionalities and stays
within 15% of the Hirshman-Sigmar model.

The results are compatible with the benchmarks of other drift-kinetic and
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Figure 3.4. The convergence of the radial electric field in ELMFIRE simulations with adiabatic
(a.e.) and kinetic electrons (k.e.) compared to the analytical predictions. The ion
collision time is τi ≈ 83 μs in this Plateau regime case.

gyrokinetic codes [60–62]. The scaling of Er presented in this comparison
effectively corresponds to the scaling of ion flow coefficient k included in those
benchmarks. According to Belli et al. [60], the differences between the two
analytical estimates are explained by the sensitive dependency of k on both
ν∗i and ε, the latter of which is finite for the parameters of this analysis but
assumed small in the Hinton-Hazeltine formulation.

The neoclassical ELMFIRE simulations converge to an equilibrium typically
within a few ion collision times τi, although the radial electric field retains some
temporal fluctuations (Fig. 3.4). For low collisionalities, the convergence occurs
faster in terms of τi, while mean ion transit time is a better characteristic time
scale for the high collisionalities.

Including kinetic electrons does not change the convergence behaviour of Er in
the Plateau case (Fig. 3.4). The kinetic electrons require a decreased time step
to account for the fast parallel movement of the electrons and the computational
effort is increased by an order of magnitude. The equilibrium Er values for
kinetic and adiabatic electrons are on average within 5% of each other and
the Hirshman-Sigmar prediction for the Plateau case (Fig. 3.4). The limited
impact of kinetic electrons is expected based on the kinetic studies of Belli et
al. [60], but it could become meaningful in situations where electron and ion
temperature profiles are drastically different and the ∇pi contribution to Er

is small. The main difference between the electron models comes from the
different boundary behavior (Fig. 3.3). As the particles escape the simulation
domain, strong gradients are created in density and temperature profiles, and
the changes are reflected in the radial electric field simulated by ELMFIRE and
predicted by the analytical models.
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3.1.4 Verification of the parallel plasma conductivity predictions

Ohmic heating is the most basic heating method for tokamaks. A loop voltage
creates a toroidal electric field that accelerates the electrons that collide with the
other particles, which causes the plasma to have finite resistivity. The parallel
plasma conductivity σ∥ is defined according to Ohm’s law

j∥ =σ∥E∥ + jbs, (3.7)

where j∥ =∑
σ qσnσu∥,σ is the parallel current density, E∥ the parallel electric

field, and jbs is the bootstrap current driven by the toroidal effects. Ohmic
heating is always present in tokamak plasmas, for the toroidal current achieves
plasma breakdown and creates the poloidal magnetic field component that is
further adjusted via outer control coils. The loop voltage, collisions, kinetic
electrons, and neoclassical averaging are enabled in ELMFIRE for calculating
the conductivity according to Eq. (3.7).

The analytical formula of Spitzer [63] predicts σ∥ ∼ T3/2
e scaling of the parallel

plasma conductivity

σ∥,Spitzer = 1.96
nee2τe

me
(3.8)

as determined by electron-ion collisions in cylindrical plasmas with the electron
collision time τe. The neoclassical orbits increase the resistivity of a toroidal
plasma as the trapped particles cannot stream freely along the field lines. Hirsh-
man et al. [64] present an analytical estimate for the impact of these neoclassical
effects on the plasma conductivity as

σ∥,Hirshman = nee2τe

me
ΛE(Zeff)

(
1− ft

1+ζ(Zeff)ν∗e

)(
1− cR(Zeff) ft

1+ζ(Zeff)ν∗e

)
, (3.9)

where the trapped particle fraction is ft = 1− (1− ε)2(1− ε2)−1/2(1+1.46ε1/2)−1,
and the analytical coefficients are ΛE(Zeff)= 3.4

Zeff

1.13−Zeff
2.67+Zeff

, cR(Zeff)= 0.56
Zeff

(
3.0−Zeff
3.0+Zeff

)
and ζ(Zeff)= 0.58+0.2Zeff. The effective charge

Zeff = ∑
σ �=e

nσZ2
σ

ne
(3.10)

is a standard measure of the impurity content of the plasma and may vary locally.
This prediction alongside with the formula of Sauter et al. [65] are compared
to analytical formulas in Publication I. The models are included as options
in the transport analysis software ASTRA that is used for the experimental
interpretation of FT-2 discharges discussed in Chapter 4 [55].

ELMFIRE predictions are within 14 % of the analytical estimates for neo-
classical conductivity in the collisionality scan (Fig. 3.5). The Sauter model
corresponds marginally better with ELMFIRE results on average (within 12%)
than the Hirshman formula (within 14%) for the four cases. Generally, the
agreement is worst at the magnetic axis and improves towards the edge, where
the orbit widths are smaller and collisionality is larger (Fig. 3.6). Publication
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Figure 3.5. Scaling of plasma conductivity in ELMFIRE simulations agrees well with the analyt-
ical predictions by Hirshman et al. and Sauter et al. for the four collisionality scan
cases from 3.2. The values are for r/a = 0.5.

Figure 3.6. Radial profiles of parallel conductivity according to ELMFIRE simulations and the
analytical prediction by Hirshman et al. agree within 16% across the plasma volume
in the Plateau case. The agreement with the analytical formula of Sauter improves
towards the edge.

I presents the comparison for the FT-2 tokamak parameters with the annulus
version of ELMFIRE and shows that the agreement improves when impurities
are included in simulations and accounted for in the theoretical estimates. Pub-
lication I also demonstrates small differences between the analytical predictions,
where as turbulence has a negligible impact on the conductivity in the ELMFIRE
simulations for FT-2 tokamak parameters.

The simulated conductivity values (Figs. 3.5 and 3.6) ignore the bootstrap
contribution jbs to j∥. The conductivity is calculated from Eq. (3.7) based on
the simulated values for loop voltage and particle parallel velocities, densities,
and particle charges after 200 time steps. The conductivity converges quickly
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Figure 3.7. Time evolution of plasma conductivity σ∥ as predicted by ELMFIRE and analytical
models, when kinetic electrons and loop voltage are enabled. The figure pertains to
the Plateau case, and the time is normalised to the electron collision time τe.

to an equilibrium value as the loop voltage ramps up and adjusts to a value
corresponding to the current, but it would take a longer time to establish the
proper bootstrap current. The bootstrap current is under 1% of the total current
according to the analytical predictions in these cases, so its contribution to the
difference between simulated and analytical predictions is small.

The inclusion of kinetic electrons and loop voltage complicates the determina-
tion of conductivity from the simulation data. The kinetic electrons decrease the
maximum time step compared to the adiabatic response either via the electron
transit frequency or the electron collision frequency depending on the collision-
ality regime. Ramping up the loop voltage activates also the heat source, which
starts to increase the temperatures rapidly in the absence of turbulent transport
(Fig. 3.7). The changes in temperature are reflected in the collisionality of
the plasma and the analytical conductivity predictions, and the loop voltage
adjusts to keep the current constant. Long neoclassical simulations are thus not
practical when the current implementation of the loop voltage is enabled, as the
profiles diverge rapidly from the input values.

3.2 Geodesic acoustic mode frequency and damping

3.2.1 The verification procedure

The Rosenbluth-Hinton test provides a standard check for the relaxation of
an Er oscillation or the geodesic acoustic mode characteristics in a simulation
code [66]. For the purposes of such test, a plasma with flat temperature and
density profiles, adiabatic electrons, and ad hoc tokamak parameters (R0 = 1.3
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m, a = 0.13 m) is initialised. The plasma is perturbed by moving the ions
radially a small distance according to a pre-defined radial distribution during
a single time step in the beginning of a simulation. The sudden perturbation
in charge separation results in a radial electric field and kickstarts a GAM, i.e.
an oscillation in electric potential and radial electric field that decays towards a
finite residual value. Expressing the time evolution as

Er(t)= Er,0 exp(−γG t) cos(ωG t)+Er,∞ (3.11)

allows the determination of temporal frequency ωG , damping rate γG , and resid-
ual level Er,∞ that can be compared to analytical predictions. This comparison
concentrates on ωG and γG .

