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Nuclear fusion is the most promising means 
to fulfil the ever-increasing energy needs of 
the humankind in an environmentally ac- 
ceptable manner. However, harnessing the 
energy of the stars has turned out to be 
technologically very challenging. 
  
In a fusion reactor, the D--T fuel is heated up 
to temperatures of about 100 million deg- 
rees, where it ionizes and assumes the plas- 
ma state. Constructing a fusion device is a 
complicated enterprise. To avoid costly 
errors in its design and operation, sophisti- 
cated predictive modelling is needed. This 
calls for a numerical tokamak, i.e., a set of 
numerical tools simulating the entire device. 
  
Fast ions are crucial for heating the plasma 
and driving current. This makes fast ion 
modelling tools an integral part of any 
numerical tokamak. This thesis describes 
the development and applications of two fast 
ion models: the neutral beam injection and 
ionization code BBNBI, and the particle-
following code ASCOT, and discusses their 
integration into two numerical tokamaks. 
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Abstract 

Constructing a fusion device is a complicated, expensive, and time-consuming enter-
prise. To avoid costly errors in the design and operation of such a device, sophisticated
predictive modelling is needed. To that end, there are several on-going projects striv-
ing towards the ambitious goal of building a numerical tokamak; i.e., a set of numerical
tools that could be used to simulate the evolution of the fusion plasma through an entire
discharge.

In a fusion device, fast ions are born in fusion reactions. They also arise from acceleration
of thermal particles using electromagnetic waves, and from injection of energetic neutrals
that are ionized promptly upon entering the plasma. Fast ions are crucial for heating
the plasma but they are also used for driving toroidal rotation and current. In addition,
if the fast ions escape the plasma, they can pose a threat to the first walls of the device.
Therefore, tools for modelling the fast ions are an integral part of any numerical tokamak.

In this work, development and applications of two fast ion modelling tools are presented:
the beamlet-based neutral beam injection code BBNBI simulates the injection and the
ionization of a neutral beam whereas the particle-following Monte Carlo code ASCOT
models the motion and the slowing-down of fast ions in the plasma. The validity of BBNBI
and ASCOT is confirmed by benchmarking them against other established neutral beam
codes in Joint European Torus (JET) and ASDEX Upgrade (AUG) plasmas. The codes
are then utilized to investigate (i) the losses of neutral beam injected (NBI) ions due to
in-vessel coil induced magnetic perturbations in AUG, (ii) the distribution function of
NBI ions in ITER, and (iii) the behaviour of fusion-born alpha particles in JET advanced
scenario plasmas.

Finally, the two numerical tokamak constructions into which BBNBI and ASCOT have
been incorporated are introduced. Both BBNBI and ASCOT are widely used in JET Inte-
grated Transport Code (JINTRAC), and the first results utilizing them within the EFDA
Integrated Tokamak Modelling (ITM) framework are presented here. The importance of
orbit width effects is highlighted in a benchmark between different fast ion tools on the
ITM framework. A study charting the capability of neutral beams to drive current in a
future Demonstration Power Plant (DEMO) proves that BBNBI and ASCOT are capable
of flexible and sophisticated modelling of NBI on the ITM framework.
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Tiivistelmä 

Fuusiokoelaitteen rakentaminen on monimutkainen, kallis ja aikaa vievä projekti. Lait-
teen kattava ennakoiva mallintaminen on edellytys sen suunnittelulle ja sujuvalle käy-
tölle. Tätä tarkoitusta varten on kehitteillä lukuisia numeerisia tokamakeja, eli lasken-
nallisten työkalujen kokoelmia, joiden kunnianhimoisena tavoitteena on kyetä mallinta-
maan plasman käytös purkauksen alusta loppuun.

Fuusiokoelaitteessa nopeat ionit syntyvät fuusioreaktiossa, radiotaajuuskuumennuksen
seurauksena, tai neutraalisuihkuhiukkasten ionisoituessa niiden saapuessa plasmaan.
Nämä nopeat ionit ovat erittäin tärkeitä plasman kuumennuksen kannalta, mutta nii-
tä käytetään myös pyörittämään plasmaa toroidaalisesti sekä ajamaan virtaa. Mikäli no-
peat ionit karkaavat plasmasta, ne voivat vahingoittaa laitteen ensiseinämää. Näin ollen,
nopeiden ionien käyttäytymistä mallintavat työkalut ovat tärkeä osa jokaista numeerista
tokamakia.

Tässä työssä kuvataan kahden nopeita ioneja mallintavan työkalun kehitystä ja niiden
avulla saavutettuja tutkimustuloksia: BBNBI simuloi neutraalisuihkun injektiota ja ioni-
soitumista, kun taas ASCOT seuraa nopeiden ionien liikettä ja hidastumista plasmassa
Monte Carlo menetelmää käyttäen. Näiden kahden työkalun tulosten oikeellisuus var-
mistetaan vertaamalla niitä muihin neutraalisuihkuja mallintaviin koodeihin Joint Eu-
ropean Torus:n (JET) and ASDEX Upgrade:n (AUG) plasmoissa. Tämän jälkeen niitä
apuna käyttäen tutkitaan (i) ulkoisten magneettisten häiriöiden aiheuttamia neutraali-
suihkuhiukkasten häviöitä AUG:ssa, (ii) neutraalisuihkuhiukkasten jakaumaa ITER:ssä
ja (iii) fuusioalfojen käyttäytymistä JET:n optimoiduissa plasmoissa.

Lopuksi esitellään kaksi numeeriseen tokamakiin tähtäävää rakennelmaa joihin BBNBI
ja ASCOT on liitetty. Sekä BBNBI:tä että ASCOT:ia hyödynnetään laajasti JET Integra-
ted Transport Code:n (JINTRAC) osina, mutta tässä työssä esitetään ensimmäiset tu-
lokset niiden käytöstä EFDA Integrated Tokamak Modelling (ITM) alustalla. Hiukkas-
ten radanleveyden mallintamisen tärkeys nousee esille vertailtaessa erilaisten nopeita
hiukkasia mallintavien työkalujen tuloksia. Neutraalisuihkujen virranajonkyvyn tutki-
mus suunnitteilla olevassa Esittelyvoimalassa (DEMO) puolestaan osoittaa että BBNBI
ja ASCOT kykenevät mallintamaan neutraalisuihkuja joustavasti ja yksityiskohtaisesti
ITM alustalla.
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1. Introduction

For the foreseeable future, the demand for energy will continue to increase

because of the ever-growing human population on Earth [1]. Moreover, all

that energy should be generated using non-fossil-fuel energy sources to curb

global warming [2]. The most promising means to generate sufficient amount

of energy without producing carbon dioxide or long-lived radioactive waste

is thermonuclear fusion. While harnessing the “energy of the stars” has

proven to be technically extremely challenging, it is too stellar a prospect

for mankind not to pursue.

The fusion reactions with the most potential for energy production are the

ones between the heavy isotopes of hydrogen, deuterium (D) and tritium (T):

2
1D+ 3

1T ⇒ 4He (3.5 MeV) + n (14.1 MeV), (1.1)
2
1D+ 2

1D ⇒ 3
1T (1.0 MeV) + p (3.0 MeV), (1.2)

2
1D+ 2

1D ⇒ 3He (0.82 MeV) + n (2.45 MeV), (1.3)
2
1D+ 3He ⇒ 4He (3.6 MeV) + p (14.7 MeV). (1.4)

The likelihood of a fusion reaction is described by its cross-section, σ, which

depends on the relative velocity of the reacting nuclei. For example, for

Eq. (1.1), the fusion reaction rate (in reactions per second) can be written

as: R = nDnT 〈σv〉. Here nD and nT are the particle densities of deuterium

and tritium. The term 〈σv〉 is called the reactivity, and it is the product

of the cross-section and the relative velocity of the reactants averaged over

the velocity distributions of the two reacting species. Assuming the reacting

species are in thermal equilibrium and, hence, have a Maxwellian velocity

distribution, the reactivity can be calculated as a function of the plasma tem-

perature. Such reactivities for the fusion reactions presented in Eqs. (1.1)–

(1.4) are depicted in Fig. 1.1. (Calculating the reactivity is further dicussed

in Sec. 3.2.)

11



Introduction

10
0

10
1

10
2

10
−24

10
−22

10
−20

10
−18

10
−16

10
−14

T (keV)

〈 
σ

 v
 〉

 (
cm

3 /s
)

 

 

D(T,n)4He
D(D,p)T

D(D,n)3He

D(3He,p)4He

Figure 1.1. Fusion reactivities of the most potential fusion reactions as a function of the
plasma temperature [3]. The reacting species are assumed to be in a thermal
equilibrium.

As illustrated in Fig. 1.1, at reasonable plasma temperatures the reaction

between deuterium and tritium (in red) has the highest cross-section of the

fusion reactions of hydrogenic species. This makes it the most viable option

for fusion reactors. Also, the fuel needed for DT reactions is practically in-

exhaustible and relatively easily obtained. Deuterium is abundant in sea

water, whereas tritium can be produced in-situ in the reactor from lithium

through a process called breeding:

6Li + n =⇒ 3
1T+ 4He + 4.8 MeV,

7Li + n =⇒ 3
1T+ 4He + n− 2.5 MeV.

(1.5)

That is, a neutron from, e.g., Eq. (1.1) induces a fission in lithium, which

produces a tritium atom.

Figure 1.1 shows that to achieve sufficient fusion cross-sections, extemely

high temperatures (10 keV ∼ 100 000 000 K) are needed. At such tempera-

tures the fuel particles get ionized, and their nuclei together with electrons

form a gas of charged particles called plasma.

1.1 Tokamak

Confining the plasma at elevated temperatures is a challenging task. Direct

contact between the hot plasma and the containing vacuum vessel would
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severely damage the wall materials. Therefore, magnetic fields have been

used from the early stages of fusion research to hold the particles away from

the vessel walls.

In the 1950s, when nuclear fusion research was still classified, several

fusion device concepts were developed in Russia, the United Kingdom and

the United States. The ideas ranged from magnetic mirrors [4] to “pinch”

devices using a strong current to heat and compress the plasma [5], and

to stellarators where an extremely complex magnetic field structure was

used to confine the hot fuel [6]. Also a toroidal fusion device that was later

named tokamak was invented by Russian physicists Igor Tamm and Andrei

Sakharov [7,8]. The name is an acronym from Russian words TOroidalnaya

KAmera MAGnitnaya, which means toroidal magnetic chamber [9]. Toka-

maks soon achieved outstanding plasma confinement, and plasma temper-

atures that were significantly higher than those reached by other types of

fusion devices at the time [10]. As a result, the tokamak became the most

studied device concept for fusion energy production.

1.1.1 Physics of tokamaks

In principle, a tokamak works like a transformer: a transient current in the

primary winding induces the plasma current, Ip, to the plasma that acts as

the secondary winding. These currents are drawn in red in Fig. 1.2 which

shows a schematic picture of a tokamak. The method of generating the

plasma current through induction makes the tokamak inherently a pulsed

device. That is, when the current in the primary winding reaches its maxi-

mum value, the induction stops and Ip fades away. In order to achieve contin-

uous, steady-state, operation, the plasma current should, therefore, be driven

non-inductively.

The plasma current creates the poloidal magnetic field, Bθ. In a toka-

mak the toroidal magnetic field, Bφ, is created by running a current in the

toroidal field coils, shown in brown in Fig. 1.2. To control the plasma shape

and position, additional poloidal magnetic fields are generated using poloidal

field coils (blue). Because Bθ is an order of magnitude smaller than Bφ, the

resulting total magnetic field, B, is only slightly helical.

For a tokamak plasma to be in equilibrium, the magnetic force generated

by the magnetic field B and the current density j has to balance the force

due to plasma pressure p:

j ×B = ∇p. (1.6)
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Figure 1.2. A schematic picture of a tokamak. The primary current (red) in the primary coil
induces the plasma current, Ip, (red) which generates the poloidal magnetic field,
Bθ, (yellow). The toroidal magnetic field, Bφ, (yellow) is created by running a
current in the toroidal field coils (brown). The poloidal field coils (blue) are used
to control the plasma shape and position. The figure is courtesy of Ministério da
Ciência, Tecnologia e Inovação, Brasil.

This means that B · ∇p = 0 and, thus, there are no pressure gradients along

the magnetic field lines. The magnetic field lines therefore lie on surfaces

of constant pressure that are called magnetic flux surfaces [11]. Another

corollary from Eq. (1.6) is that j · ∇p = 0, which indicates that also the

current j lies on the flux surfaces.

Flux surfaces in a tokamak are plotted in Fig. 1.3. The flux surfaces and

hence the magnetic field lines that do not intersect any material surface are

called closed, whereas the ones that do intersect, are called open. The open

and closed flux surfaces are separated by the separatrix, and the centre of

the concentric magnetic surfaces is called the magnetic axis. The motion of

charged particles is much faster along than across the field lines and the

particles on open field lines are quickly lost, or scraped off, from the plasma.

Therefore, the region with open field lines is also called the scrape-off-layer

(SOL).

Flux surfaces are often labeled using poloidal magnetic flux function ψ

that can then be used as a radial coordinate. For the simulations presented

in this work, ρ = ρpol =
√

(ψ − ψaxis)/(ψsep − ψaxis), i.e., the square root of the

14
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plasma
core

scrape-off
layer

Figure 1.3. The poloidal cross-section of the ASDEX Upgrade (AUG) tokamak showing the
closed (red) and open (blue) flux surfaces. The magnetic axis is marked with
a cross (black) and the minor radius with a dotted line (black). The separatrix
(thick red) and the walls of the confining vessel (thick black) are also shown.

normalized poloidal magnetic flux is used as a radial coordinate.