Sugama and Watanabe [67, 68] present a well-established theoretical predic-
tion for the frequency and collisionless damping of the geodesic acoustic mode.
The real frequency ωSW remains close to the initial result of Winsor [69]:

ωSW =
�

7+4τ
2

vt,i

R0

[
1+ 46+32τ+8τ2

q2
s(7+4τ)2

]1/2

. (3.12)

Accounting for finite orbit width (FOW) effects and the finite wavelength of the
GAM introduces additional resonances and increases significantly the Landau-
like damping rate of GAM according to

γSW =−
�
π

2
qs

vt,i

R0

[
1+ 2(23/4+4τ+τ2)

q2(7/2+2τ)2

]−1 [
exp(−ω2

G)
(
ω4

G + (1+2τ)ω2
G

)

+1
4

(krvt,i qs

Ωi

)2
exp(−ω2

G /2)

(
ω6

G

128
+ 1+τ

16
ω4

G +
(

3
8
+ 7

16
τ+ 5

32
τ2

)
ω2

G

)]
.

(3.13)

Here ωG = R0qsωSW /vt,i, τ = Te/Ti, and kr is the radial wavenumber of the
GAM.

3.2.2 Comparison of ELMFIRE and analytical predictions

ELMFIRE predictions for the scaling of the GAM frequency as a function safety
factor are within a few percent of the Sugama-Watanabe estimate in the ref-
erence cases (Fig. 3.8). The damping rate was successfully estimated to be
γGAM ≈ 1.1 ×10−2vt,i/R0 for qs = 1.5 and krρ i = 0.056, which is within ten per-
cent of the Sugama-Watanabe estimate (γSW = 1.2×10−2vt,i/R0). The results
are consistent with the verification of GENE, GYSELA, and ORB5 codes [70].

Further verification effort is challenging as already noted by Heikkinen et
al. [38]. Firstly, Rosenbluth-Hinton tests are usually conducted with a linear
code version, but ELMFIRE can only be run non-linearly. While the issue was
alleviated by keeping the perturbation amplitude small to mitigate the non-
linear effects, the problem was not avoided completely and dispersion is seen in
the simulations. Secondly, large radial electric fields develop at the boundary
of the plasma in long simulations when flat profiles are used and neoclassical
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Figure 3.8. Scaling of GAM frequency ωGAM as a function of safety factor qs as predicted by the
Sugama-Watanabe (S-W) theory and ELMFIRE simulations.

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

r/a

E
r
(n
or
m
al
is
ed
)

ELMFIRE
Gauss.
Cos.

Figure 3.9. Initial Gaussian perturbation in its ideal form (solid black line), as fitted by the
cosine approximation (dashed black line), and as actually seen in ELMFIRE just
after moving the ions (solid red line). Here, the radial wavenumber is approximately
krρ i ≈ 0.25.

filtering is not applied. The fields are created as particles travel out of the
simulation domain and there is no significant particle and energy outflow or
recycling to compensate the losses. The global influence of these boundary effects
makes the determination of the damping rate difficult as long time series would
be preferred especially for large qs associated with weak damping. Boundary
conditions aggravate the issue if Er is perturbed close to the plasma edge in the
beginning of the simulation.

Two different initial perturbations are applied for the Rosenbluth-Hinton test
with ELMFIRE: a sinusoidal as

E(r)= Er,0cos(krr) (3.14)

30



Verification of fundamental physics predictions in ELMFIRE simulations

Figure 3.10. Time evolution of a Gaussian Er perturbation for qs = 3.5 in ELMFIRE simulations
and the corresponding theoretical prediction of the Sugama-Watanabe (S-W) for-
mulas according to Er(t)= exp(−γSWt)cos(ωSWt. The radial electric field has been
normalised to the initial value and time to ratio of ion thermal speed vt,i and R0.
The radial wavenumber of the Gaussian Er perturbation has been approximated as
krρ i ≈ 0.25.

and a Gaussian as

E(r)= Er,0exp
(
− (r− rmid)2

2σ

)
. (3.15)

The initial amplitude Er,0 is straightforwardly adjusted according to the distance
the ions are kicked, while parameters kr and σ can be used to influence the
shape. The sinusoidal form has been used to determine the safety factor scaling
of the frequency (Fig. 3.8).

The well-defined wavenumber makes the sinusoidal perturbation preferential,
as the time evolution of GAM depends on the wavenumber through finite orbit
width effects. The sinusoidal perturbation also results in a fluctuating radial
electric field at the boundary. The boundary issue is avoided by utilising a
sharp Gaussian perturbation in the middle of the simulation volume. Even
though the Gaussian form lacks a distinct wavenumber, it can be approximated
by f (x) = [1+ cos(krx)]/2 to estimate the effective wavenumber of the initial
oscillation. For example, σ = 2.0×10−5 corresponds approximately to krρ i =
0.25 (Fig. 3.9). Rigorous comparison of damping rate is not possible, but the
ELMFIRE prediction for this σ is within 15 % of the damping rate expected for
a pure sinusoidal wave with krρ i = 0.25 and qs = 3.5 (Fig. 3.10). The shape of
the perturbation and its wavenumber have negligible effect on the frequency,
which is within 2% of the Sugama-Watanabe prediction. The frequency and
damping rate are obtained by applying a non-linear least squares fitting to the
parameters of Eq. (3.11) based on the ELMFIRE simulation data, which results
in a negligible residual level Er,∞.
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4. Flows and turbulence in gyrokinetic
simulations of Ohmic plasmas

Gyrokinetic simulations of turbulence and flows in Ohmic tokamak plasmas
form the core of this thesis. The focus is on the effect of the main ion species on
the plasma transport and flows, i.e. the isotope effect. This chapter presents the
main results from these simulations as published in Publications II–VI while
adding details and discussion that are relevant for the interpretation of the
results.

The key physics outcome of the thesis is the numerical prediction and experi-
mental confirmation of the isotope effect on particle transport and confinement
at the FT-2 tokamak. The analysis indicates that the isotope effect emerges from
the properties of the turbulent spectra. At the same time, mean and fluctuating
flows have been characterised in the discharges with the aim of studying the
interplay of flows and turbulence in the plasmas. Isotopic scaling of the flow
properties is demonstrated in both experiments and simulations.

4.1 Low current discharges for isotope effect studies at FT-2

A series of discharges with hydrogen (H) and deuterium (D) plasmas, but other-
wise comparable parameters have been created at the compact FT-2 tokamak. It
is a large aspect ratio device (major radius R0 = 55 cm, minor radius a = 7.9 cm)
with a circular poloidal cross-section and a poloidal ring limiter configuration.
Both the annulus and full-torus versions of ELMFIRE have been applied to
simulate Ohmic plasmas at the FT-2 tokamak.

4.1.1 Plasma parameters

The present isotope effect studies are limited to FT-2 discharges with Ohmic
heating (Ip = 20 kA, Bt = 2.25 T, Vloop = 2.5 V). Larger currents are possible
in the FT-2 tokamak, but the chosen parameters guarantee that the safety
factor stays above unity across the entire plasma volume (qs,95 ≈ 6.0 in Fig. 4.1)
and the magnetohydrodynamic (MHD) activity is minimal. The discharges lie
between the Plateau and Pfirsch-Schlüter regimes (ν∗i > 5.0) according to the
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Figure 4.1. Top: Safety factor profile for the hydrogen case with the radial positions of integer
qs values highlighted by vertical dashed lines. Bottom: Collisionality profile for
the hydrogen case. The solid line indicates the collisionality ν∗i according to the
temperature and density from ASTRA as used to initialise the simulations, while
the dashed line represents the average over the turbulent phase of the ELMFIRE
simulation. The dotted line shows the transition between Plateau and Pfirsch-
Schlüter regimes marked by ν∗i = ε−3/2 = (r/R0)−3/2.

temperature and density profiles (Figs. 4.1, 4.2, and 4.3), but orbit widths are
wide (ρp ∼ 1 cm) compared to the system size and gradient scale lengths unlike
assumed in neoclassical theory. The strong toroidal magnetic field leads to a
characteristic system size parameter 140< a/ρs < 460 across the plasma volume.

The electron density is measured with a combination of Thomson scattering
(TS) and microwave interferometer. The former also gives the electron tempera-
ture data, while most of the uncertainty in the measurements comes from the
interferometer used in determining the radial position of the measurements. Un-
certainties in electron density and temperature should thus be correlated. The
temperature and density profiles for the isotopes are within the uncertainties
of each other. The main impurity species is assumed to be O6+ based on spec-
troscopic measurements and effective charge (Zeff = 2.3 for hydrogen, Zeff = 2.8
for deuterium) is determined according to the loop voltage, plasma current, and
analytical estimates for conductivity. The effective charge is assumed constant
across the plasma volume and the impurity temperature equal to main ion
temperature.

4.1.2 Simulation setup

The annulus version of ELMFIRE was previously benchmarked against experi-
mental measurements for comparable plasma parameters in the FT-2 tokamak
[71, 72]. Utilisation of synthetic Doppler diagnostic produced good quantitative
agreement on mean and oscillating flows. More recently, the energy and momen-
tum conserving properties of the full-torus version of ELMFIRE in addition to
the influence of SOL are studied in detail for the parameter regime presented
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Figure 4.2. Density profile of the hydrogen discharge. The dotted lines indicate the uncertainty
for the ASTRA interpretation of the measurements (the dashed line) that is used
for initialisation of ELMFIRE simulation. The solid marked line corresponds to the
average over the turbulent phase of the simulation. The main and impurity ion
profiles follow the electron profiles as required by quasineutrality.

Figure 4.3. Temperature profiles of the hydrogen discharge (black for electrons, red for ions) as
interpolated in ASTRA and used for the initialisation of the gyrokinetic simulations
(dashed lines). The dotted lines indicate the uncertainty of the interpolated profiles
based on the measurements. The solid marked lines correspond to the average over
the turbulent phase of the simulation.

here in Ref. [39].
The discharges were simulated with the annulus and full-torus versions of

ELMFIRE. Former simulations are presented in Publication IV, while latter
version is used in Publication V and Publication VI. As discussed in Chapter 2,
the main difference between the code versions concerns the grid. The annulus
version utilises a grid with constant resolution in all dimensions and a simulation
volume limited to r/a > 0.25. All flux surfaces have 150 poloidal points, which
results in a poloidal grid size of 1.1ρ i at the inner boundary and ultimately 14ρ i
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at the edge in the hydrogen case. With 120 points, the radial interval of grid
points starts from 0.7ρ i at r/a = 0.25 and increases to 2.0ρ i at r/a = 1.0. The
resolution relative to gyroradius is larger for the deuterium case due to same grid
specification and the mass dependency of gyroradius. In terms of wavenumbers,
the poloidal resolution drops below kθρ i = 1.0, already at r/a = 0.55.

The full-torus simulations use the same grid resolution relative to the ion
gyroradius for both hydrogen and deuterium. The variable grid allows the
resolution of turbulence for kθρ i < 3.0 inside r/a = 0.63, after which the number
of grid cells in the poloidal direction per radial location stays constant and the
resolution declines to kθρ i ≈ 1.0 at r/a = 1.0. A total of 4.9×105 (2.4×105) grid
points and 3.6×106 (1.9×106) particle markers are used to obtain grid size equal
to ion Larmor radius ρ i in radial and poloidal direction up to r/a = 0.63 and an
average of 7400 (7800) markers per grid cell in the hydrogen (deuterium) case.
The particle count is sufficient to keep the noise below 1%, while fluctuation
levels at FT-2 are typically large (δne/n > 1%). Noise accumulation does not
occur in full- f particle-in-cells simulations [56]. The computations last 180 μs
(≈ 0.2τE) with a time step of Δt = 30 ns.

4.2 Linear turbulence characterisation

Publication V presents a linear characterisation of turbulence in the FT-2 dis-
charges based on ELMFIRE and GENE simulations. Here, the focus is on
qualitatively identifying the dominating instability and its sensitivity to key
physics parameters and their variation. The analysis considers especially the
characteristics of the different instability flavors. These are not properly taken
into account in the publications included in this thesis but should be considered
when discussing the isotope effect. The linear analysis uses the GENE code due
to its flexibility and reduced need for computational resources. The analysis
adopts the parameters from the hydrogen case.

4.2.1 Gradient drive parameters for linear analysis

The dominant linear instability and its growth rate and frequency are largely
determined by the density, temperature, and normalised gradient parameters

ωX = R0

LX
= R0

|∇X |
X

(4.1)

as used for input in GENE. Here X is either the temperature or the density
of the particle species. As a rule of thumb, the larger ωX is, the stronger the
turbulent drive from the specific profile parameter X is, but this simple picture
is complicated by the competition and interplay of different drive parameters.
The ratio ηs = ωTs/ωn is used for each species s to quantify this competition.
For these FT-2 discharges, both ηe and ηi are close to unity or below in the
whole plasma volume (Fig. 4.4). The density gradient drive is thus expected
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Figure 4.4. Gradient drive parameters ωn, ωTe, and ωTi for the hydrogen case. Here ωX =
R0
LX

= R0
|∇X |

X . In these discharges, ηe = ωTe/ωn and ηi = ωTi /ωn are close to unity
or below it for all radii.

Figure 4.5. Linear frequencies ω and growth rates γ for a range of wavenumbers kθ in simula-
tions with adiabatic electrons (a.e.), kinetic electrons (k.e.), and kinetic electrons and
electromagnetic effects (k.e. + β). The wavenumbers are normalised to ion gyroradius
ρ i , whereas frequency and growth rate are normalised to the ratio of major radius
R0 and ion thermal speed vt,i .

to dominate the temperature gradient drive for both electrons and ions in this
regime.

4.2.2 Identifying trapped electron mode as the dominant instability

Kinetic electrons are essential for simulating turbulence in these FT-2 dis-
charges, as the adiabatic response fails to capture the dominant instability. The
adiabatic electron response results in pure ion temperature gradient (ITG) mode
spectra with small growth rates caused by the stabilising effect of ωn in the
linear analysis (Fig. 4.5). Kinetic electrons should increase the ITG growth
rates, but in this case their inclusion switches the dominant instability from ITG
to trapped electron mode (TEM) due to finite ωn and ωTe. Electromagnetic ef-
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Figure 4.6. Linear frequencies ω and growth rates γ for a range of wavenumbers kθ in simula-
tions with kinetic electrons (k.e.) with collisions (k.e.+coll.), impurities (k.e.+imp.),
or both impurities and collisions (all) added. The wavenumbers are normalised to
ion gyroradius ρ i , whereas frequency and growth rate are normalised to the ratio of
major radius R0 and ion thermal speed vt,i .

fects are negligible based on the linear GENE simulations, and the electrostatic
assumption of ELMFIRE should be valid for the discharges. This is expected as
the plasma pressure is low relative to the magnetic pressure (β≈ 6.0×10−5 at
r/a = 0.63).

Precise classification of the dominant instability is the density gradient driven
TEM, sometimes denoted as εn-TEM, given the turbulent drive parameters and
growth rate spectra characteristics (Figs. 4.4, 4.5, and 4.6). The growth rates
peak in the ITG range (kθρ i < 1) as is typical for the mode. The mode propagates
in the electron diamagnetic direction for the peak growth rate (negative real
frequencies ω in the formalism used here), but it changes sign to positive when
εn-TEM connects to the ubiquitous mode [73]. The range of this non-resonant
mode is extended due to strong ωTe and finite ηi according to gyrokinetic studies
by Ernst et al. [74, 75]. While global linear simulations with GENE was not
conducted for FT-2 discharges, local simulations for different radial locations
produce the same characteristics as expected based on the main inputs (Fig.
4.4). This and the agreement between linear analysis of GENE and ELMFIRE
predictions shown in Publication V support the conclusion that the plasmas are
globally εn-TEM dominated.