A variable that quantifies the helicity of the magnetic field is called the

safety factor q. It describes the change in the toroidal angle φ as the mag-

netic field line completes one poloidal rotation, i.e., q = Δφ/(2π). Using the

equation of the magnetic field line,

Rdφ

Bφ
=

rdθ

Bθ
, (1.7)

where r is the minor and R the major radius of the tokamak (see Fig. 1.3),

the radial profile of the safety factor can be written as [12]:

q(ψ) =
Δφ

2π
=

1

2π

∫ Δφ

0
dφ =

1

2π

∫ 2π

0

(
rBφ
RBθ

)
ψ

dθ. (1.8)

Here, the last integrand is evaluated along the flux surface ψ. For a tokamak

Bφ ≈ Bφ,0R0/R, where the subindex 0 refers to the value at the magnetic

axis. Assuming a small inverse aspect ratio ε = r/R and circular flux sur-

faces leads to R = R0+r cos θ ≈ R0 and Bφ ≈ Bφ,0. Hence, Eq. (1.8) simplifies
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to:

q(ψ) =
r(ψ)Bφ,0
R0Bθ(ψ)

. (1.9)

Because of its dependence on the poloidal magnetic field Bθ, q-profile is

strongly linked with the toroidal current. According to Ampère’s law:

2πrBθ = μ0I(ψ), (1.10)

where r is the radius of the flux surface ψ, and I(ψ) is the total toroidal

current inside that flux surface. Hence, Eq. (1.9) can be written as

q(ψ) =
2πr(ψ)2Bφ,0
μ0I(ψ)R0

. (1.11)

The radial derivative of the safety factor, dq/dψ, is called the magnetic

shear. Normally the q-profile is monotonously increasing from the plasma

core to the edge, resulting in positive shear throughout the plasma. A de-

creasing q and, hence, negative or reversed shear can, however, be obtained

locally in the plasma centre through low or vanishing toroidal current.

1.1.2 Current and future tokamaks

Currently, the largest tokamak in operation is the Joint European Torus

(JET) at Culham in the United Kingdom. Other established devices in the

field include ASDEX Upgrade (AUG) in Garching, Germany, and Doublet III

D-shape (DIII-D) at General Atomics in San Diego, California. A new gener-

ation of tokamaks using superconducting coils has come into operation dur-

ing the recent years, including Korea Superconducting Tokamak Advanced

Research (KSTAR) in Daejon, South Korea and Experimental Advanced Su-

perconducting Tokamak (EAST) in Hefei, China. The main advantage of

devices with superconducting coils is their capability to keep ramping up

the current in the coils for longer periods of time and, hence, produce longer

plasma discharges (recall Sec. 1.1.1).

The next major step on the road to thermonuclear fusion as a source of

energy is ITER [13–15]. It is a tokamak that is currently being built in

Cadarache, France as an international collaboration between China, the Eu-

ropean Union (EU), India, Japan, South Korea, the Russian Federation, and

the United States. The goal of ITER is to achieve a power amplification, or

gain factor, Q = Pout/Pin ≥ 10, and to show that fusion is a scientifically and

technologically feasible option for large scale electricity production.

Like all the other modern tokamaks, ITER will have superconducting

magnets, which will allow it to run discharges lasting up to 400 seconds. To
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Table 1.1. Main parameters of AUG, JET and ITER [13]. Maximum design values, or maxi-
mum realized values are given.

ITER JET AUG Units

Major radius 6.2 2.96 1.65 m

Minor radius 2.0 1.25 0.5 m

Plasma volume 830 100 14 m3

Plasma current 15.0 5.0 1.6 MA

Toroidal field on axis 5.3 3.45 3.1 T

Fusion Power 500 16 - MW

Burn Flat Top 400 60 <10 s

Gain factor ≥10 0.7 -

compare the size and performance of ITER to existing tokamaks, the main

parameters of AUG, JET and ITER have been collected in Tab. 1.1. In par-

ticular, note the enormous increase in plasma volume and fusion power for

ITER in comparison to JET. The complexity and the scale of ITER is also

illustrated in the cut-through of the device, presented in Fig. 1.4. In addition

to being larger than any existing tokamak, ITER will be the first device with

a plasma that produces more power than what is fed into it; i.e., the first

machine to have Q > 1. Such burning plasmas are an uncharted territory

and they are likely to give rise to unforeseen physics phenomena.

Once ITER has proven that thermonuclear fusion can be harnessed for

electricity production, the following step is to demonstrate its commercial

viability. To that end, the assessments and discussions on the design of

Demonstration Power Plant (DEMO), the device bridging the gap between

ITER and a commercial fusion power plant, have already begun. For the

time being, however, there are a number of conflicting views on the DEMO

design. Instead of being a tokamak, DEMO might even represent some other

fusion device concept. Assuming DEMO will be a tokamak, its operation

could be pulsed [16] or steady-state [17]. Indeed, due to the different re-

quirements set for DEMO by different ITER parties, more than one DEMO

may eventually be built [18,19].

The construction costs of these future devices, ITER and DEMO, will be

very high because of their sheer size and complexity, but also because noth-

ing like them has ever been built before. To avoid making potentially costly

mistakes in their designs, extensive predictive modelling of ITER and DEMO
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Figure 1.4. A cut-through of the ITER tokamak. For scale, there is a standard professor,
whose height is approximately 1.8 m, standing in the lower right-hand cor-
ner of the picture (pointed by the red arrow). Credit © ITER Organization,
http://www.iter.org/.

plasmas is absolutely essential. The ultimate goal of modelling fusion plas-

mas is to build a numerical tokamak, i.e., a set of numerical tools that can

predict the behaviour of the entire burning plasma. In principle, this could

be achieved by modelling the motion of every particle in the plasma. How-

ever, in practice, that is out of reach of current and foreseeable computing re-

sources. Another, more viable approach is to construct a numerical tokamak

by linking up state-of-the-art numerical tools that model different physics

processes. Due to the simplifications made in the physics models, and their

lack of validation, a numerical tokamak built this way has its limitations.

Still, it will be a very useful tool for modelling and understanding current

and future experiments, and will only get better as its components improve.

1.2 Fast ions in fusion devices

In current fusion devices, the mean kinetic energy of the plasma ions is in the

kiloelectronvolt (keV) range, giving them velocities of hundreds of kilometers

per second. Yet, in the context of this work, these ions that form the thermal

bulk are regarded as slow. The concept of fast ion is not well-defined, but

often fast ions are understood to have energies ranging from tens of keV up to

several MeV. At such high energies the fast ions are less collisional and less
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affected by plasma turbulence than the thermal ions. These characteristic

differences in behaviour make the categorization between fast and thermal

ions relevant.

Travelling in the plasma, the fast ions lose energy in collisions with the

thermal ions and electrons. As the kinetic energy of the fast particles be-

comes comparable to the mean energy of the thermal bulk, they start to be-

have more and more like the bulk ions. Therefore, a lower limit below which

the ions are no longer considered fast is needed. Often a cut-off of energy,

e.g., 1.5 times the local ion temperature, is introduced to limit the analysis

to a relevant energy domain. Such a limit can also be used for future fusion

devices where the temperature of the thermal plasma will be of the order of

tens of keV.

Fast ions are generated in fusion reactions (recall Eqs. (1.1)–(1.4)), and

through auxiliary heating such as neutral beam injection (NBI) and ion cy-

clotron resonance heating (ICRH). In current devices, NBI and ICRH are the

most commonly used methods for heating the plasma, along with electron cy-

clotron resonance heating (ECRH) and lower hybrid wave heating (LH). In

future fusion devices, plasma heating by fusion products is of paramount

importance because using auxiliary heating consumes a lot of power and,

hence, reduces the net fusion gain. For ITER, the majority of plasma heating

is expected to be provided by the fusion-born 3.5 MeV alpha particles [13].

Achieving (semi-)continuous tokamak operation requires the plasma cur-

rent to be driven non-inductively. Most of this toroidal current will be gener-

ated by the plasma itself through the pressure-driven bootstrap effect [20].

The radial pressure gradient in the plasma creates a surplus of trapped par-

ticles moving to one toroidal direction. The collisional drag between these

trapped particles and passing particles results in a net toroidal current,

called the bootstrap current [21]. For the plasma to have the steep pressure

gradient needed to generate sufficient amount of bootstrap current, plasma

confinement in the core must be improved, which in turn requires tailoring

of the current density profile [22]. The primary means for non-inductive cur-

rent drive and, hence, current density tailoring are NBI, ICRH and ECRH.

Therefore, fast ions play a crucial role in the design of steady-state scenarios.

Fast ions are also a large source of free energy and they can destabilize

Alfvén eigenmodes and energetic particle modes [23]. The effect of various

magnetohydrodynamic (MHD) modes on fast ions [24, 25] and the interplay

between fast ions and the modes are active fields of research.
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Confinement, or more so the losses, of fast ions is one of the major con-

cerns for ITER. The plasmas in current fusion devices are nearly axisym-

metric, which results in good fast particle confinement. ITER, on the other

hand, will have a distinctly three-dimensional (3D) plasma. Due to its large

size and relatively small number (18) of toroidal field coils, ITER will have

a larger toroidal field ripple, i.e., toroidal variation in the strength of the to-

roidal magnetic field. Ferritic Inserts (FIs) have been included in the ITER

design to reduce the ripple and, hence, improve fast ion confinement [26].

However, toroidally localized magnetic perturbations caused by, e.g., the Test

Blanket Modules (TBMs) [27] for testing tritium breeding (recall Eq. (1.5))

and ELM coils [28] destroy the remaining toroidal periodicity of the plasma

and further deteriorate fast ion confinement. The combined effects of the FIs

and TBMs on fast ion confinement have been studied in Refs. [29–31], and

the effect of ELM coils in Publication II and Refs. [32–34].

In current fusion devices, NBI ions are also an important source of toroi-

dal rotation. Rotation is advantageous because it increases the stability of

the plasma against pressure limiting resistive wall modes [35, 36]. Sheared

rotation can also lead to quenching of turbulence and, consequently, im-

proved plasma confinement [37, 38]. Unfortunately, the capability of NBI

to drive rotation will be severely limited in ITER compared to present day

tokamaks. This is due to the high beam energy (1.0 MeV) needed to achieve

sufficient beam penetration to the plasma, and a total beam power (33 MW)

that is comparable to existing devices. As a result, the number of NBI in-

duced fast ions will be smaller than in current tokamaks. This, combined

with a substantially larger plasma volume (recall Tab. 1.1), results in a re-

duced ability to spin the plasma.

1.3 Simulating fast ions

The time evolution of the distribution function, f(x,v, t), of an ensemble of

particles is described by the Fokker-Planck equation:

∂fs
∂t

+ ẋ · ∂fs
∂x

+ v̇ · ∂fs
∂v

=

(
∂fs
∂t

)
c

. (1.12)

Here x is the location, v is the velocity, the dot denotes the total time deriva-

tive of the quantity, and (∂fs/∂t)c describes the effect of collisions on the

distribution function. In realistic cases, solving this six-dimensional partial

differential equation directly using finite element or finite difference meth-
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Figure 1.5. Examples of passing (red) and trapped (blue) orbits of 3.5 MeV alpha particle (a)
and thermal 3.5 keV deuteron (b) in an axisymmetric magnetic field. The orbit of
the fast particle deviates from the flux surfaces (orange) significantly more than
that of the thermal particle.

ods, is computationally too demanding. Instead, there are several different

approaches that can be utilized.

One way is to make some simplifying assumptions to reduce the dimen-

sions of the problem. Typically, tokamaks are assumed axisymmetric. In an

axisymmetric magnetic field, and in the absence of collisions, particle orbits

close in on themselves in the poloidal plane (see Fig. 1.5). A high energy

particle has a low collision frequency and, hence, it most likely completes a

large number of poloidal orbits before its orbit is significantly modified by col-

lisions. This allows modelling of the evolution of particle orbits, rather than

the actual particle motion. The process is called orbit averaging [39,40] and,

when applied to Eq. (1.12), it reduces the dimensions of the equation from

six phase space coordinates down to three invariants of motion needed to

describe the particle orbit. The problem can be further simplified by assum-

ing that the width of particle orbits is zero; i.e., that the particle excursions

away from the flux surfaces are insignificant. This results in the bounce av-

eraged Fokker-Planck equation where the distribution function is expressed

in terms of only two invariants of motion [41].

There are a number of numerical tools available that can solve the Fokker-

Planck equation for fast ions in fusion devices to varying degrees of detail.

For example, PENCIL [42] solves the bounce-averaged Fokker-Planck equa-
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tion, whereas FIDIT [43,44] uses orbit-averaging. RISK [45] aims to combine

the speed of bounce-averaged codes and, to some extent, the fidelity of orbit-

averaged codes by solving the bounce-averaged equation but including an ad

hoc broadening to the initial distribution to take the finite orbit widths into

account.

One issue of direct solutions of orbit- and bounce-averaged Fokker-Planck

equations is setting the boundary conditions between topologically different

orbits. Another drawback of these solvers is that they are not applicable

for situations with complex 3D geometry, e.g., realistic wall load calcula-

tions in the presence of localized magnetic perturbations. Whilst some orbit-

averaged codes including the toroidal field ripple have been proposed [46], for

most 3D problems orbit following is the most appropriate method of choice.

In orbit following, the fast particle distribution function is represented

using an ensemble of test particles. The evolution of the distribution func-

tion can then be simulated by following the test particle orbits. The colli-

sions between the test particle and the plasma are modelled using Monte

Carlo operators [47]. Orbit-following codes can straight-forwardly take into

account complex geometries and they inherently reproduce all orbit topolo-

gies and transitions between them accurately. The main disadvantages of

orbit following compared to direct Fokker-Planck equation solvers are the

statistical noise, caused by the finite number of test particles, and the high

computational cost that follows when trying to reduce the said noise. For-

tunately, modern supercomputers have made it possible to use detailed and

computationally costly models such as orbit following. The established orbit-

following Monte Carlo codes include ASCOT [29,48,49], LOCUST-GPU [50],

NUBEAM [51, 52], OFMC [53], SPIRAL [54], SPOT [55], and VENUS [56,

57].