4.2.3 Differences between the TEM flavors

Turbulence responds differently to collisions, impurities, and nonlinear zonal
flows depending on the main drive and instability mechanism. The density-
gradient-driven εn-TEM has been shown to respond strongly to zonal flows,
while temperature-gradient-driven ηe-TEM is sensitive to collisions [74, 76].
The latter mode requires electron drift resonance for de-stabilisation, but this
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Figure 4.7. Linear frequencies ω and growth rates γ for the kθρ i = 0.3 mode as a function of
collisionality ν∗,i . The black line represents nominal parameters, while the red
and blue dashed lines correspond to εn-TEM and ηe-TEM favorable parameters,
respectively. The frequencies and growth rates are normalised to collisionless values.
The collisionality is ν∗i = 5.2 based on temperature and density, but here ν∗i is
varied while keeping T and n fixed.

mechanism is disturbed by electron-ion collisions that de-trap electrons. In
contrast, εn-TEM is sensitive to the ion dynamics in addition to the electrons,
which makes it less susceptible to collisional damping.

The importance of the ion dynamics is seen as strong effect of impurities
in the linear FT-2 simulations, as the introduction of O6+ ions into the linear
calculations dilutes the main ion population and decreases the frequencies
across the wavenumber range (Fig. 4.6). The effect is strong in the ubiquitous
range kyρ i > 1, where also the growth rates decrease by over 50%. Inclusion
of impurities broadens the growth rate spectra by increasing the values of γ at
large wavenumbers, but collisions compensate for this increase by damping the
growth.

The differences between the TEM flavors are not fully appreciated in the
discussion of Publication V. The discussion relates the linear analysis is related
to the gyrokinetic study of Pusztai et al. [24], where the electron-ion collision
frequency is found to be a key parameter. Nakata et al. [32] reach similar conclu-
sions for helical and tokamak plasmas. In both cases, the dominant instability
is specifically temperature-gradient-driven TEM, so the same argument does
not apply for the εn-TEM unstable FT-2 discharges presented in Publication V
and discussed here.

The collisional response of the linear mode is closer to εn-TEM than ηe-TEM
here (Fig. 4.7). To illustrate this, specifically ηe-TEM (εn-TEM) favorable pa-
rameters are created by setting ωTi = 0, ωn = 4.0, and ωTe = 16.0 (ωTi = 2.0,
ωn = 16.0, and ωTe = 6.0) and the response to collisions is compared (Fig. 4.7).
The effects of impurities and finite β are excluded and parameters stay constant
otherwise. Increasing the collision frequency from zero to ν∗i = 9.2 while keep-
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Figure 4.8. Linear frequencies ω and growth rates γ for the kθρ i = 0.3 mode as a function of
ion temperature gradient parameter ωTi . The temperature Ti is fixed and only the
gradient is varied. The nominal value for the ion temperature gradient parameter is
ωTi = 15.7. The figure includes frequencies and growth rates with impurities and
collisions (k.e.+coll.+imp.) and without them (k.e.).

ing the plasma density and temperature constant reduces the growth rate for
kyρ i = 0.3 by 10% in the ε-TEM and by 35% in the ηe-TEM case, whereas the
frequency decreases by 35% in the latter and remains within 4% in the former
case. The growth rate decreases by 16% and frequency varies within 6% percent
for the nominal parameters. The response is stronger than for pure εn-TEM due
to finite ηi and increased ηe.

4.2.4 Estimating the effect of Ti uncertainty on the dominant mode

Even though there is significant uncertainty on especially ion temperature pro-
file values, it is unlikely that variation within the ion temperature uncertainty
would lead to a change in the dominant instability. While small adjustments of
absolute temperature are expected to have negligible effects on the turbulence,
the gradients can change within the profile uncertainties and have a substantial
impact on the turbulence. The correlation of the electron density and tempera-
ture measurements keeps ηe roughly constant. The main interest is thus on the
impact of the ion temperature gradient, or ωTi, quantitatively on the growth of
turbulence and qualitatively on the dominant instability.

A 100% increase in ωTi is not enough to shift the instability from TEM to ITG
based on a linear scan for kyρ i = 0.3 (Fig. 4.8). The frequency scales roughly
linearly with ωTi and changes sign around ωTi = 32 due the significance of
the ion response in εn-TEM. The growth rate decreases by 14% when ωTi is
increased from zero to ωTi = 32. Including collisions and impurities does not
have a significant impact as the qualitative scaling remains the same. These
features are consistent with the classification of dominating instability as εn-
TEM.
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Figure 4.9. Full torus and annulus ELMFIRE simulations agree qualitatively with local GENE
modeling on the isotope effect in particle flux. Full torus simulations predict larger
particle fluxes than the annulus version due to relaxed boundary condition, improved
resolution, and increased simulation volume. There are no quantitative experimental
estimates of the particle flux in the discharges.

4.3 Mean transport in nonlinear simulations

Gyrokinetic simulations predict an isotope effect on particle transport for the
FT-2 discharges, in agreement with the qualitative evidence measured in ex-
periments, as presented in Publication V. The isotope effect is explained by
differences in the non-linear turbulent spectra between the isotopes. Publication
V also presents a quantitative comparison of energy fluxes finding reasonable
agreement for the absolute values, although the simulations consistently predict
more pronounced isotope effect on energy fluxes than the ASTRA analysis of
experiments.

4.3.1 Isotope effect on particle transport

ELMFIRE and GENE predict larger particle flux for the hydrogen case than for
the deuterium discharge and thus indicate an isotope effect in particle transport
for the nominal parameters (Fig. 4.9). The result holds for the whole radial
range in the global ELMFIRE simulations and for the two radial locations with
local GENE computations. The gyrokinetic results are within 15% relative to
each other. Similar isotopic scaling is observed in the TEXTOR parameter scan
presented in Publication II when moving from deuterium to tritium, but there
deuterium and hydrogen have comparable particle fluxes.

The gyrokinetic predictions agree qualitatively with the experimental mea-
surements. There is no quantitative estimate of the particle flux in experiments.
Instead, the particle confinement is estimated by measuring the hydrogen and
deuterium Balmer-β line emission (Hβ and Dβ, respectively) to assess the parti-
cle source, as explained in Publication V and Ref. [77]. The same principle has
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been applied for identifying the isotope effect, or the lack thereof, in the ISTTOK
tokamak and TJ-II stellarator [28, 78]. In the case of FT-2, the isotope effect
on particle transport was first predicted by the annulus ELMFIRE simulations
included in Publication IV and then verified experimentally. Full-torus simula-
tions predict larger particle fluxes and more pronounced isotope effect than the
annulus version due to increased and consistent resolution in poloidal direction
for the different isotopes and the removal of inner boundary.

Differences in the poloidal spectra of the turbulent density fluctuations are the
main reason for the isotope effect in particle flux in the gyrokinetic simulations
as demonstrated in Publication V and discussed further in Section 4.4. Although
the density fluctuation levels are comparable or even greater in the deuterium
case, the spectra of the fluctuations moves towards smaller scales for lighter
isotope. This results in more intense radial E ×B drift fluctuations for hydrogen
and ultimately larger turbulent flux of particles. The effect is similar to that
presented by Migliuolo [79] for the ubiquitous mode. The deuterium case also
has a larger m = 1 contribution to density fluctuations due to geodesic acoustic
mode oscillations and background density asymmetry.

4.3.2 The role of particle source in flux-driven simulations

The isotope effect in the particle fluxes is not caused by pre-set source of particles
in ELMFIRE. As explained in Chapter 2, the number of particles is conserved in
the simulation. Only the distribution of the recycling is predefined beforehand,
not the total magnitude of the source. The balance between the recycling profile
and particle flux fluctuates from simulation to simulation depending on the
parameters, as demonstrated by Korpilo [39]. Here, the input particle source
distribution is based on experimental measurements of the neutral density at
the FT-2 tokamak [80]. Assuming that neutrals are ionised by electron impact,
electron and neutral densities ne and nn can be used to calculate the ionisation
particle source [81]

Sp = nennσvi(Te,ne)V . (4.2)

The ionisation rate coefficient σvi(Te,ne) is a constant here, so the form of the
distribution is defined by the electron and neutral density profiles. The local
gradient-driven GENE simulations assume a fixed background density profile
and thus avoid the issue of source-sink imbalance.