For complex 3D geometries, following the particles in Cartesian coordi-

nates is necessary. If the magnetic field can be assumed axisymmetric, how-

ever, using coordinate systems that are aligned with the magnetic field lines

is an option. As discussed in Sec. 1.1.1, the motion of the particles along the

field lines is much faster than across them. Therefore, using field-aligned

coordinates for particle following reduces the accumulation of numerical er-

ror, and allows the use of lower order integration methods, which makes

the simulations faster. One example of a set of field-aligned coordinates are

the Boozer coordinates (ψ, θ, ζ), where ψ is the poloidal magnetic flux, θ the

poloidal angle, and ζ the toroidal coordinate [58]. Figure 1.6 depicts an exam-
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Figure 1.6. The Boozer-coordinate grid for the JET discharge #50844. The poloidal angles
θ=π/9, 2π/9, . . ., 2π, and radial surfaces ρ =0.0, 0.1, . . ., 1.0 are plotted, illus-
trating the distortion of the coordinate system towards the separatrix.

ple of a Boozer-grid in a poloidal cross-section of a tokamak. The improved

speed gained using Boozer coordinates comes at the cost of generality: as

Fig. 1.6 illustrates, even for 2D geometries, the Boozer coordinates are de-

fined only inside the separatrix. Therefore, if particle wall hits are to be

simulated, the particles need to be followed using either the Cartesian coor-

dinate system, or a combination of Boozer and Cartesian coordinate systems.

1.4 Thesis structure

Fast ion physics problems can be investigated using a single sophisticated

tool, such as the orbit-following Monte Carlo code ASCOT [29, 48, 49]. How-

ever, to rigorously study the interplay between the fast ions and the plasma

at large,a broader approach is needed. One way to model this interconnected

system is by linking up tools that model different aspects of the plasma. This

line of action is called integrated modelling. The ambitious goal of integrated

modelling is to create a numerical tokamak capable of simulating the entire

plasma.

This thesis reports the evolution of two fast ion modelling tools, BBNBI

and ASCOT, and how they have been, or are currently being, connected to

integrated modelling frameworks. In Ch. 2, the ASCOT code, its standard
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inputs and outputs, as well as its main components are introduced. Of all the

ASCOT inputs, the initial test particle ensemble, along with the magnetic

field, has the largest impact on the simulation results. Therefore, Ch. 3

discusses the birth mechanisms of two important fast ion populations: the

NBI ions and the fusion products. It also describes the improvements made

on the fusion-born particle initialization in ASCOT, and introduces a new

tool for detailed modelling of neutral beam injection: the beamlet-based NBI

code BBNBI.

Over the course of this work, ASCOT and BBNBI have been used to study

a number of physics topics. Chapter 4 presents four of these studies: (i)

an NBI benchmark against established NBI codes in JET and AUG, (ii) an

assessment of the effect of AUG in-vessel coils on NBI ions, (iii) an exami-

nation of fusion alpha performance in JET advanced scenario plasmas, and

(iv) NBI simulations for a Collective Thomson Scattering (CTS) study. Each

of these applications has required modifications to the code. These efforts,

together with contributions from other developers, have made ASCOT the

most comprehensive tool for fast ion modelling in the world. Therefore, the

code development and the models implemented are also outlined in Ch. 4.

Chapter 5 describes the two integrated modelling frameworks into which

ASCOT and BBNBI have been integrated. These are the JET Integrated

TRAnsport Code (JINTRAC) [59,60] and the Integrated Tokamak Modelling

(ITM) framework [61, 62]. The latter was built within a trans-European

project known as EFDA Integrated Tokamak Modelling Task Force. Starting

from 2014, this project is a part of the EUROfusion Work Package Code De-

velopment (WPCD). Since the same activity is continued under a different

name, in this work, the framework will be referred to simply as ITM.

The work presented in this thesis is summarized in Ch. 6 that also in-

cludes an outlook on the future prospects of ASCOT and BBNBI, both as

stand-alone tools and as parts of integrated modelling frameworks.
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2. ASCOT – Accelerated Simulation of
Charged particle Orbits in Tori

ASCOT (Accelerated Simulation of Charged particle Orbits in Tori) [29, 48,

49] is a numerical tool for studying minority particles in fusion devices. It is

a particle-following Monte Carlo code, i.e., it follows the orbit of an individual

particle in the device and models the interactions between the particle and

the plasma using Monte Carlo collision operators [47].

ASCOT has been developed at Helsinki University of Technology (HUT),

currently Aalto University, and the Technical Research Center of Finland

(VTT) since the early 1990s. Currently, it is one of the most advanced tools

for fast ion modelling in the world. In particular, ASCOT has been used to

simulate the fusion-born alpha particles and neutral beam injected ions in

several fusion devices including ITER [29,32,63], AUG [64–66], JET [67,68],

DIII-D [69], and TEXTOR [70]. ASCOT was used in Publications I–IV.

Recently, the entire code was rewritten using modern programming con-

ventions. This latest version of ASCOT is dubbed ASCOT4 [71]. Despite

the significant improvements made in the structure of the code during the

rewriting process, the changes in the basic physics models were relatively

small. This is manifested by the fact that the results of ASCOT4 are in very

good agreement with those of the old ASCOT, also known as ASCOT3 [71].

Due to the similarity of the two codes, the name ASCOT will be used in-

terchangeably for both of them throughout this work. Results desribed in

Publications I, III, and IV were produced using ASCOT3, whereas for Pub-

lication II ASCOT4 was used. The on-going code development is focused

almost solely on ASCOT4.

This chapter briefly introduces the most fundamental parts of ASCOT,

namely the inputs needed for running a simulation (Sec. 2.1), particle follow-

ing (Sec. 2.2), the interactions between the particle and the plasma (Sec. 2.3),

and the numerical diagnostics built into the code (Sec. 2.4). The ab initio
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models for particle initialization are the core to this thesis and, therefore,

they are presented in more detail in Ch. 3.

2.1 Setting up an ASCOT simulation

To set up an ASCOT simulation, a collection of input data is needed to de-

scribe the magnetic field geometry, plasma conditions, geometry of the de-

vice, and simulated particles:

• Magnetic data. Knowing the magnetic field everywhere in the simu-

lation domain is a mandatory requirement for particle following. The

poloidal field components, BR and Bz, of the equilibrium magnetic field

are usually calculated from an (R,z) map of the poloidal flux, ψ, pro-

vided by, e.g., equilibrium reconstruction codes such as EFIT [72] or

CLISTE [73]. The same tools also provide the toroidal magnetic field

in the form of f(ψ) = RBφ. Due to the need to model the effect of

3D magnetic perturbations, ASCOT can also read in an arbitrary 3D

magnetic field perturbation with the three components: BR,pert(R,φ, z),

Bφ,pert(R,φ, z), and Bz,pert(R,φ, z) and combine that with the equilibrium

magnetic field.

• Plasma data. To model the interaction between the simulated particle

and the plasma, the temperatures and densities of the plasma species,

as well as the toroidal flow of the plasma, are needed. This data can

be based on measurements made on the modelled experimental device

or on either predictive or interpretative transport simulations. Tradi-

tionally, the plasma data is provided to ASCOT as 1D profiles that are

functions of the flux surface label ρpol. This approach is based on the no-

tion made in Sec. 1.1 that in tokamaks plasma pressure and current are

constant within a flux surface. ASCOT can also utilize plasma data pro-

vided as a 2D map. This feature has been indispensable for modelling

impurity migration in the SOL [74, 75], as well as for studying the rare

situations where quantities vary strongly within a flux surface [76].

• First wall description. Realistic calculations of particle losses are

possible only if information about the first wall of the device is provided.

ASCOT can operate with either a 2D broken-line representation of the

first wall (illustrated in Fig. 1.3) or a detailed 3D wall mesh composed of

triangular wall elements.
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• Initial test particle ensemble. It is imperative to know the birth dis-

tribution function of the simulated ions. Based on that, a test particle

ensemble that represents the corresponding ion population can be gen-

erated. Each test particle in the ensemble is given a weight factor to

indicate how many real particles it represents.

There are also additional physics models that can be switched on, when

setting up a simulation. For example, the effects of neoclassical tearing

modes (NTMs) or Alfvén eigenmodes (AEs) [77] can be included in the ASCOT

simulation, but require additional input describing the modes in question.

The results of ASCOT, like those of any numerical tool, can only be as

reliable as its input data. Particularly the magnetic field and the initial

test particle ensemble have a strong impact on the outcome of a fast ion

simulation: they dictate the particle orbits, which are then slowly modified

by the interactions with the plasma. The plasma densities and temperatures

affect the initial particle ensemble and the particle interactions with the

thermal plasma. However, the simulations are not very sensitive to minor

quantitative changes in them.

2.2 Particle following

In principle, following a charged particle in an electromagnetic field is a

straight-forward exercise. The dominant force affecting the particle motion

is the Lorentz force and, as a result, acceleration is given by:

v̇ =
Ze

m
(E + v ×B). (2.1)

Here e is the elementary charge, Z, m and v are the charge number, mass

and velocity of the particle, and E and B are the electric and magnetic fields,

respectively. Including the equations of motion for the particle location

ẋ = v, (2.2)

completes the set of equations that describe the evolution of all six phase

space coordinates of the particle. In ASCOT, this set of equations is dis-

cretized, and the particle location x and velocity v are advanced in time as

follows:
x1 − x0

δt
= v1 (2.3)

and
v1 − v0

δt
=

Ze

m

(
E(x0) +

v1 + v0
2

×B(x0)

)
. (2.4)
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Here the subindices 0 and 1 refer to the current and new values, respectively,

of location and velocity. From Eq. (2.4), using short-hand notations E0 =

E(x0) and B0 = B(x0), one obtains:

v1 + v0
2

=
Zeδt

2m

(
E0 +

v1 + v0
2

×B0

)
+ v0. (2.5)

Defining α = Zeδt/(2m), the new velocity, solved from Eq. (2.5), becomes

v1 =
2
[
αE0 + v0 + α(αE0 + v0)×B0 + α2 ((αE0 + v0) ·B0)B0

]
1 + α2B2

0

−v0. (2.6)

Assuming a zero electric field (E0 = 0), the equation reduces to

v1 =
2
[
v0 + v0 ×

(
ZeδtB0

2m

)
+ v0 ·

(
ZeδtB0

2m

)(
ZeδtB0

2m

)]
1 +

(
Zeδt
2m

)2
B2

0

− v0. (2.7)

Now that the new velocity of the particle is known, its location can be com-

puted from Eq. (2.3).

The modified leap-frog method presented above has the convenient fea-

ture that, in the absence of an electric field, |v1| = |v0|. That is, the method

explicitly conserves the magnitude of the particle velocity and, hence, en-

ergy. Conventional fourth-order Runge-Kutta method with fifth-order error

checking [78] has also been used for integrating Eqs. (2.1) and (2.2), but it

is known to cause a numerical drift to the particle energy. Therefore, for

studies where the particles are followed over an extended period of time, the

modified leap frog method is used.

In a strong magnetic field, Eqs. (2.1) and (2.2) result in a gyrating motion

around the magnetic field line with the frequency Ω = |Ze|B/m. The radius

of this gyromotion is known as the Larmor radius, rL = v⊥/Ω = mv⊥/(|Ze|B),

where v⊥ is the particle velocity perpendicular to the magnetic field. Follow-

ing the particle orbit through the gyrations represents the highest level of

fidelity, but it is computationally very expensive. For example in ITER, the

slowing-down times of 1.0 MeV neutral beam injected deuterons are approxi-

mately 1.0 s. Considering that one revolution around the magnetic field line,

if B = 5 T, takes the deuteron τL = 2π/Ω ≈ 26 ns, it is clear that the time

steps needed for accurate numerical integration of the gyration are of the

order of a nanosecond. Performing such simulations requires vast amount of

computing resources.

As a means to reduce the computational cost with minimal loss of infor-

mation, guiding-centre theory was devised in mid-1900s [79]. Its aim is to

disregard the rapid motion of the particle around the field line and, instead,

follow only the centre of that gyration, the guiding-centre. Guiding-centre
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theory is based on the assumption that the magnetic field varies slowly in

space and time compared to the gyromotion. That is, if∣∣∣∣ B

∇B

∣∣∣∣ 	 rL and

∣∣∣∣ 1B dB

dt

∣∣∣∣ 	 Ω,

the oscillating motion around the field line can be disregarded and the par-

ticle motion approximated by the motion of its gyrocentre. The early devel-

opments of guiding-centre theory were reviewed by Northrop [80].

The early theory does not, by construction, guarantee the conservation

of energy. In the 1980s, taking advantage of perturbation theory and the

Lie transform technique, Littlejohn [81–83] used noncanonical Hamiltonian

mechanics to derive the Lagrangian for the particle guiding-centre. In the

guiding-centre phase space, Xγ = (R, v‖, μ, ζ), the Lie transformed Lagrang-

ian up to zeroth order is [84,85]:

Lgc = (ZeA+mv‖b) · Ṙ+
mμ

Ze
ζ̇ −Hgc. (2.8)

Here, the phase space coordinates are: the spatial location R, the velocity

parallel to the magnetic field v‖, the magnetic moment μ = mv2⊥/(2B), and

the gyro-angle ζ. In addition, b = B/B is the magnetic field unit vector, A

is the magnetic vector potential, and the guiding-centre Hamiltonian Hgc is

defined as:

Hgc =
1

2
mv2‖ + μB + ZeΦ, (2.9)

where Φ is the electric potential. The guiding-centre equations of motion are

obtained from the equations above by applying the Euler-Lagrange equation:

d

dt

(
∂L

∂Ẋγ

)
− ∂L

∂Xγ
= 0 (2.10)

on each phase space coordinate. This leads to the equations of motion used

in ASCOT and presented in Ref. [71]:

Ṙ =v‖
B�

B�
‖
+E� × b

B�
‖
, (2.11)

v̇‖ =
Ze

m

B�

B�
‖
·E�, (2.12)

μ̇ =0, (2.13)

ζ̇ =
ZeB

m
, (2.14)

where B�
‖ = B� ·b, and the effective fields E� = −∂A�/∂t−∇Φ�, B� = ∇×A�

are defined using the effective potentials

Φ�(R, μ, t) =Φ + μB/(Ze), (2.15)

A�(R, v‖, t) =A+mv‖b/(Ze). (2.16)
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Figure 2.1. The wall collisions using (green) pure guiding-centre following (GC), (blue) pure
full-orbit following (FO), and (red) a combination of the two, switching from GC
to FO in the vicinity of the first wall (GC+FO). The same particle is followed us-
ing all three methods. While GC fails to even register the wall collision, GC+FO
produces a collision location that is nearly identical to the one obtained using
FO.