In these low-current discharges, ELMFIRE overpredicts the particle flux in
the plasma core and underpredicts at the edge (r/a > 0.7) relative to the input
recycling distribution. This results in an imbalance between the outflux and
influx of particles (Fig. 4.10), which causes the density to increase at the edge
over time (Fig. 4.2). The accumulation occurs slowly relative to the changes in
the temperature profiles and remains within the experimental uncertainties,
since the particle confinement time is two to three times larger than the energy
confinement time. The particle imbalance influences also the power balance of
the plasma, as the re-cycling of particles as cold electron-ion pairs introduces a
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Figure 4.10. Electron particle outflux compared to the influx of recycled particles in the deu-
terium case. The latter is calculated based on the particle source according to
∇·Γe = Se.

heat sink into the plasma that is now underestimated.
Applying the scrape-off layer (SOL) boundary model increases the outflux of

particles at the edge and thus improves the particle balance significantly, but
it does not remove the issue completely as shown by Korpilo [39]. The SOL
model introduces new numerical instabilities that limit the total duration of a
simulation and increases the computational requirements by requiring more
toroidal resolution and thus shorter time steps. Because these negative side
effects were found prohibitive for aims of these studies, the SOL was not included
in the simulations. Future simulations should benefit from a revised SOL model
based on the logical boundary condition [82].

4.3.3 Quantitative comparison of energy fluxes

Total energy fluxes in nonlinear ELMFIRE and GENE simulations agree within
10% for the discharges (Fig. 4.11). Both codes predict significantly smaller
values for the deuterium parameters (QH /QD = 1.3 at r/a = 0.5). Meanwhile,
ASTRA analysis of experiments yields equal total energy fluxes across the radial
range. Given that the heating power is comparable for both discharges, there is
no measurable difference on the energy confinement time, which is consistent
with the ASTRA analysis of fluxes.

The overprediction of energy fluxes leads to significant relaxation of the Te

and Ti profiles over the course of ELMFIRE simulations (Fig. 4.3). The quanti-
tative difference between the ASTRA and simulation predictions is the largest
for the ion channel, as the gyrokinetic codes generally yield ion energy fluxes
that are larger than the ASTRA prediction by at least a factor of two. The
relaxation caused by the overprediction of ion energy flux in ELMFIRE simula-
tions nevertheless remains within the large unvertainty estimated for the ion
temperature.

There is an apparent isotope effect on the ion energy transport in the gyroki-
netic predictions and the ASTRA analysis (Fig. 4.12). In the latter case it is
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Figure 4.11. Predictions of total energy flux Q in full-torus (solid line with markers) and annu-
lus (solid line) ELMFIRE simulations compared to GENE (markers) and ASTRA
(dashed lines) for hydrogen (red) and deuterium (black) parameters

0 0.2 0.4 0.6 0.8 1
0

3

6

9

12

r/a

Q
i
(k

W
/m

2 )

HD Full torus
AnnulusASTRA

GENE

Figure 4.12. Predictions of ion energy flux Qi in full-torus (solid line with markers) and annu-
lus (solid line) ELMFIRE simulations compared to GENE (markers) and ASTRA
(dashed lines) for hydrogen (red) and deuterium (black) parameters.

caused by the power balance of the plasma as explained in Section 2.4. The
ASTRA analysis of transport fluxes is based on temporal evolution of tempera-
ture and density profiles in combination with the balance of sources and sinks.
According to Eq.(2.24), the collisional energy transfer is the only source for ions,
and its inverse dependency on ion mass leads to the apparent isotope effect
on the ion energy flux (Qi,H /Qi,D ≈ 2.0) through the power balance in ASTRA
analysis. The collision model in ELMFIRE matches the prediction of Eq. (2.24)
for the collisional transfer (Fig. 4.13). Nevertheless the code predicts larger
energy fluxes than ASTRA, which is the cause of the Ti relaxation (Fig. 4.3).

The mass dependence of collisional energy transfer in combination with stiff
ion temperature profiles was used to explain the isotope effect global energy
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Figure 4.13. Volume-integrated collisional energy transfer rate Pei between electrons and ions
matches the analytical estimate (black) in ELMFIRE simulations (red).

confinement of L-mode discharges at ASDEX Upgrade [31] and Ohmic plasmas
at JET with the ITER-like wall [83]. This requires the heat diffusivity to be
smaller for electrons than for ions, which could be caused by ITG dominated
turbulence. For these FT-2 discharges the dominant instability is TEM driven
by the density gradient and the majority of energy transport is carried by the
electron channel, and so no isotope effect in global energy confinement time is
expected nor observed in the experiments.

4.4 Impact of non-adiabatic electron response on turbulence

The analysis of isotope effect on particle transport in Publication IV and Pub-
lication V concludes that differences in the fluctuation power and cross-phase
spectra are the causes for the isotope effect. More detailed analysis demonstrates
that the cross-phase spectra are strongly modified by the non-adiabatic response
of passing electrons around rational surfaces. The location of these surfaces
depends on the safety factor profile, which is assumed to be marginally different
(within 5%) for the discharges based on the ASTRA analysis. Considering the
sensitivity of the cross-phase to the safety factor values plays down the role of
the cross-phase in the isotope effect.

4.4.1 Mode decomposition of turbulent particle flux

Expressing the turbulent particle flux as a function of fluctuation amplitudes
δnk and δvk and their cross-phase αk as

Γ= 〈δnδvr〉 =
∑
k
|δnk||δvk|cosαk (4.3)

allows decomposing the flux into different wavenumber k components. Here, the
brackets indicate averaging over a flux surface. The cross-phase is

αk = arg
[
δv∗kδnk

]
, (4.4)
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where ∗ denotes the complex conjugate. From this decomposition it is clear
that the reduction in particle flux must follow from the decrease of fluctuation
amplitudes, changes in the cross-phase, or both. The analysis of these quan-
tities is possible based on ELMFIRE simulation data, as the code outputs the
density, temperature, and the radial E×B drift speed on the three-dimensional
simulation grid as a function of toroidal, radial, and poloidal position. Fourier
transforms in the poloidal direction produce wavenumber spectra of fluctuation
amplitudes and cross-phases for each radial location.

4.4.2 Breakdown of the adiabatic electron model

Plasma turbulence theory and simulations often utilise the adiabatic response
for electrons to effectively simulate them as a fluid that reacts quickly to the
ions. The adiabatic electron response has a zero cross-phase between density
and potential fluctuations or α = π/2 between density and radial E ×B drift
fluctuations. The model assumes small fluctuations (eφ/Te 
 1) and slow parallel
phase velocity of turbulence (k2

∥v2
t,e/νe 	 ω,ω∗, where ω∗ is the diamagnetic

frequency) [11] to save computational resources.
The adiabatic model ignores kinetic effects that are mandatory for e.g. TEM

turbulence as shown in Section 4.2. Recent work by Dominski [84] demonstrates
that the approximation also excludes physics in pure ITG simulations, as the
adiabatic assumption breaks down around rational surfaces for which the safety
factor has values qs =−m/n, where m and n are small integers. The parallel
wavenumber vanishes as k∥ ≈ (nqs +m)/(Rqs)= 0 and the condition k2

∥v2
t,e/νe 	

ω,ω∗ is violated at these surfaces and in a finite radial region around them.

4.4.3 Signs of non-adiabatic passing electron response in ELMFIRE
simulations

ELMFIRE simulations show clear signatures of the non-adiabatic response
from passing electrons around the rational surfaces. The electron temperature
fluctuations peak and spread poloidally around the plasma cross-section at the
flux surfaces with an integer value of safety factor qs (Fig. 4.14). The amplified
fluctuations increase the electron diffusivity locally, leading to corrugations in
the Te and ne profiles (Figs. 4.2 and 4.3). The features do not stand out in the
profiles of the absolute quantities but become clearer in gradients and gradient
scale lengths. The profiles have a gentle slope at the position of a rational surface
and steep next to it on both sides in radial direction, as shown in Publication VI.
The ion temperature profile is largely unaffected, but corrugations emerge in
the mean flow shear. The impact of the rationals is largest for lower orders (e.g.
qs = 1.5, 1.75, or 2.0).