In ASCOT, a fourth-order Runge-Kutta method with fifth-order error check-

ing [78] is used to integrate Eqs. (2.11)–(2.13) in time. The equation of mo-

tion for the gyroangle, Eq. (2.14), is usually of no interest and is, therefore,

ignored.

For large devices, where the Larmor radius is small compared to the

plasma minor radius, following the guiding-centre (GC) instead of particles’

full-orbit (FO) has been found to have only a minor effect on the flux surface

averaged 1D profiles [86]. However, for smaller devices with low magnetic

field and, consequently, relatively large Larmor radii, the full-orbit effects

can be important.

Following the particles’ full gyromotion has been observed to make a dif-

ference in wall power load calculations [86]. For example in ITER, highly

energetic particles, such as 3.5 MeV fusion-born alpha particles, have Lar-

mor radii extending up to 10 cm. While modelling the full gyromotion deep

inside the plasma would be a waste of computational resources, close to the
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first wall it is important in order to get accurate estimates of the wall power

loads. A hybrid method (GC+FO), which uses FO following in the vicinity of

the wall and GC following elsewhere, combines the speed of GC following and

the accuracy of FO following. When a particle guiding-centre is found to be

within a Larmor radius from the wall, the latest GC time step is cancelled

and retaken using FO following, starting from a random gyro-angle. This

model was discovered to improve the precision of the wall hit calculations at

a minimal computational cost. It has, therefore, been utilized extensively in

recent fast ion loss calculations, e.g., the ones presented in Publication II and

Refs. [24,63,86]. Figure 2.1 illustrates how GC+FO produces nearly identical

wall collision results to FO, while GC fails to even register a collision.

2.3 Interactions

ASCOT evaluates the interactions between a test particle and the thermal

plasma between time steps Δt. A test particle interacts with the background

plasma through Coulomb collisions. Because of the long range of electro-

magnetic forces, the test particle is constantly scattered by a large number of

particles. The effect of these interactions on the particle velocity is evaluated

using Monte Carlo collision operators that assume small angle collisions.

The change in the test particle pitch, ξ = v‖/v, caused by Coulomb colli-

sions during a time step Δt, is [47]:

Δξ = −νξΔt+ δ1
[
(1− ξ2)νΔt

]1/2 , (2.17)

where ν is the pitch collision frequency and δ1 is the evenly distributed ran-

dom sign (+1 or −1). The first term on the right-hand side of the equation

represents the deterministic effect drawing the pitch to zero. The second

term is stochastic and tends to spread the pitch distribution. Acting together,

the two terms produce a uniform pitch distribution.

The effect of Coulomb collisions on the energy of the test particle is given

by [47]:

ΔE =−
∑
S

2νε,SΔt

[
E − 3

2
TS − 1

2

TSp

νε,S

dνε,S
dp

]
+ δ2

[∑
S

4TSEνε,SΔt

]1/2

,

(2.18)

where νε,S and TS are the energy collision frequency and the temperature

for plasma species S, respectively, kB is the Boltzmann constant, p is the mo-

mentum of the test particle, and δ2 is the evenly distributed random sign (+1
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or −1). The first term on the right-hand side of the equation is the friction

term, which pulls the particle energy towards that of the thermal plasma.

The second, stochastic term, on the other hand, produces the Maxwellian

energy distribution.

While the operators presented above have been derived for test particles,

similar operators can also be derived for particle guiding-centres. This was

done in [87], where it was also shown that in the zeroth order and in the

limit of a uniform magnetic field, both the pitch and the energy collision op-

erators for the guiding-centre agree with the operators given in Eqs. (2.17)

and (2.18). The main difference between the particle and guiding-centre col-

lision operators is the appearance of spatial diffusion in the guiding-centre

picture. The diffusion of the guiding-centre can be intuitively understood:

when a collision affects the particle velocity, it changes the particle gyro-orbit

and, consequently, the location of the particle guiding-centre.

In addition to neoclassical physics, that is accurately modelled by the com-

bination of orbit following (recall Sec. 2.2) and the Monte Carlo operators

presented above, an operator that accounts for anomalous particle transport

has been included in ASCOT. A simple ad hoc radial profile for the diffu-

sion coefficient, D, can be used, but a more physics-based model for diffusion

caused by plasma turbulence has also been implemented. The model is based

on the theoretical work by Hauff et al. [88,89]. The expressions ASCOT uses

for calculating the diffusion coefficients DE and DB that correspond to the

effect of electrostatic and magnetic turbulence, respectively, are presented in

Ref. [63].

2.4 Output and diagnostics

A myriad of data can be collected from an ASCOT simulation. When a sim-

ulation is set up, the user must decide what output is needed. One option is

to store all the test particle information on every time step, Δt. Studying the

orbits of individual particles can sometimes be useful; for example to visu-

alize the effect of a localized magnetic perturbation on a particle trajectory.

However, storing every time step of a full-orbit slowing-down simulation of,

e.g., 100 000 NBI ions in ITER would require of the order of ten thousand

terabytes of disk space. Besides, it is usually the combined behaviour of the

entire fast ion population, rather than the orbits of every single particle, that

is of interest.
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During a simulation, ASCOT collects data of physical quantities into mul-

tidimensional histograms, or distributions. The distributions can have up to

six dimensions, two of which are reserved for the test particle species and

time. Traditionally, all the distributions are collected as flux surface aver-

aged 1D histograms in the radial coordinate ρpol. This enables using the

ASCOT output as input to transport codes in integrated modelling applica-

tions (further discussed in Ch. 5). If needed, all the distributions can also be

collected as 2D histograms on an (R,z) grid. In addition, the fast ion density

distribution can be stored in 4D, either using the coordinates (R,z,v‖,v⊥) or

(R,z,ξ,E).

The distributions are collected by adding a contribution Ci to the distri-

bution of a physics quantity i after every orbit-following time step, Δt. To

select the grid cells receiving the contribution Ci, the start and end points

of the time step in all the dimensions of the collected distributions are de-

termined. If the start and end point are located in different grid cells, Ci

is distributed between all the grid cells the particle crossed during the time

step. The fraction of Ci assigned to a grid cell is equal to the fraction of the

time step the particle spent in the cell. If the value of Ci changes during the

step, its value is linearly interpolated in time. Some essential examples of

physical quantities collected and their contributions include:

particle density: Cn = wΔt, (2.19)

energy density: CE = EwΔt, (2.20)

parallel energy density: CE‖ = Eξ2wΔt, (2.21)

toroidal current: Cjφ = ZevφwΔt, (2.22)

collisional power to species S: CP,S = −ΔEd,Sw, (2.23)

j ×B torque: Cτ,jxB = −ZeΔψpw, (2.24)

collision torque to species S: Cτ,c = −R

(
Δp‖,d,S

BT

|B|
)
wΔt. (2.25)

Here, w is the test particle weight factor indicating how many real parti-

cles it represents, E the kinetic energy, Δψp the change in particle radial

position due to the orbit integration. The deterministic changes in energy

and parallel momentum due to collisions with the background, ΔEd,S and

Δp‖,d,S, are calculated separately for each plasma species S [71]. The torques

in Eqs. (2.24) and (2.25) are in the z direction; i.e., they rotate the plasma

toroidally. Fast ion to pressure is needed in numerical tokamaks to enable

self-consistent calculation of the plasma equilibrium. In ASCOT, the con-
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Figure 2.2. Three-dimensional illustration of the wall power loads due to NBI in AUG dis-
charge #26476. For more details on the calculations, see Publication II.

tributions to scalar pressure and its parallel and perpendicular components

are calculated from the energy density, presented in Eq. (2.20): Cp = 2CE/3,

Cp⊥ = (1− ξ2)CE, and Cp‖ = 2ξ2CE.

At the end of an ASCOT simulation, quantities such as location, velocity,

and simulated time are stored for every test particle. In addition, this end

state output includes a flag indicating why the simulation ended, e.g., the

particle hit the wall, or exceeded the set maximum simulation time. End

states are particularly useful for studying fast particle wall loads because

they contain the exact locations, energies, and pitches of the particles that hit

the wall. As an example, the wall power loads due to NBI in AUG discharge

#26476 are visualized in Fig. 2.2. When ASCOT is run in concert with a

transport code, the particle end states are also used for calculating the radial

profiles of toroidal momentum, energy density, and density of the particles

that have cooled down enough to be deemed thermalized and, hence, exit the

simulation.

Fusion reactions between the fast ions and the thermal plasma are also

diagnosed in ASCOT. These fusions give birth to yet another population of

fast ions that can then be simulated. Some fusion reactions produce neutrons

(recall Eqs. 1.1 and 1.3) and, hence, diagnosing them enables comparisons

between ASCOT and experimental neutron diagnostics.
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3. Generating the initial test particle
ensemble

The inputs that have the largest impact on the results of a fast particle simu-

lation are the initial test particle ensemble, and the magnetic field. To obtain

realistic results, the initial ensemble of weighted test particles should rep-

resent the corresponding fast ion population as accurately as possible. For

example, significant ionization of the neutral beam too close to the separa-

trix, let alone outside of it, results in a dramatic increase in the fast particle

wall loads. Therefore, a substantial part of the work presented in this thesis

has focused on refined test particle initialization.

In this chapter, the models for generating the initial test particle ensem-

bles of NBI ions (Sec. 3.1) and fusion reaction products (Sec. 3.2) are intro-

duced. Both initialization models were originally built as parts of the ASCOT

preprocessing routine, but the NBI model has recently been converted into

a stand-alone tool (cf. Publication I). For the fusion product source model, a

similar effort is presently on-going.

3.1 Neutral beam injection

Neutral beam injection (NBI) plays an important role in heating the plasma

and driving rotation in current tokamaks, as explained in Sec. 1.2. Its sig-

nificance will only increase with the building of ITER, where NBI will be

one of the main sources of heating and non-inductive current drive. For ex-

ample, for the 9 MA steady-state scenario, the estimates of the neutral beam

driven current vary between 10%–25% of the plasma current [90]. Due to the

high level of injected power, the beam-induced heat loads present a potential

threat to the integrity of the ITER first wall, particularly in the presence of

non-axisymmetric magnetic perturbations. Hence, it is important that NBI

can be modelled accurately and reliably.
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Figure 3.1. Schematic illustration of a neutral beam injector. The beam particles are gener-
ated in an ion source, accelerated in an electrostatic accelerator, and then neu-
tralized via charge-exchange reactions with the neutraliser gas. The beam parti-
cles that are not neutralized are diverted to the residual ion dump, whereas the
neutral beam proceeds into the vacuum vessel of the device.

As the name NBI suggests, fast neutral particles are injected into the de-

vice. In the plasma, the neutral particles are ionized due to electron and

ion impact ionizations and charge-exchange reactions. These ionized parti-

cles are confined by the magnetic field and start orbiting in the device, cool-

ing down through Coulomb collisions with the thermal particles and, conse-

quently, heating up the plasma (recall Sec. 2.3).

Neutral beam injectors in all large tokamaks are based on a similar struc-

ture, illustrated in Fig. 3.1. The most commonly injected species is deu-

terium, but sometimes also hydrogen, tritium or helium beams are used.

The beam particles are generated in an ion source and accelerated using an

electrostatic accelerator. Once accelerated, the beam particles have to be

neutralized because charged particles would get diverted by the magnetic

fields of the device and, thus, be unable to enter the vacuum vessel. In the

neutralization process, the D+
2 and D+

3 molecules that are inherently present

in positive ion beams are broken up into deuterium atoms. Because singly

charged molecules receive the same amount of energy in the accelerator as

the deuterium ions, their break-up leads to the beam having three energy

components with energies Emax, Emax/2, and Emax/3, where Emax is the nom-
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Figure 3.2. Maximum neutralization efficiency in a gas target neutralizer for positive and
negative ion deuterium beams as a function of beam energy. The figure is repro-
duced from Ref. [92].

inal energy of the beam dictated by the acceleration voltage.

The efficiency of a neutral beam injector is mainly determined by the

neutralization efficiency, which decreases with increasing beam energy. The

neutralization efficiency sets an upper limit for the beam energy when using

positive ion neutral beam injectors. As shown in Fig. 3.2, at beam energies

higher than 100 keV, less than half of the positive ion beam is neutralized.

This is challenging because, particularly in ITER and in future fusion de-

vices, high energies are needed to achieve sufficient beam penetration into

the plasma. The drop in neutralization efficiency is not as dramatic for

negative ion beams (cf. Fig. 3.2), which is the reason they will be used in

ITER [91].

In the beamline, the neutralizer is followed by a residual ion dump (cf.

Fig. 3.1) that collects the beam particles that were not successfully neutral-

ized. This is done to protect the rest of the beamline from the energetic ions

diverted by the magnetic field of the device. After ions have been removed

from the beam, it enters the plasma.

Neutral beam injector boxes often contain several individually operated

beams. For example, the AUG injectors consist of four, JET injectors of eight,

and ITER injectors of one beam each. Depending on the charge of the accel-

erated ions, the beam sources are called Positive or Negative Ion Neutral

Injectors, in short PINIs and NINIs.

BBNBI, the Beamlet-Based Neutral Beam Injection model integrated into

ASCOT was first introduced in Ref. [93]. A detailed description of the model

together with extensive benchmarking results were presented in Publication

I. BBNBI follows the neutral particles starting from the grounded grid of the
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beam; i.e., the last accelerator grid. The beam is modelled as a set of sub-

beams, or beamlets, one from each grid hole in the grounded grid, as shown

in Fig. 3.3(a). The fine structure of the beam is readily taken into account by

defining the location and direction of each beamlet individually. The direc-

tion of each beamlet is calculated from the orientation, as well as the vertical

and horizontal focal lengths of the beam (see Fig. 3.3(b)). In some cases, e.g.,

for ITER, the beam is more complex, and substructures of the beam each

have their own focal points. Defining the geometry on a beamlet-by-beamlet

basis enables accurate representation of such configurations. It also makes

it possible to include arbitrary device specific features to the model, such as

the tilt between the upper and lower halves of the injector grids of JET (see

Fig. 3.3(b)) and AUG. The other adjustable parameters for each injector unit

are:

• injected particle species (H/D/T),

• total beam power, Ptot,

• full energy of the beam particles, Emax,

• fractions of particles in the different energy components Emax, Emax/2,

and Emax/3.

In addition, beamlet divergence and the probability with which a neutral

particle is injected from a given beamlet can be specified. For all the cases so

far, these probabilities have been assumed uniform. The aperture through

which the beam must pass, and material obstacles such as beam scrapers

(recall Fig. 3.1) can also be included in the model. By default, such obstacles

are only defined for ITER injectors, but they can be added for other devices

if needed.

To generate a NBI test particle for a simulation, a neutral particle from

a random beamlet is chosen. The neutral particle is assigned a velocity in

the direction of the beamlet, offset according to the beamlet divergence, and

advanced along its velocity vector until it either hits an obstacle or enters

the vacuum vessel.

Once inside the device, the neutral particle is assigned a uniformly dis-

tributed random ionization threshold λ ∈ [0, 1]. It is then advanced along a

straight trajectory until the probability, Pi, of the particle surviving further

without ionization is lower than the threshold λ. The model to calculate Pi is

derived for a large initial ensemble consisting of N neutral particles. These
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(a)

Vertical focal length

(b)

Figure 3.3. Schematic illustrations of (a) the grounded grid of a JET PINI (Positive Ion Neu-
tral Injector) and (b) the orientation of its beamlets in the vertical plane. There
is an angle of 179◦ between the two grid halves.

particles are travelling in space and being ionized by reaction r, which re-

moves them from the ensemble. The differential equations for (i) the total

number of particles left in the ensemble at distance s, N(s), and (ii) the num-

ber of reactions r that have taken place before the particles have travelled

the distance s, Nr(s), are

dN(s)

ds
= −

∑
r

dNr(s)

ds
, (3.1)

dNr(s)

ds
= Rr(s)N(s), (3.2)

where Rr(s) is the reaction rate for reaction r at distance s. Inserting Eq. (3.2)

into Eq. (3.1) and integrating yields

N(s) = N0 exp

(
−
∫ s

0

∑
r

Rr(s
′)ds′

)
, (3.3)

and consequently

Nr(s) = N0

∫ s

0
Rr(s

′) exp

(
−
∫ s′

0

∑
r′

Rr′(s
′′)ds′′

)
ds′. (3.4)

Therefore, using the total effective ionization cross-section Σ(s) =
∑

rRr(s),

the cumulative probability for a neutral to survive the interval [0, si] is

Pi = exp

(
−
∫ si−1

0
Σ(s′)ds′

)
exp

(
−
∫ si

si−1

Σ(s′)ds′
)

= Pi−1 exp

(
−
∫ si

si−1

Σ(s′)ds′
)
, (3.5)

where Pi−1 is the probability of the particle not being ionized within the

interval [0, si−1]. In the code, the integral above is discretized using small

steps Δsi = si − si−1. Hence,

Pi = Pi−1 exp (−ΣiΔsi), (3.6)

39



Generating the initial test particle ensemble

where Σi = (Σ(si)− Σ(si−1)) /2. Once Pi ≤ λ, i.e., the probability for the par-

ticle to reach its current location without ionization falls below the threshold

value, the last step is re-taken forcing it to end at the exact location where

the threshold value is crossed:

Δsi = − 1

Σi
ln

λ

Pi−1
. (3.7)

After this step, a test particle is initialized. If the neutral particle hits the

wall of the device before being ionized, it is considered shine-through.

The total effective ionization cross-sections, Σ, are calculated from the

analytical fits given by Suzuki et al. [94]. Over each step, the plasma pa-

rameters (densities, temperatures, impurities) are assumed to be roughly

constant. This results in a constant effective ionization cross-section within

a step. At JET, the most recent version of BBNBI can also use the effective

ionization cross-sections from ADAS [95] instead of Suzuki fits. These two

models produce very similar ionization cross-sections and only differ for very

low beam energies, below 30 keV/amu [96].

The NBI geometries of most major tokamaks, namely AUG, DIII-D, FAST,

ITER, JET, TEXTOR, MAST, and Tore Supra, have already been imple-

mented in BBNBI. The NBI geometries of JT60-SA and Wendelstein 7-X

are foreseen to be included, and more devices will be added as needed.

3.2 Fusion-born fast ions

For the existing fusion devices, having a significant population of fast fusion-

born ions has never been an issue. This will change when ITER starts using

a deuterium–tritium (DT) plasma mix at full heating power. Even though

only ∼ 1‰ of the ions in ITER will be alpha particles born from DT fusions,

their energy content will still be ∼ 5% of the plasma stored energy. Also, JET

will have its DT campaign in the near future, which will bring fusion-born

alpha particles to the fore. Fusions between NBI or ICRH heated ions and

the thermal plasma also take place regularly in all the existing devices.

In order to generate a representative ensemble of fusion-born test parti-

cles, their birth rates in the plasma need to be calculated. Fusion reaction

cross-section and, hence, fusion reactivity depends on the relative velocities

of the reacting particles. To determine the total reactivity at any given loca-

tion, the calculation must include integrals over the entire velocity space for
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both reactants. For a deuterium–tritium plasma, the DT fusion reactivity is:

〈σv〉DT =

∫∫
fT(vT)fD(vD)σ(|vT − vD|) |vT − vD| dvTdvD, (3.8)

where fS(vS) is the velocity distribution of the plasma species S, and σ is

the fusion reaction cross-section as a function of the relative velocity of the

reacting particles. This sixfold integral is laborious to evaluate and should

be avoided if possible. For thermal plasmas, where the local velocity distri-

butions of the reacting species can be assumed Maxwellian, parametrized

representations of numerically calculated reactivites are readily available.

ASCOT uses one such parametrization by Bosch and Hale [3]. The fusion

reaction rates are then calculated using the reactivity as R = nDnT 〈σv〉. To

obtain the test particle weight factors, the reaction rates are multiplied by

the local volume element, which results in weights with units of particles per

second.

Originally, the fusion-born alpha particles were initialized using Boozer

coordinates (recall Sec. 1.3). For Publication III, the ASCOT code was im-

proved by introducing particle initialization in a Cartesian (R, z) grid in-

stead. The necessity of this improvement is discussed in detail in Sec. 4.3.

For the (R, z) initialization, a very dense grid (600×600 cells) was generated,

and a particle was initialized to each cell. The toroidal angle φ ∈ [0,2π] where

each particle is born was chosen randomly. The pitch of every particle was a

uniformly distributed random number between -1 and 1, which corresponds

to the fusion-born ions having an isotropic velocity distribution.

Further development of the fusion-born ion initialization model has led

to the removal of the artificial (R, z) grid structure. Currently, the initial R

and z coordinates of each particle are picked randomly, but making sure the

initial location lies inside the separatrix. When all the test particles have

been initialized, the weight factor of the i:th test particle, wi, is calculated

as:

wi =
R(Ri, zi)A

∫ 2π
0 Ridφ∑N

i=1 R(Ri, zi)A
∫ 2π
0 Ridφ

∫∫
R(R, z)V (R, z)dRdz, (3.9)

where R(Ri, zi) is the fusion reaction rate evaluated at the location of the

i:th particle, N is the total number of test particles, V (R, z) is the volume el-

ement, A is the area of an (arbitrary) grid cell in the poloidal plane, and φ is

the toroidal angle. In other words, Eq. (3.9) means that the total number of

fusion reactions per second in the plasma (the rightmost double integral) is

distributed to the test particles according to their local reaction rates. This

guarantees that, regardless of the number of test particles initialized, to-
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Figure 3.4. The probability density function of the initial energy of alpha particles born in
thermal DT fusion reactions in the core of ITER 15 MA baseline scenario plasma
with the ion temperature Ti =20 keV.

gether they always represent the total fusion power in the plasma.

Equation (3.9) assumes that the densities, n, and temperatures, T , of the

plasma species, and consequently the fusion reaction rates, R, depend on the

coordinates R and z. The same equation can also be written for 1D plasma

densities and temperatures n(ρ) and T (ρ). The reaction rates in Eq. (3.9) are

calculated using the parametrization from Ref. [3] as described above.

The entire fusion-born alpha particle population from DT fusion reactions

is often assumed to be monoenergetic at 3.5 MeV. This was the case for, e.g.,

Publication III and Refs. [29, 32, 63]. In reality, the alpha particles have an

energy spectrum due to the Maxwellian nature of the fusing particle pop-

ulations [97]. The energy distribution of alpha particles born in the core

of ITER 15 MA baseline scenario plasma with Ti =20 keV is illustrated in

Fig. 3.4. This distribution of initial energies has recently been included in

ASCOT [98].

In addition to fusion reactions among thermal ions, fusions can also oc-

cur between the fast ions and the thermal plasma and amongst fast ions

themselves. From this point forward, the two latter reactions will be dubbed

beam–plasma and beam–beam fusions, respectively.

A new beam–plasma fusion model based on parametrized fusion cross-

sections was constructed in order to perform the first set of comprehensive

ASCOT simulations of fast ions in ITER [29]. In the model, the fusion reac-
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tivity is calculated similarly to Eq. (3.8). The distribution function of a sin-

gle fast deuteron in velocity space is a δ-function located at its velocity vD.

Hence, the beam–plasma fusion reactivity for a fast deuteron in a plasma

with a Maxwellian population of thermal tritons, fT,M(vT), is given by

〈σv〉DT =

∫∫
δ(vD)fT,M(vT)σ(|v′

D − vT|)|v′
D − vT|dvTdv′

D

=

∫
fT,M(u+ vD)σ(|u|)|u|du

=

(
mT

2πTi

)3/2 ∫
e

−mT(u+vD)2

2Ti σ(|u|)|u|du

= 2π

(
mT

2πTi

)3/2 ∫ ∞

0
σ(u)u3e

−mT(u2+v2D)

2Ti

∫ −1

1
−e

−mT(uvD cos θ)

Ti d(cos θ)du

= −
√
mT

vD
√
2πTi

∫ ∞

0
σ(u)u2

[
e

−mT(u+vD)2

2Ti − e
−mT(u−vD)2

2Ti

]
du. (3.10)

In the preprocessing phase of ASCOT, the fusion reactivities for the re-

actions of interest are calculated from Eq. (3.10) and tabulated. The table

covers test particle velocities, vD, from effectively zero to the particle initial

velocity, and background ion temperatures, Ti, extending from the minimum

to the maximum value of ion temperature in the plasma.

On every ASCOT time step, Δt, the local fusion reactivity, 〈σv〉, for a test

particle is obtained from this table through interpolation. The number of fu-

sion reactions is calculated using the fusion reactivity, local reactant density

nT, and the time step Δt:

Nfus = nT 〈σv〉DTΔt. (3.11)

Thus, one output of an ASCOT NBI simulation is the density of the beam–

plasma fusion reactions in the poloidal (R,z) plane. This output can be used

for modelling neutron rates, as well as for generating input for a subsequent

fusion-born particle simulation. The densities of thermal and beam–plasma

fusion reactions for an ITER 9 MA plasma are plotted in Fig. 3.5. For ITER,

the density of beam–plasma reactions is more than an order of magnitude

lower than that of thermal fusions.

In addition to D–T, ASCOT calculates D–D beam–plasma fusion reactions.

They are of little importance in DT plasmas due to the relative magnitudes of

D–D and D–T fusion reaction cross-sections [3], but in present-day machines

that operate with pure deuterium plasma, beam–plasma fusions between

deuterons are the largest source of fusion-born neutrons. Constructing syn-

thetic neutron diagnostics based on fusion reaction rate calculations is a po-

tential way of comparing simulations with experiments. This has been done
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Figure 3.5. The thermal (a) and beam–plasma (b) fusion reaction densities in ITER 9 MA
scenario plasma. The density of beam–plasma reactions is more than an order
of magnitude lower than that of thermal fusions. Still, were the beam–plasma
fusions to take place close to the separatrix, the fast fusion products could poten-
tially pose a threat to the plasma facing components. Since this is not the case,
simulating the alpha particles from beam–plasma fusions in ITER was deemed
unnecessary from the point of wall power loads in Ref. [29].

in Ref. [76] where a satisfactory agreement was found between the JET KN3

neutron camera and the ASCOT synthetic neutron camera.

While the beam–plasma fusion reactions are more numerous than the

beam–beam fusion reactions, sometimes the latter are of interest. In order to

calculate the beam–beam fusion reaction rates, the strongly non-Maxwellian

distribution function of the beam particles, fD,b, needs to be known. Hence,

the beam–beam fusions can not be calculated time step by time step like

beam–plasma fusions presented above. Because of this, a model to calcu-

late the fusion reaction rates directly from the integral in Eq. (3.8) using

the slowing-down distribution functions of the reacting ion populations is

being constructed for ASCOT. The model is computationally unnecessarily

heavy for calculating the thermal fusions, for which good parametrizations

of the fusion reactivity exist. Instead, it will be used for calculating both

the beam–beam and the beam–plasma fusion reaction rates in the post-

processing phase of a simulation. If desired, fusion product test particle

ensembles can then be initialized accordingly.
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4. Applications of ASCOT

The particle following Monte Carlo code ASCOT, presented in Ch. 2, has

been used for studying a wide range of interesting physics problems. In this

chapter four such applications are introduced: (i) an NBI benchmark against

established NBI codes in JET and AUG (Publication I), (ii) an assessment of

the effect of AUG in-vessel coils on NBI ions (Publication II), (iii) an exami-

nation of fusion alpha performance in JET advanced scenario plasmas (Pub-

lication III), and (iv) NBI simulations for a Collective Thomson Scattering

study (Publication IV).