The rational mode signature also appears in the poloidal power and cross-phase
spectra of the fluctuations. Around the rational surface qs = 3.0, for example,
poloidal modes with m = 3n have larger amplitudes than the surrounding non-
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Figure 4.14. Temporal average of turbulent electron temperature fluctuations (δTe)2 across the
poloidal cross-section demonstrates the ballooning structure of the turbulence and
the more intense fluctuations at the rational surfaces. The figure is for the hydrogen
case.

Figure 4.15. Top: Poloidal spectra of density ne, electron temperature Te, and ion temperature
Ti fluctuations as a function of mode number m for flux surface with qs = 3.0 in
the hydrogen case. Bottom: Cross-phase αm = arg

[
δv∗mδnm

]
probability density

distributions for mode numbers m = 8, 9, and 10 elucidate the difference between
non-adiabatic resonant and almost adiabatic non-resonant modes.

resonant modes (Fig. 4.15). The difference between the resonant and non-
resonant modes is the largest in the electron temperature fluctuations, which
explains why the rational surfaces are so clearly visible in δTe fluctuations
compared to δne or δTi. The cross-phase between density and radial E ×B
fluctuations is close to adiabatic for the non-resonant modes, as the distribution
is Gaussian-like with a mean value approaching π

2 . The density and potential
fluctuations are thus in phase. For the resonant modes, the distribution broadens
and its peak moves towards zero as a signature of the non-adiabatic electron
response.
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4.4.4 Comparison of cross-phases between the isotopes

The influence of rational modes on the cross-phase distribution is not considered
in Publication V, where the comparison between hydrogen and deuterium cases
is presented. The comparison was guided by the earlier annulus simulations
of Publication IV. The cross-phases are compared for the same radial location
r/a = 0.63 for both isotopes, but the safety factor profiles are slightly different,
resulting in different cross-phase distributions as they were averaged over a
range of wavenumbers or mode numbers. The safety factor is qs = 3.44 in the
deuterium and qs = 3.34 in the hydrogen case at r/a = 0.63. In the hydrogen case,
the radial position r/a = 0.63 is thus extremely close to the resonant surface for
qs = 31

3 . Variation of the Larmor radius presents another complication, since the
rational modes depend only on the mode number and the poloidal spectra are
usually presented as a function of kθρ i. Because the Larmor radius ρ i is larger
in the deuterium case, the density of the rational modes is smaller in the kθρ i

space. The average cross-phase over the range kθρ i = 0.1−0.3 as calculated in
Publication V is thus closer to π

2 in the deuterium case even if the safety factor
has the same value.

The comparison of average cross-phases calculated according to Eq. (4.4) for
qs = 3 surface shows negligible differences for low mode numbers (Fig. 4.16),
while the amplitude term of Eq. (4.3) is clearly larger for hydrogen. While
differences in the cross-phase distributions remain for large mode numbers, most
of the transport is coming from the large scales according to the flux spectra.
Taking these factors into account, the δvE,r fluctuation level is ultimately a more
robust explanation for the difference in the turbulent particle flux.

4.5 Neoclassical and turbulent effects on mean flows

Building on the collisionality scan for the radial electric field in Section 3.1.3,
ELMFIRE predictions for the mean flow in the FT-2 discharges are compared to
analytical estimates and experimental measurements. The parameter regime of
the FT-2 plasmas differs from the verification effort due to larger orbit widths,
which improves the quantitative agreement between the ELMFIRE and Hinton-
Hazeltine theoretical predictions while increasing the difference relative to the
Hirshman-Sigmar predictions.

Turbulence changes the flow profile significantly in ELMFIRE simulations.
Comparison to experiments indicates that the poloidal mean flow can be ex-
plained by the E ×B flow in the FT-2 discharges, when uncertainties and profile
relaxation are accounted for. Assuming that Vθ = −Er/Bt, the analytical or
simulated values are not within the uncertainties of the flow measurements.
On the other hand, the calculated values are based on plasma profiles that
have significant uncertainties especially on the ion temperature. Modifying the
profiles can improve the match drastically.
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Figure 4.16. Top: Average Cm = |δvm||δnm| for hydrogen and deuterium discharges at the
surface with the safety factor qs = 3.0. Middle: Average cross-phases αm =
arg

[
δv∗mδnm

]
for the same modes. Bottom: Cross-phase distributions of modes

m = 8 and m = 9 for hydrogen and deuterium discharges at the same surface with
qs = 3.0.

4.5.1 Flows in neoclassical simulations

In the neoclassical setting, ELMFIRE predictions agree quantitatively better
with the analytical estimate of Hinton-Hazeltine than with the Hirshman-
Sigmar model in the core (r/a < 0.7) (Fig. 4.17). The relationship between the
analytical models and ELMFIRE results is reversed compared to the collisional-
ity scan discussed in Section 3.1.3, which can be seen as evidence of finite orbit
width (FOW) effects in the FT-2 plasmas. Based on simulations with different
features enabled, the impact of impurities and kinetic electrons is small, less
than 20% as shown in Publication VI.

As observed in the collisionality scan, Er converges to equilibrium values
within approximately a collision time (τi ≈ 100 μs at r/a = 0.5 in Fig. 4.18)
in most of the plasma volume. Orbit loss effects and the associated changes
in gradients continue to change the radial electric field close to the boundary
(r/a > 0.7), complicating the comparison to the analytical estimates there. The
ion orbits are much larger the electron orbits, so ions are lost from a wider radial
range in the edge plasma. At the same time, the particle flux is small due to
absence of turbulence, so it does not wipe out the orbit loss effect. This results in
a deep E×B well and a drop of density and temperature at the edge, as hotter
particles have larger thermal velocity and wider orbits. The pressure profile
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Figure 4.17. Poloidal flow as predicted by the analytical formulas of Hirshman-Sigmar (H-S)
and Hinton-Hazeltine (H-H) compared to neoclassical and turbulent ELMFIRE
simulations and experimental measurements in the hydrogen case.

modifications translate into a thinner Er well in the analytical predictions as
seen in the collisionality scan of Chapter 3.

4.5.2 Flows in turbulent simulations

Inclusion of turbulence, sources, and sinks has a significant impact on the
flow profile in ELMFIRE simulations. The imbalance of sources and sinks
discussed in Section 4.3 causes the profiles to relax and slowly diverge from
the input. Turbulent transport removes most of the orbit loss effect and the
associated structures in temperature, density, and radial electric field profiles at
the edge. These changes are also reflected in the analytical estimates through
the modifications in the pressure profile, while the turbulence-driven zonal flows
are not. The main zonal flow component comes from the fluctuating geodesic
acoustic mode (GAM), which is discussed in more detail in Section 4.6.

The flow profile is shaped by the non-adiabatic response of passing electrons
discussed in Section 4.4. The response induces a flow shear pattern, in which
the shear is close to zero at the rational surface and minimum and maximum
next to it where the profiles are steepened. The shear pattern stays fixed at
these magnetic surfaces unlike the meandering E ×B staircase observed by
Dif-Pradalier et al. [85] in experiments and simulations. The impact of rational
surfaces has been observed in gyrokinetic simulations earlier [86, 87], but
experimental evidence is still lacking.

Based on the computational studies, it is possible that the small scale struc-
tures in the flow shear play an important role in the saturation of turbulence
and transport. Resolving the fine radial flow structure would require a radial
box size of Δr ≈ 0.3ρ i according to Dominski et al. [87]. Even though an ex-
tensive radial resolution scan was not feasible within the scope of this project,
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Figure 4.18. Time evolution of radial electric field in neoclassical and turbulent ELMFIRE simu-
lation of the hydrogen case at r/a = 0.5, where τi ≈ 100 μs. Turbulent fluctuations
have already emerged at around t ≈ 0.16τi .

increasing the grid resolution of the deuterium simulation in absolute terms to
the parameters of the hydrogen case did not produce any significant changes in
transport and the isotope effect on particle flux remained.

Turbulence and neoclassical physics co-evolve towards saturation and equi-
librium in the turbulent ELMFIRE simulations. The radial electric field profile
is flat and only density fluctuations associated with noise are present in the
beginning of the simulation. The linear growth tends to be faster than the
convergence of background Er towards equilibrium and as a result, e.g. GAM is
triggered by the emerging turbulence before the radial electric field has reached
the neoclassical values (Fig. 4.18).

4.5.3 Experimental poloidal flow measurements

The experimental measurements included in Publication VI and Fig. 4.17 corre-
spond to the total poloidal plasma flow, consisting of E×B flow and fluctuation
phase velocity contributions, but latter is estimated to be small. The measure-
ments utilise the correlative enhanced scattering (ES) technique [88–90]. The
flow velocity data points thus correspond to different poloidal wavenumbers kθ,
and the phase velocity of the fluctuations for the specific wavenumbers can be es-
timated with linear gyrokinetic simulations. At r/a = 0.63 in the hydrogen case,
the used wavenumber is kθρ i ≈ 0.4, which gives a phase velocity vp =ω/kθ = 170
m/s in the electron diamagnetic direction in the linear simulations of Section
4.2. Impurities are accounted for in the calculations, as they have a signifi-
cant impact on the frequency of the linear modes. The measured flow velocity
is Vθ = 1.2 km/s and the estimated uncertainty ΔVθ = 0.4 km/s, so the phase
velocity contribution is smaller than the uncertainty of the measurements.

51



Flows and turbulence in gyrokinetic simulations of Ohmic plasmas

4.6 Dynamics of flows and transport in nonlinear simulations

The spatio-temporal evolution of flows and transport has the distinct signatures
of the geodesic acoustic mode in the FT-2 discharges. Comparison of analytical
and simulation predictions to experiments produces qualitative agreement on
the isotopic scaling of GAM frequency, wavelength, and amplitude as presented
in Publication IV and Publication VI. Publication III and Publication VI demon-
strate the interplay between GAM and turbulence that is in line with other
evidence indicating that the GAM acts to suppress and modulate turbulent
transport [91–93].

4.6.1 Relationship between GAM and turbulence

The geodesic acoustic mode exists on top of the mean flow background in fu-
sion plasmas as oscillations with finite frequency and radial wavenumber. To
estimate the effect of the flow shear on turbulence, the standard procedure
is to compare the flow shear rate to the linear growth rate of the turbulence.
The instantaneous shearing rate of GAM fluctuates in time and even vanishes
momentarily, so the standard procedure does not apply anymore in the presence
of GAM activity. This is the case in the FT-2 discharges according to simulations
and measurements as shown in Publication VI and Fig. 4.19. Hahm et al. [94]
present a model for estimating the effect of a temporally varying flow by dividing
the flow shear ωs into mean ω̄s and fluctuating ω̃s components and discounting
the effect of the latter. The result is the effective flow shear

ωeff = |ω̃sH+ ω̄s| (4.5)

where the discount factor

H =
[
(1+3F)2 +4F3]1/4[
(1+F)

�
1+4F

] (4.6)

depends on the linear growth rate γ and GAM frequency FGAM through F =
(2πFGAM/γ)2. The oscillating flow shear can be estimated with the wavelength
and amplitude flow oscillations as ω̃s ∼ AGAM/λGAM. The effect of GAM on tur-
bulence is thus influenced by its frequency, amplitude, and wavelength and the
linear growth rate of the turbulence. These quantities depend on the background
plasma profiles and parameters such as the main ion mass and impurity content.
Due to its radial propagation, the mode can also influence transport globally by
e.g. migrating into the scrape-off layer [95, 96].

The framework presented by Hahm et al. is applied in Publication III and
Publication VI to conclude that the GAM acts to suppress transport in FT-
2 plasmas. This is seen as fluctuations in the turbulent particle flux at the
GAM frequency. The magnitude of the correlation between transport and flow
oscillations depends on the amplitude of the mode. Both propagate radially in
the plasma (Fig. 4.19). These observations are supported by recent experiments
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Figure 4.19. Avalanche-like bursts of radial electric field (top) and particle flux (bottom) emerge
as turbulence grows and propagate in the radial direction in the deuterium case
ELMFIRE simulation.

at ISTTOK [91] and TCV [93]. Gyrokinetic simulations of the TCV discharges
with GENE indicate a connection between the avalanche-like transport events
due to complex non-linear interplay of different toroidal modes [92].

4.6.2 GAM features in simulations and experiments

Simulations and experiments agree with the fundamental theoretical predic-
tion of smaller GAM frequency for the heavier isotope. The TEXTOR study
of Publication II shows that the frequency of turbulence-driven GAM scales

as fGAM ∝
√

(Te + 7
4 Ti)/mi for pure plasmas as predicted by Winsor [69] and

indicated by the verification presented in Section 3.2. The FT-2 simulations and
experiments in Publication IV and Publication VI demonstrate the importance
of impurities in determining the GAM frequency as predicted by Guo [97]. The
radial profile of the frequency varies according to local parameters, which is
consistent with the continuum-type GAM [98, 99]. ELMFIRE predicts a gentler
slope than would be expected based on experimental measurements or analytical
estimates given by the initial profiles (Fig. 4.20).

An exact match of the frequencies is not feasible due to the significant uncer-
tainty on ion temperature and impurity distribution and relaxation of profiles
in simulations. The experimental results overlap with the uncertainty of the
analytical prediction if the uncertainty on the ion temperature is considered
(Fig. 4.20). The uncertainty is approximately Δ f ≈ 6 kHz in both directions in
the hydrogen case, so the relative uncertainty increases towards the edge as the
absolute frequency decreases. Taking into account this and the poor frequency
resolution due to the limited number of time steps, the ELMFIRE predictions
lie uncertainty of the experimental measurements.

The dominant GAM oscillations propagate radially inwards in simulations
and experiments of the FT-2 plasmas (Fig 4.19). The radial wavelength of the
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Figure 4.20. GAM frequency according the impurity including formula of Guo, ELMFIRE, and
experimental measurements in the hydrogen case. For the analytical formula,
profiles are taken from the initial (the gray marked line) and turbulent stage (the
black solid line). The calculations assume λGAM = 3.0 cm and uniformly distributed
O6+ impurities. The gray dashed lines indicate the uncertainty of the analytical
frequency prediction based on the uncertainty of the ion temperature.

spatial structure increases with isotope mass as suggested by Itoh et al. [100].
Publication II presents similar scaling for the TEXTOR parameter scan with
the conclusion that the radial phase velocity of the mode is proportional to the
thermal speed of the ions. A recent gyrokinetic study by Li et al. [101] found
similar behavior in simulations with the GTC code. According to published
scientific literature, the mode may propagate both inwards and outwards, as is
seen in the TEXTOR simulations of Publication II.

4.6.3 GAM amplitude as a product of damping and drive

The amplitude of the GAM is found larger for the deuterium parameters in
both simulations and experiments (Fig. 4.21). Unlike for frequency or radial
wavelength, no well-established analytical predictions exist for the amplitude, as
it depends complexly on the non-linear turbulent drive and damping rate of the
mode. The non-linear drive of the GAM can be connected to the Reynolds force
FR and Reynolds power PR that act to accelerate the flow, and the amplitude
of the mode increases with the turbulent drive. The latter effect is seen in the
TEXTOR parameter scan of Publication II as the GAM amplitude increases with
decreasing Ln, i.e. stronger drive for the trapped electron mode. Estimating
the damping and the drive of the mode can provide basis for understanding and
predicting the amplitude in experiments.

Arguments based on both turbulent drive and collisional damping support
the observation of larger GAM amplitudes for deuterium compared to hydrogen.
The Reynolds force provides a stronger source for the deuterium parameters in
the GAM dominated zone (Fig. 4.21), although the turbulent drive and growth

54



Flows and turbulence in gyrokinetic simulations of Ohmic plasmas

Figure 4.21. Top: GAM amplitude distribution as predicted by ELMFIRE (lines) and measured
in experiments (markers). Middle: The radial distribution for the GAM frequency
component of the Reynolds force. Bottom: The simple collisional damping estimates
as a function of radius. The solid lines correspond to initial profiles and the dashed
lines to averages over the turbulent phase of the simulations.