Neutral beam injection is necessary for heating the plasma and for driving

current. Therefore, modelling it accurately is important for both current and

future tokamaks. A new flexible and modular NBI model was developed and

benchmarked against established neutral beam injection codes. This work is

summarized in Sec. 4.1.

Large bursts of particles and energy from the plasma to the wall, known

as edge localized modes (ELMs), could cause significant damage to the ITER

first wall. Thus, they need to be mitigated. Externally imposed magnetic

perturbations that deteriorate the plasma confinement at the edge have been

proven to have the desired effect on ELMs. However, before such perturba-

tions are used in ITER, their effect to fast ion confinement must be under-

stood. This was the aim of the work described in Sec. 4.2.

The tokamak operating scenarios with the potential for improved con-

finement and high fusion performance in near steady-state conditions have

been labeled as advanced scenarios [99, 100]. They can be obtained, e.g., by

means of current profile tailoring. While beneficial for the confinement of the

thermal plasma, the consequent reduced central plasma current could lead

to deterioration of fast ion confinement. Conclusions of an investigation on

fusion-born alpha particle confinement in JET advanced scenario plasmas
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are presented in Sec. 4.3.

ITER plasma will contain an unprecedented number of fusion-born alpha

particles. Monitoring them will be crucial for understanding and controlling

the behaviour of the burning plasma. One potential candidate for providing

the required fast ion measurements is Collective Thomson Scattering (CTS)

diagnostic. The goal of the study outlined in Sec. 4.4 was to ensure that the

CTS diagnostic designed for ITER can distinguish the signal due to fusion-

born alpha particles from the noise caused by other fast ions originating from

NBI and ICRH.

4.1 Neutral beam injection in JET and AUG

Neutral beam injection is the main source of heating in most large toka-

maks today and, furthermore, provides a significant and flexible source of

torque and current. NBI will also be one of the main sources of heating and

non-inductive current drive in ITER. In addition, 1D transport modelling of

fusion plasmas relies on knowing the sources of density, temperature, and

momentum; i.e., particles, heat, and torque from neutral beams. Therefore,

reliable and accurate simulation of NBI is important for making predictions

for ITER, as well as for any other current or future fusion device.

A new beamlet-based neutral beam ionization model called BBNBI, de-

scribed in detail in Sec. 3.1, was first introduced in Publication I. BBNBI

has a more detailed and more flexible way of defining the injection geometry

than any other neutral beam ionization code. It uses the same I/O struc-

tures as ASCOT and can, therefore, handle complex 3D magnetic fields and

ionization also outside the separatrix. BBNBI is fully modular and, hence,

perfectly fits the needs of integrated modelling.

In Publication I, BBNBI predictions of beam ionization were compared

against those of PENCIL [42] and NUBEAM [51, 52], the neutral beam in-

jection module of the 1D transport code TRANSP [101]. The comparison was

performed for axisymmetric JET- and AUG-like plasmas. The predictions of

the three codes for the radial density profile of the ionized beam particles

were found to be within 5% from each other througout the plasma. Also the

pitch distributions produced by the codes were within 5% from each other for

all pitches.

Once the similarity of the beam ionization was confirmed, the first com-

prehensive benchmark of particle-following codes ASCOT and NUBEAM and
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the bounce-averaged Fokker-Planck code PENCIL was carried out. Steady-

state slowing-down profiles of fast ion density, power deposition to thermal

ions and electrons, neutral beam current drive, and torque were compared

for all JET octant 8 PINIs (Positive Ion Neutral Injectors) and all eight AUG

PINIs. The profiles produced by ASCOT and NUBEAM had less than 10%

difference on any given radial location (for figures see Publication I). Be-

cause of the lack of ion orbit effects, PENCIL tended to give predictions that

were more peaked than those of the particle-following codes, particularly for

the off-axis beams.

4.2 Effect of AUG in-vessel coils on NBI ions

ITER first wall components will not be able to handle the transient heat

loads caused by large edge localized modes (ELMs), i.e., bursts of particles

and energy from the plasma edge to the wall, that are characteristic of high-

confinement mode (H-mode) plasmas [102]. Therefore, mitigating these heat

loads will be vital for successful H-mode operation of ITER. At DIII-D, ex-

ternally imposed magnetic field perturbations were found to reduce the size

and increase the frequency of ELMs without compromising the core plasma

performance (e.g., stored energy and pedestal top density) [103, 104]. Clear

mitigation of ELMs, without adverse effects on the plasma performance, was

observed also in AUG experiments where the in-vessel saddle coils were

used [105]. Due to these promising results, ELM coils have been included

in ITER design [28].

The magnetic perturbation created by the in-vessel coils deteriorates the

plasma confinement at the edge. This has the desirable effect on ELMs, but

it might be harmful for the confinement of fast ions. In Publication II, the

impact of the AUG in-vessel coils on the neutral beam injected fast ions was

studied. It was discovered that for a typical discharge with ELM mitigation

at high magnetic field (Bφ = 2.5 T), the effect of the coils on beam ion losses

was non-existent. However, for lower toroidal magnetic field (Bφ = 1.8 T) the

increase in losses was significant. This is because for the low Bφ case, the

relative magnitude of the magnetic perturbation to the total magnetic field

and, hence, the distortion of the magnetic field lines, was larger than in the

high Bφ case (see Figs. 3 and 4 in Publication II). Because the perturbation

is the strongest near the coils, the increase in losses was particularly clear

for the most toroidally oriented beam Q6 that injects more particles to orbits
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Figure 4.1. Photograph of the ASDEX Upgrade first wall and the ICRH antenna in sector 10
(left), the CAD data used for creating the ASCOT 3D wall description (right), and
the wall as seen by ASCOT (middle) with an overlay of the wall loads from a sim-
ulation of the downward perpendicular beam Q5 in AUG discharge #26476 with
an n = 2 perturbation created by the in-vessel coils. For more details on the wall
load calculations, see Publication II. The figure is courtesy of S. Äkäslompolo.

close to the separatrix than the other beams (c.f. Fig. 2(f) in Publication I).

Results from the AUG Fast Ion Lost Detector (FILD) [106] were compared

with those of a synthetic diagnostic built into ASCOT. When the experiments

were carried out, AUG FILD was not absolutely calibrated and, hence, quan-

titative comparisons between the measurement and the simulation could not

be made. Qualitatively, the two were in rough agreement, even though the

synthetic diagnostic did indicate more particle losses at pitch angles below

45◦ and at Larmor radii below 30 mm than the experiment.

The discrepancy at small pitch angles is likely to be caused by differences

between the real and the numerical measurement geometry: (i) the FILD col-

limator, that blocks particles with pitch angles roughly between 0◦ and 30◦,

is not included in the synthetic diagnostic, and (ii) to get better statistics, the

synthetic FILD was pushed closer to the plasma than the real one. A more

true to life synthetic FILD could be implemented, but using it would make

the simulations much more time consuming. Detecting the same number

particles with a more detailed numerical detector would require simulating

at least an order of magnitude more test particles, and increase the duration

of the simulations correspondingly.

The lost particles with small Larmor radii, on the other hand, might be

an artefact caused by the simplistic calculation of the magnetic perturba-

tion due to the ELM coils. Publication II was one of the first publications
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where BioSaw, a tool that calculates the magnetic fields generated by ex-

ternal coil currents using the Biot-Savart law, was used to compute the 3D

magnetic fields for the ASCOT simulations. It uses the vacuum field approx-

imation, which assumes that the plasma does not respond to the external

perturbation in any way. In order to make accurate predictions of the im-

pact of external magnetic perturbations on fast ion behaviour, the effect of

the plasma either shielding or amplifying the perturbation created by the

ELM coils must be properly modelled and taken into account [107]. ASCOT

could be combined with codes such as MARS-K [108], or JOREK [109] that

are able to calculate the plasma shielding. Utilizing the more realistic mag-

netic fields obtained in this fashion could improve the agreement between

the measured and simulated FILD results.

In addition to 3D magnetic fields, the work in Publication II also took ad-

vantage of ASCOT’s capability to utilize detailed 3D wall descriptions. The

fidelity of the wall representation used is illustrated in Fig. 4.1 where a pho-

tograph of the device first wall (left) and the related CAD drawing (right) are

shown alongside the ASCOT wall representation (middle). Such high accu-

racy in the wall description is important for some applications, e.g., impurity

migration in the SOL [74].

4.3 Fusion alpha performance in JET advanced scenario plasmas

One group of advanced scenarios are plasmas with reversed central magnetic

shear, generated through current profile tailoring (recall Sec. 1.1). An ex-

treme case of current profile modification, used to create a reversed q-profile,

is current hole plasmas, for which the toroidal plasma current density is al-

most zero in the centre of the plasma [110, 111]. The aim of such plasmas

is to create a steep gradient to the plasma kinetic pressure at the boundary

of the current hole. This will result in a so-called internal transport bar-

rier (ITB) [112] that will improve the confinement of thermal particles and,

consequently, help in maintaining high density and temperature inside the

current hole. While the steep pressure gradient also maximizes the amount

of self-generated plasma current [20, 21], the reduced total plasma current

results in a weaker poloidal magnetic field and can, hence, be deleterious to

fast ion confinement.

In Publication III, the behaviour of fusion-born alpha particles in JET ad-

vanced scenario plasmas with ITBs and low and near-zero toroidal plasma
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Figure 4.2. Fusion-born alpha test particles in the JET current hole discharge #51976, ini-
tialized using the (a) Boozer coordinates and (b) the Cartesian coordinates, and
projected to the poloidal cross-section of the device. Every coloured point in the
figure represents a location where one or more test particles are initialized. The
colour of the point indicates the magnitude of the test particle weight factor. In
(a), there are Nρ ×Nθ initial locations, evenly distributed both in radial location
and in the poloidal angle. Each initial location has Nξ test particles with pitches
evenly spaced between -1 and 1. In (b), every cell of a dense (R,z) grid has Nξ

test particles with a random pitch ξ ∈ [-1,1] (where usually Nξ= 1).

currents was studied. The paper compares the performance of advanced sce-

nario plasmas with normal H-mode plasmas from the point of view of (i)

fusion yield, (ii) fusion power deposited in the plasma, and (iii) fast particle

losses. In the actual JET discharges (#50844, #52009, #51976, and #66498),

pure deuterium fuel was used, whereas in the simulations, a 50:50 mixture of

deuterium and tritium was assumed in order to generate fusion-born alpha

particles. The simulations confirmed that current profile tailoring deterio-

rates the confinement of the alpha particles. However, despite the increased

losses, more alpha particle heating was deposited in ITB plasmas than in

regular H-mode plasmas with the same total plasma current. This was due

to their higher fusion yields. Because of the wide alpha particle orbits and

the resulting broad deposition of alpha particle power to the plasma, it is

still not clear whether ITB plasmas would actually be suitable for a fusion

reactor.

With the next DT campaign of JET approaching, the behaviour of fusion-

born alpha particles is again starting to be of interest. If steady-state sce-
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narios are to be investigated, simulations similar to those presented in Pub-

lication III will be needed to ensure that the fast ion losses will not cause a

threat to the first walls of the device.

Since its early stages of development, ASCOT has been able to follow par-

ticles using either the field-aligned Boozer coordinates or Cartesian coordi-

nates. Over the course of this work, ASCOT was improved by introducing

a method to initialize the fusion-born alpha test particles in Cartesian coor-

dinates instead of the Boozer coordinates (recall Sec. 1.3). This was crucial

because for plasmas with a current hole, the flux surfaces in the plasma core

were no longer concentric, resulting in an ill-behaved Boozer coordinate sys-

tem. The consequences of this error in defining the flux surfaces on particle

initialization are illustrated in Fig. 4.2(a), which shows how part of the core

plasma is completely overlooked by the Boozer coordinates. To get reliable

results, the alpha particle initialization, similarly to the particle following,

was extended to cover the entire plasma cross-section by using Cartesian

coordinates. This started the development of improved fusion-born particle

initialization methods that are necessary for accurate fast ion modelling both

in stand-alone applications and as a part of a future numerical tokamak.

4.4 Collective Thomson Scattering diagnostic for ITER

Making measurements of the fast ions in ITER will be a very challenging

task because of the neutron irradiation and the extreme heat loads that ev-

ery diagnostic component facing the plasma has to endure. Also, the number

and size of openings in the ITER first wall limit the space available for fast

ion diagnostics. Still, it is important to monitor particularly the confined

fusion-born alpha particle population to confirm that they are duly heating

the plasma. The fusion-born alpha particles may also excite MHD modes,

such as toroidal Alfvén eigenmodes, that can be detrimental to their confine-

ment [23,113]. Extracting the information on the alpha particle distribution

function is key for studying this interplay between the fast particles and the

MHD modes. Collective Thomson Scattering diagnostic [114] is one of the

few tools that could provide the necessary information.

CTS diagnostic is based on measuring the electromagnetic waves that are

scattered off microscopic fluctuations in the thermal electron distribution.

These fluctuations are caused by the motion of ions and, hence, contain in-

formation on the ion distribution function [115]. The concept of the CTS
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Figure 4.3. A schematic illustration of the CTS diagnostic at TEXTOR showing the incident
probe beam (red), the scattered receiver beam (blue) and the scattering volume
at the cross-section of the two beams (orange). The fluctuation wave vector kδ =

ks − ki is also drawn in orange.

diagnostic is illustrated in Fig. 4.3. An incident probe beam (red), with wave-

length in the millimetre range, is launched into the device. In the plasma,

the beam interacts with the fluctuations and gets scattered. A small frac-

tion of this scattered radiation, dubbed the receiver beam (blue), is observed

by the receiver antenna. The fluctuation wave vector kδ = ks − ki gives a

localized measurement of the fluctuations in the scattering volume (orange),

where the two beams overlap. Here ki and ks are the wave vectors of the

incident and the scattered waves, respectively. From the spectrum of the

scattered radiation, information on the ion velocity distribution in the di-

rection of kδ can be derived [115]. However, it is impossible to deduce from

the spectrum which ion species caused the microscopic fluctuations that CTS

diagnostic is measuring.