Figure 4.22. Theoretical damping rates for the geodesic acoustic mode according to formulas by
Sugama et al., Guo et al., Gao et al, and Novakovskii et al. (black for collisionless,
red for collisional) in the FT-2 hydrogen case. The calculations are based on the
initial profiles.

rates are comparable. The strongest drive term coincides well with the largest
GAM amplitude especially in the deuterium case, while analytical estimates
predict larger damping rates for the hydrogen isotope across the radial range.

As discussed in Chapter 3, the damping is induced by collisionless and colli-
sional mechanisms. Separating these from the non-linear simulation data is not
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feasible, but the analytical estimates can be used to interpret simulations and
experiments. In Publication VI we argued, that due to high collisionality of the
FT-2 plasmas (νi∗ ≥ 4.9), the former dominates. The collisionless estimates of
Sugama et al. [67] and Guo et al. [97] predict lower damping rates by several
factors in most of the plasma volume compared to the collisional rates predicted
by the simple estimate by Novakovskii et al. [102], even if impurities and finite
orbit width effects are taken into account. The more recent collisional damping
formula by Gao et al. [103] also gives larger damping rates at the edge, where
the large safety factor reduces the impact of the collisionless mechanisms, while
the collisional estimates remain within an order of magnitude of the maximum
value across the radial range (Fig. 4.22).

The collisional damping rate is directly proportional to the ion collision fre-
quency and thus introduces a simple dependency on the ion mass. The colli-
sionless estimates include finite orbit width and wavelength which both depend
on the ion mass and thus would make the isotope scaling less straightforward.
The smaller damping rate is argued to be the explanation for the larger GAM
amplitude in Publication IV and Publication VI. On the other hand, this analysis
does not consider the recent results on the effect of phase mixing and kinetic
electrons, both of which should increase the collisionless damping rates [104–
107]. Exploring these effects in ELMFIRE simulations is left for future research.
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5.1 Summary

Efficient magnetic confinement of hot plasmas poses one of the major challenges
on the path towards fusion power production. Present understanding of confine-
ment relies on the interplay of turbulence and flows, but uncertainty remains on
e.g. the details of confinement transitions and the isotopic scaling of confinement
time. These issues become increasingly relevant as the construction of ITER
progresses and its deuterium-tritium operation phase approaches along with
burning plasmas. This thesis presents a computational study of the turbulence-
flow interaction in Ohmic tokamak plasmas with special attention given to
isotopic scaling of turbulent transport and flow properties. The main numerical
tools are the gyrokinetic simulation codes ELMFIRE and GENE.

The first part of the thesis presents the verification of the full- f simulation code
ELMFIRE against theoretical formulas for fundamental physics predictions. The
comparison to neoclassical theory is carried out for ad-hoc plasma and tokamak
parameters in Banana, Plateau, and Pfirsch-Schlüter transport regimes, and
in the limit of small orbit width and small inverse aspect ratio. ELMFIRE
predictions for mean plasma flow and parallel electric conductivity are within
15% of the analytical estimates. The results are consistent with corresponding
benchmarks of other simulation models.

The verification effort includes the temporal relaxation of a radial electric field
perturbation. To compare the frequency and damping rate of the relaxation, a
geodesic acoustic mode (GAM) oscillation is artificially induced in simulations
with flat pressure and safety factor profiles. ELMFIRE predictions for the scal-
ing of GAM frequency as a function of safety factor are within a few percent
of analytical predictions similarly to verification benchmarks of other gyroki-
netic codes. Limitations of the model make the verification of damping rates
difficult, but ELMFIRE predictions agree within 20% percent of the collisionless
damping estimate for the safety factor qs = 3.5 when finite orbit width effects
are accounted for and kinetic electrons ignored.
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The second part of the thesis is dedicated to the study of flows and transport
in similar hydrogen and deuterium plasmas in the FT-2 tokamak. Additionally,
phenomenological studies are conducted for TEXTOR tokamak parameters.
These investigations utilise the gyrokinetic code GENE in addition to ELMFIRE,
while the interpretation of the FT-2 experiments uses the transport code ASTRA.

ELMFIRE and GENE predict larger mean particle fluxes for the heavier
isotope in the FT-2 tokamak. Qualitative estimations of the particle source
in experiments corroborate the computational finding. The simulation results
are explained by differences in the turbulent spectra: small scale fluctuations
are more intense in the hydrogen case, which results in stronger radial E×B
speed fluctuations and increased particle transport relative to the deuterium
case. Both simulation codes predict approximately 30% larger mean energy
flux for hydrogen than for deuterium, whereas the ASTRA analysis produces
approximately equal fluxes for the two isotopes. Linear GENE simulations
indicate that the density gradient driven trapped electron mode (εn-TEM) is
the dominant instability for the discharges. The instability type defines how
turbulence responds to collisions, impurities, and variations in the parameters.

Strong geodesic acoustic mode oscillations are present in the discharges. ELM-
FIRE simulations and experimental measurements agree qualitatively on the
isotopic scaling of GAM frequency, wavelength, and amplitude. Comparison to
analytical theory highlights the importance of impurities in determining the
GAM frequency. The experiments and ELMFIRE simulations also demonstrate
more pronounced interplay of GAM and turbulence for the deuterium param-
eters. In the simulations, it results in modulation of particle flux at the GAM
frequency. Experimentally, the interaction is observed as anti-correlation of
GAM amplitude and turbulent fluctuation intensity.

Both neoclassical and turbulent effects contribute to the mean flow profile
in ELMFIRE simulations. Comparison between simulation and theoretical
predictions indicates that large ion orbit widths influence the formation of the
neoclassical flow profile in the FT-2 discharges, while turbulence and rational
surfaces modify the time-averaged pressure and flow profiles. Poor particle and
power balances result in relaxation of plasma pressure profiles in the flux-driven
ELMFIRE simulations as observed by Korpilo [39]. The relaxation of profiles
along with large uncertainties in the ion temperature complicate quantitative
comparison to experimental measurements.

5.2 Outlook

The isotope effect studies of this thesis are limited to a specific set of parameters
and flavor of trapped electron mode turbulence. Substantial effort has been
made to expand the studies experimentally and numerically to high current
FT-2 discharges (Ip = 30 kA) [77]. The experimental evidence indicates that the
confinement time scales differently for the high current discharges compared to
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the low current regime (Ip = 20 kA) studied in this thesis [108]. Analysis for a
large group of discharges shows a LOC-SOC-like transition in the scaling of the
energy confinement time for the high current discharges and a possible isotope
effect on energy confinement in high densities.

Rigorous numerical studies of isotope effect in high current FT-2 discharges
are prevented by a transport shortfall in ELMFIRE simulations. Much like
in the high density study by Korpilo [39, 45], ELMFIRE underpredicts energy
fluxes drastically compared to those given by the ASTRA analysis across the
entire plasma volume. Preliminary exploration of the parameter space with
local GENE simulations suggests that the increased Ohmic heating changes
the dominant instability in the plasmas to temperature-gradient-driven trapped
electron mode (ηe-TEM) and even electron temperature gradient mode (ETG).
More intense small scale fluctuations provide a plausible explanation for the
transport shortfall observed in ELMFIRE simulations. While this challenge is
unlikely to be overcome in the near future, it can be approached with multi-scale
simulations of FT-2 plasmas using tools such as GENE.

This thesis showcases interesting phenomena enabled by the inclusion of
kinetic electrons in turbulence simulations. These possibilities should be ex-
plored more systematically in the future with ELMFIRE, as e.g. the impact of
rational surfaces could have significance for internal transport barrier studies.
At the same time, alternative models for sources and sinks should be investi-
gated to enable longer simulations and statistically improved studies of plasma
self-organisation. Recent parallelisation optimisation of ELMFIRE enables the
simulation of smaller scales or larger devices such as Tore Supra, which has
been studied extensively with the GYSELA code. Owing to the kinetic electron
model and the upgraded boundary conditions, ELMFIRE is poised to contribute
to studies of Ohmic confinement scaling and turbulence in the scrape-off layer.
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