The distribution function of the fusion-born alpha particles is of particu-

lar interest. Hence, the goal of Publication IV was to investigate whether

the signal from alpha particles can be distinguished from the noise caused

by other fast ions originating from NBI and ICRH. With the help of ASCOT

and PION [116] simulations (for NBI deuterons and ICRH heated tritons and
3He ions, respectively), it was shown that, in most cases of interest, the con-

tributions from NBI and ICRH are more than an order of magnitude smaller
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Figure 4.4. Distribution function of NBI particles from AUG injectors S3 and S8 at (R =

1.7 m, z = 0.1 m) calculated by ASCOT (top) and NUBEAM (bottom). The bulk
ion distribution is not plotted in this figure, leading to zero densities near the
origin. The directions of the magnetic field B and the CTS fluctuation wave
vector kδ are also indicated. The figures are reproduced from Ref. [65].

than those from the fusion-born alpha particles. Hence, it was concluded

that the CTS diagnostic will be able to measure the fusion alpha population

in ITER with good accuracy. CTS diagnostic has been included in the ITER

baseline design [117] and thanks to positive results like the ones published

in Publication IV, it will, most likely, be installed on the device.

This work marked the first time when the newly implemented feature for

collecting the fast ion distribution function in four-dimensional (4D) phase

space (R,z,v‖,v⊥) was used. Storing the distribution function has been a

very useful addition to ASCOT and it has been exploited in other CTS stud-

ies [65, 70] as well as in code–code comparisons [71]. Figure 4.4 shows

the good correspondence between the velocity distributions at the scattering

volume of the ASDEX Upgrade CTS diagnostic calculated by ASCOT and

NUBEAM [65].

The 4D distribution functions of beam ions and fusion alphas have also

been used as input for the fast particle MHD code HAGIS [118]. Sophisti-

cated 3D ITER simulations were carried out using ASCOT, and their output

was converted to HAGIS input for sawtooth control [119, 120] and Resistive

Wall Mode (RWM) damping [121] studies. This way the effects of collisions
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and 3D magnetic perturbations (ASCOT), as well as those of wave-particle

interactions (HAGIS), could be taken into account.

The next step towards more realistic modelling would include running the

two codes alternatingly. That is, the fast particle ensemble should be passed

back and forth between the two codes, with ASCOT calculating the transport

and losses due to 3D effects, and HAGIS calculating the MHD modes driven

by the fast ions and redistributing them. While coupling ASCOT and HAGIS

in this manner still does not fully capture the underlying physics, iterating

between them using short simulations would result in an improved estimate

of the fast particle distribution function. This approach clearly calls for a

more closely integrated simulation. Two examples of frameworks for such

integrated modelling will be discussed in the next chapter.
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Many fast ion physics topics can be studied using stand-alone ASCOT simu-

lations, as described in Chapter 4. Still, in order to investigate the impact of

fast ions on the plasma at large, discussed in Sec. 1.2, the simulations need

to be connected to a more extensive model covering the interactions between

different physics processes in the plasma. For example, neutral beam heat-

ing has a strong impact on the temperature profiles, whereas the beam ion

pressure and the current driven by the beam affect the plasma equilibrium.

Conversely, the equilibrium and the temperature profiles have an effect on

both the beam ionization and beam slowing-down and, hence, heating, pres-

sure and driven current. Therefore, to correctly predict the plasma evolution,

self-consistent simulations taking all of the above into account are needed.

The approach of building a suite of numerical tools, or a numerical tokamak,

to model such complex systems is called integrated modelling.

Several suites of codes for integrated modelling of tokamak plasmas are

under development and at different stages of maturity. The earlier and,

hence, more established integrated suites of codes are usually built around a

1D transport code that solves the flux surface averaged equations for plasma

densities, temperatures and toroidal rotation. Some transport solvers take

the 2D plasma shape into account in the flux surface averaging and are,

consequently, said to be 1.5D. The transport solver dictates the flow of the

integrated simulation, and the other physics models attend to it. This re-

sults in strong coupling between the models and a robust but somewhat

rigid workflow structure. Examples of such integrated suites of codes include

JETTO [122], its extension JINTRAC [59, 60], TRANSP [101, 123] and its

new predictive version PTRANSP [124], CRONOS [125], and CORSICA [126].

Another approach to integrated modelling is to create a fully modular

workflow structure where standalone physics modules are coupled to each
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other through standardized interfaces. Such a construction offers the user

much more freedom in building the workflow, allowing him/her to choose and

combine different physics modules. It also allows the addition of new mod-

ules to the workflow relatively easily. Integrated Tokamak Modelling (ITM)

framework [61,62], built as a trans-European collaboration is an example of

this kind of an effort.

ITER has recognized the need to have a framework for integrated mod-

elling and is setting up its own Integrated Modelling and Analysis Suite

(IMAS) to support both plasma research and tokamak operation. The ini-

tial goals of IMAS are to produce accurate predictions of ITER performance

and to support the preparations of ITER operation. When ITER is running,

IMAS will be used to validate pulses before operation, to control the plasma

during the pulses, and to reconstruct the plasma using diagnostic data after

the pulses [127].

The focus of this chapter is on the two integrated modelling frameworks

into which BBNBI and ASCOT have been included, namely JET Integrated

TRAnsport Code (JINTRAC) and the Integrated Tokamak Modelling (ITM)

framework. They represent two different kinds of attempts to create a nu-

merical tokamak and considerable effort has been put towards integrating

BBNBI and ASCOT into them. Although neither JINTRAC nor the ITM

tools are utilized in Publications I through IV, along with other similar con-

structions, they are the future of fusion plasma modelling. Therefore, in

this chapter, the frameworks, the roles of BBNBI and ASCOT in them, and

the first physics results obtained using BBNBI and ASCOT within the ITM

framework are described.

5.1 JINTRAC suite of codes

JET Integrated TRAnsport Code (JINTRAC) [59, 60] is the result of almost

a decade of code integration at the Joint European Torus (JET). More than a

single code, JINTRAC is a collection of numerical tools. Its heart is the 1.5D

transport code JETTO [122] which solves a set of differential equations for

flux surface averaged plasma density, temperature and momentum inside

the separatrix. JETTO is coupled to a myriad of models and codes providing

it with information on, e.g., the magnetic equilibrium, transport, boundary

conditions at the separatrix, and sources of heating, current drive and mo-

mentum. A schematic illustration of JINTRAC is presented in Fig. 5.1.
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Figure 5.1. The flow chart of JINTRAC. BBNBI and ASCOT are included in the ’Heating’
modules that provide JETTO with the radial profiles of fast ion contributions to,
e.g., power deposited to the plasma ions and electrons, current drive, and torque.

In 2007, the need to include a more sophisticated model for neutral beam

injection was recognized and, consequently, ASCOT [29] was integrated into

JINTRAC [59]. Using ASCOT made it possible to take orbit width effects

into account in NBI simulations and to investigate 3D problems, such as the

effect of the toroidal field ripple [67]. Nowadays, the sources due to fusion

products can also be modelled with ASCOT.

As a part of the work presented in this thesis, BBNBI (cf. Publication I)

was integrated into JINTRAC, enabling realistic modelling of beam deposi-

tion. Due to the flexibility of BBNBI, complex time-dependent beam wave-

forms and combinations of beam powers, energies and even injected species

from different PINIs can now be simulated within JINTRAC. The inclusion

of BBNBI has been particularly useful for modelling neutral beam modula-

tion experiments [128]. It has also directly contributed to the publication of

Refs. [76,129].

5.2 EFDA Integrated Tokamak Modelling framework

In 2005, the European Fusion Development Agreement (EFDA) initiated an

epic project on Integrated Tokamak Modelling (ITM). The purpose of ITM

is to co-ordinate the development of a coherent set of validated simulation

tools with the ultimate aim of providing a comprehensive simulation package

for ITER plasmas. This is an ambitious goal considering the complexity of

ITER and all the interconnected interactions between the different aspects
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of physics [61]. One of the objectives of ITM is to run predictive simulations

of ITER discharges from start to finish before the device is even in operation.

Achieving that would be crucial for developing ITER operating scenarios, for

validating discharges before running them on the machine, as well as for

eventually interpreting the experiments.

The utilization of the tools developed within ITM is not limited to ITER.

They can and will be used for simulating also the existing and other future

experiments. In fact, before running predictive ITER simulations, extensive

benchmarking of the simulation tools and verifying them using data from

existing experiments is required.

5.2.1 ITM philosophy and infrastructure

Modularity is one of the key concepts of ITM. For this reason, every pre-

compiled physics module, or actor, must independently solve a well-defined

physics problem, e.g., calculate the neutral beam ionization based on the

given inputs. Even if the methods to solve the problem inside the physics

module can be very different, it is possible to define a set of inputs and out-

puts that are the same for any model solving the problem. For example, a

code calculating neutral beam ionization will, at the very least, need infor-

mation on the beam geometry, magnetic equilibrium and plasma profiles.

The basic units of data where all the experimental and simulated data is

stored are called Consistent Physical Objects (CPOs) [130]. Each CPO is a

standardized structured block of data that describes a physics entity, such as

the equilibrium. CPOs are the only means of passing data between actors.

As an example, the BBNBI actor with all its inputs and outputs is shown in

Fig. 5.2. This kind of standardized I/O allows straight-forward coupling of

physics modules into any workflow.

The simulations are orchestrated by Kepler [131], an open-source work-

flow manager, that also offers the graphical user interface for building work-

flows. Even if ITM aims at simulating an entire ITER discharge, the work-

flows are independent of the modelled fusion device. The data describing the

device, e.g., the first wall or the beam injection geometry, is also stored in

CPOs. This is one of the major benefits of ITM. It allows using the same

workflow for a number of existing or future fusion devices, as long as their

machine descriptions have been imported to the CPOs. Hence, the CPOs

should be kept general enough to be applicable to any device, and to any

relevant physics workflow.
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Figure 5.2. The BBNBI actor. Input from top to bottom: number of test particles requested,
nbi CPO (e.g., injector geometry, PINI powers and beam particle energies), wall
CPO (description of the first wall of the device), coreprof CPO (e.g., density and
temperature profiles inside the separatrix) , equilibrium CPO, time, and a cur-
rently unused constant. The only output from the BBNBI actor is the distsource
CPO describing the distribution of the ionized particles, both as an ensemble of
test particles and as radial profiles (e.g., particle and power densities).

The workflow that has been the primary driver for a lot of the integra-

tion and feature development in actors is the European Transport Solver

(ETS) [132, 133]. The ETS workflow is built around a module solving the

1D transport equations [132] and, therefore, the structure of the workflow

is similar to those of the earlier integrated modelling suites of codes (recall

Fig. 5.1). However, the modular structure of ITM makes it much more flexi-

ble than, e.g., JINTRAC. For example, with ITM it is easy to switch between

simplified and more sophisticated models to suit user preferences when look-

ing to find a balance between simulation speed and fidelity. ITM also natu-

rally lends itself to building smaller workflows in order to focus on certain

physics topics, e.g., linear MHD stability [134] and turbulence studies [135],

and to carry out code benchmarks.

5.2.2 Current status of fast ion modelling in ITM

The main interest regarding fast ions in ITM has thus far focused on inclu-

sion of their effects as source terms for the transport equations solved by the

ETS [132, 133]. In current devices, neutral beams are extensively used for

heating and rotating the plasma, as well as for driving current. Knowing the
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(i) (ii) (iii) (iv) (v)

Figure 5.3. The composite actor for Heating and Current Drive (HCD). When executed, the
workflow proceeds as follows: (i) update the machine settings (e.g., beam powers
for the current time slice), (ii) calculate the beam ionization, fusion product birth
distribution (distsource CPO), and the IC, EC, and LH wave fields (waves CPO),
(iii) calculate the distribution function (distribution CPO) of the fast ions, (iv)
combine information from all the sources into a coresource CPO, and (v) com-
bine the control parameters from the codes, prepare the output, visualize and, if
desired, write out data. The workflow is courtesy of T. Johnson and L.-G. Eriks-
son.

sources of particles, heat and rotation are necessary for solving the transport

equations. The beam driven current, on the other hand, affects the evolution

of the magnetic equilibrium.

The fast ion data needed by the ETS will be provided by the Heating and

Current Drive (HCD) workflow (Fig. 5.3). It combines the sources due to fast

ion species from both auxiliary heating (NBI, ICRH, ECRH, LH) and the

fusion reactions. Inside the HCD workflow, the user can select the desired

mix of heating methods. The combination of beams and antennas in opera-

tion, the power delivered by each one of them, and so on, can be set freely.

There are also several actors from which to choose for each heating method.

For example for ECRH, five models with different characteristics are avail-

able [136], and it is up to the user to decide which one of them is the most

suitable for the physics problem at hand.

For this thesis, focus is on the tools available for NBI modelling. For

beam ionization (step (ii) in Fig. 5.3), two codes have been compiled into

ITM actors, namely BBNBI and NEMO [137]. The two are quite similar but

NEMO uses a slightly simplified injector geometry (point sources instead

of detailed beamlet configuration within PINIs) and outputs a distribution

function rather than an ensemble of test particles like BBNBI. For more

detailed descriptions of BBNBI and NEMO, see Publication I and Ref. [137],
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respectively. Benchmarking of the beam ionization codes will be discussed in

Sec. 5.2.3.

Currently, four codes for calculating the distribution function of the beam

ions (step (iii) in the HCD workflow shown in Fig. 5.3) are actively developed

within the ITM framework.

The simplest and fastest of them is NBISIM [138]. It is a model that uses

the analytical expressions (Eq. (5.4.12) of Ref. [139]) to calculate the colli-

sional power transfer and the fast ion energy density of the injected species.

Since NBISIM does not do any modelling of the slowing-down process, it can

not provide quantities like fast ion current.

If more accurate information on the beam slowing-down is needed, the

second quickest tool is the 1D Fokker-Planck solver RISK [45]. It solves

the bounce-averaged Fokker-Planck equation for f0(v, ξ, ρ) by combining an

eigenfunction expansion in the pitch dimension and finite element methods

for the velocity dimension of the distribution function [45]. In addition to

bounce-averaging, RISK also assumes zero orbit widths, i.e., the particles

are assumed to stay on the flux surface where they are born. To remedy the

error caused by this approximation, RISK adds an ad hoc broadening to the

NBI ionization source it receives in the distsource CPO. Using this method,

RISK has been shown to produce results that are surprisingly close to those

given by particle-following codes [45].

The most sophisticated tools for fast ion slowing-down modelling under

development in ITM are ASCOT [71] and SPOT [55]. They are both guiding-

centre following Monte Carlo codes, which means that while they are capable

of accurate fast ion modelling in complex geometries, they are also slow and

consume a lot of computational resources. This is due to the large number

of particles that need to be simulated in order to (i) accurately represent the

entire beam ion population and (ii) reduce the numerical noise in the results

(recall Sec. 1.3).

Both ASCOT and SPOT have recently been integrated into the ETS work-

flow. Because the sources due to the beams can affect the plasma tempera-

ture and density and, consequently, the beam ionization and slowing-down,

the NBI codes have to be operated in a dynamic fashion with thermalized

beam ions leaving and freshly-ionized ones continuously entering the simu-

lation. This is how ASCOT operates within JINTRAC, and the same mode of

operation has already been implemented on the ITM framework, but testing

is still on-going.
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5.2.3 First results using BBNBI and ASCOT in ITM

Both BBNBI and ASCOT have been integrated into the ITM framework and

the first results using the two codes are presented here. Even though some

testing of the dynamic operation of the ASCOT-actor is still needed before it

is ready for physics studies, the actor can already be used for slowing-down

simulations in steady-state plasmas.

One of the goals of ITM is to provide a “validated set of tools” and, hence,

the first application of newly created actors is to benchmark them against

other actors that simulate the same physics phenomena. The primary pur-

pose of benchmarking is to increase the confidence in the correctness of the

results of all the actors involved. For some physics problems, sophisticated

models are needed, whereas for other applications high computational speed

is critical. Benchmarking helps to identify the possible limits of applicability

of the simpler and quicker models, and to verify their results within those

limits.

The first benchmark of the fast ion tools available on ITM framework was

performed using the HCD workflow, Fig. 5.3. For the benchmark, a combi-

nation of beams from JET octant 8 injector PINIs 1–4 were simulated in a

plasma from JET discharge #77922. As of yet unpublished results are illus-

trated in Fig. 5.4. The density profiles of ionized beam particles, calculated

by BBNBI and NEMO, only show minor differences at ρpol = 0.35 and at the

very core (Fig. 5.4(a)). The discrepancy in the core is due to the poor statistics

in the BBNBI result caused by the combination of small flux surface volumes

(recall Fig. 1.3) and few test particles.

The beam ion sources provided by BBNBI and NEMO were subsequently

used as input for slowing-down codes NBISIM, RISK and ASCOT. The power

deposition from the beam ions to the plasma electrons and ions predicted by

NBISIM (red) and RISK (blue), depicted in Figs. 5.4(b) and (c), are identical

at the outer parts of the plasma. In the plasma core, there is a minor discrep-

ancy between the two but they still remain roughly within 15% from each

other. Considering how simple a model NBISIM is, the results are quite en-

couraging. Besides, it should be noted that, in terms of total power, the very

core (ρpol < 0.1) is insignificant due to the increasing volume differentials

further out.

The ASCOT results for power deposition (plotted in orange in Figs. 5.4(b)

and (c)) closely resemble those of NBISIM and RISK. The difference between
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Figure 5.4. Benchmark results of the beam ionization profiles (a), and the resulting power
deposition to the bulk plasma electrons (b) and ions (c), as well as the beam
driven current in JET discharge #77922. A combination of JET octant 8 injector
PINIs 1–4, each injecting 1.0 MW of 130 keV particles, was used. The den-
sity profiles of ionized beam particles calculated by BBNBI and NEMO overlap.
Also the resulting slowing-down power deposition profiles calculated by RISK
and NBISIM are within 15% of each other across the profiles. The impact of
orbit-width effects is manifested in the difference between ASCOT and RISK,
particularly in the beam driven current.

the codes exceeds 20% only for power deposition to the electrons at the very

edge. The differences are the result of taking the orbit effects into account:

the fast ions do not deposit all their power on the flux surface where they are

born but, instead, distribute it to a larger region due to their radial excur-

sions (recall Fig. 1.5). Most of the power deposition from fast ions to electrons

takes place at high energies when the particles have wide orbits. Hence, the

difference between ASCOT and the simpler models is most pronounced for

electrons.

The neutral beam current drive (NBCD), plotted in Fig. 5.4(d) indicates

that while simple models produced good results for power deposition, de-

tailed models are needed for studying the slowing-down distribution of fast

ions in the velocity space. Orbit effects, missing from RISK, reduce the

driven current in the plasma core by roughly a third, and increase it closer to

the separatrix. It should be noted that the discrepancy between ASCOT and

the simpler models, both in driven current and in power deposition to the
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electrons (Figs. 5.4(b) and (d)), could make a difference for pedestal stability

studies.

To make the beam ionization and slowing-down benchmark comprehen-

sive, SPOT and the 3D finite element Fokker-Planck solver FIDIT [43, 44]

will be included in it. The benchmarks will also be extended to cover other

devices, namely AUG, ITER, and DEMO. [140]
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Figure 5.5. Temperature and density profiles used in the DEMO test case (a), and the beam-
lines used in the horizontal (b) and vertical (c) scans. The density, temperatures
and the magnetic configuration are those of the DEMO peaked density scenario
where nD = nT, Ip = 16 MA, Bφ = 6.791 T. A set of magnetic flux surfaces (grey),
including the magnetic axis (bold, dashed) and the separatrix (bold, solid), are
shown for reference. The blue beamline in figures (b) and (c), with Rtang = 9.1 m
and θtilt = 0.0◦, is the reference case. Two separate scans were performed by
increasing the tangency radius (b) and tilting the beam downwards from the
horizontal axis (c). Data courtesy of T. Franke, PPPT, and the ETS simulations
of D. Kalupin.

Within the ETS, BBNBI and ASCOT have already been utilized for sce-

nario modelling for DEMO. As a part of that work, the effect of horizontal

and vertical tilting of the DEMO neutral beam on the neutral beam current
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Figure 5.6. The neutral beam current drive for vertical (solid) and horizontal (dashed) scans
with beam energy 0.75 MeV (a), 1.0 MeV (b), and 1.5 MeV (c). The blue solid
curve is the reference case. For explanation of the rest of the colors, see Fig. 5.5.
The power deposition to the plasma (electrons and ions) is shown for the 1.0 MeV
beam in panel (d).

drive and plasma heating was investigated. In addition to gaining valuable

insight into the behaviour of NBI in DEMO, the objective of this work was

to demonstrate that the tools available in ITM are capable of flexible and so-

phisticated modelling of NBI as a part of an integrated transport simulation

of existing and future fusion devices.

The design of DEMO has not been finalized (recall Sec. 1.1.2) and due to

the lack of beam specifications, a simplified injector (courtesy of R. Coelho)

was used in this study. The plasma temperature and density profiles of the

DEMO peaked density scenario were used (see Fig. 5.5(a)). The magnetic

equilibrium was calculated within the ETS using CHEASE [141] based on

plasma boundary obtained from 2013 CREATE [142] simulations. The re-

sulting magnetic flux surfaces are plotted in Figs. 5.5(b) and (c). The figures

also show the beamlines used in the horizontal (b) and vertical (c) scans. The

scans were performed by varying either the beam tangency radius, Rtang or

the vertical aiming, θtilt.

The neutral beam driven current density profiles resulting from the beam

scans for three beam energies; 0.75 MeV, 1.0 MeV, and 1.5 MeV are illus-

trated in Figs. 5.6(a)–(c). The profiles in Fig. 5.6 correspond to the beamlines
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Table 5.1. The total power depositions to the plasma (both electrons and ions) and driven
currents for the DEMO beam scan. The colors of the numbers correspond to
those in Fig. 5.5. The extreme cases (orange) have more beam shine-through
and orbit losses than the others, resulting in significantly lower power deposi-
tion to the plasma. The decrease of electron shielding towards the separatrix
counteracts the effect of increased shine-through and losses. Consequently, the
total current drive does not decrease with increased tilting as strongly as the
power deposition.

E = 0.75 MeV E = 1.0 MeV E = 1.5 MeV

P (MW) ICD (MA) P (MW) ICD (MA) P (MW) ICD (MA)

R
ef

.

21.4 -0.43 21.7 -0.43 21.9 -0.42

H
or

iz
on

ta
l

ti
lt

s

21.4 -0.47 21.6 -0.47 21.8 -0.45

21.1 -0.50 21.2 -0.49 21.3 -0.47

19.9 -0.51 19.9 -0.49 19.7 -0.45

16.8 -0.45 16.4 -0.42 15.5 -0.36

V
er

ti
ca

l
ti

lt
s

21.4 -0.47 21.6 -0.46 21.9 -0.45

21.3 -0.50 21.6 -0.50 21.7 -0.47

20.9 -0.53 21.1 -0.52 21.1 -0.48

18.7 -0.51 18.5 -0.49 17.8 -0.43

in Fig. 5.5 with the same colors and line styles. The shape of the driven

current density depends strongly on the beam aiming but also on the beam

energy. The low energy beam barely reaches the plasma core, whereas tilt-

ing the beam horizontally or vertically moves the profile further outwards.

The power deposition from fast ions to the plasma (electrons and ions) for

the 1.0 MeV beam, plotted in Fig. 5.6, shows how power deposition follows

the same trends as the driven current, with the exception of the very core

where the current is strongly shielded.

The beamlines were aimed so that the horizontally and vertically tilted

beams had their tangency point at about the same value of ρpol. However,

since the peaks of the resulting current density profiles are not at exactly

the same locations in ρpol, the radially increasing volume differentials make

direct visual comparisons between them difficult. Therefore, the integrated

values of power deposition to the plasma and the driven current for all the

beamlines have been collected to Tab. 5.1. It is noteworthy how tilting the

beam vertically, while driving current deeper in the plasma where the elec-

tron shielding is larger (recall Fig. 5.6), still produces higher total beam

driven currents compared to horizontal tilting. That is, from the current

drive perspective, tilting the beam vertically is the better of the two options.
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The numbers in Tab. 5.1 would suggest that the second most extreme tilts

(cyan, Rtang = 10.4 m, θ = 0.0◦ and Rtang = 9.1 m, θ = -2.9◦), that maximise

the total current drive with minimal penalty in deposited power would be

the best compromise. In reality, the desired current density profile shape

will eventually dictate how far out the beams should be tilted.

67



Integrated modelling

68



6. Summary and outlook

Thus far, most of the efforts to model fusion plasmas have focused on sim-

ulating one physics aspect at a time. However, to take into account the in-

terconnections between different phenomena that occur in a fusion plasma,

the broader approach of integrated modelling is needed. The ultimate goal

of integrated modelling is to build a numerical tokamak, i.e., to create a set

of numerical tools that is able to self-consistently model the time evolution

of a fusion plasma. As ITER, the next experimental device on the path to

harnessing nuclear fusion as an energy source, is being built in Cadarache,

France, the fusion community is preparing for it by building numerical toka-

maks.

In this thesis, the incorporation of beamlet-based neutral beam injection

code BBNBI and particle-following Monte Carlo code ASCOT into JINTRAC

and the ITM framework is described. JINTRAC and ITM represent two

philosophically different approaches to building a numerical tokamak: in

JINTRAC, the workflow is dictated by the 1.5D transport code JETTO, and

the other physics models are rigidly coupled to it, whereas ITM aims to

include a wide array of numerical tools, and to allow the user to create

the simulation workflows freely. JINTRAC is more mature of the two, and

both BBNBI and ASCOT are routinely used in it for modelling NBI in JET

and ITER. They have been instrumental for several publications utilizing

JINTRAC, e.g., Refs. [76,128,129]. The more ambitious ITM framework and

its transport workflow ETS are under active development.

Reliable modelling of the initial test particle ensemble is a prerequisite

for fast ion slowing-down simulations in numerical tokamaks due to its sig-

nificant impact on the results. Therefore, a sophisticated and flexible neu-

tral beam ionization code BBNBI was developed, as presented in Publica-

tion I. This publication included an extensive benchmark of BBNBI and

69



Summary and outlook

ASCOT against established NBI codes NUBEAM and PENCIL. NUBEAM

and BBNBI+ASCOT were found to be within 10% from each other on any

given radial location for all the physical quantities of interest, e.g., power de-

position to the plasma and neutral beam driven current. Due to the lack of

ion orbit effects, the radial profiles produced by PENCIL were slightly more

peaked than those of ASCOT and NUBEAM, particularly for the off-axis

beams.

Physics applications of BBNBI and ASCOT include an investigation of the

effect of in-vessel coils on fast ion confinement in AUG, presented in Publi-

cation II. For a typical discharge with ELM mitigation, the effect of the

coils on beam ion losses was non-existent. For a discharge with lower toroi-

dal magnetic field, however, the increase in fast ion losses was significant;

for AUG beam Q6, that injects more particles to orbits close to the separa-

trix than the other beams, the lost power roughly quadrupled. Qualitative

agreement was found between the (rL, ξ) distributions of lost fast ion mea-

sured by AUG FILD diagnostic and by a synthetic diagnostic built in ASCOT.

Taking the effect of plasma shielding into account when calculating the mag-

netic perturbation due to the ELM coils could potentially remedy the found

discrepancies between modelling and experiment.

If future tokamaks are to achieve (semi-)continuous operation, advanced

operating scenarios with current profile tailoring will be needed. Unfortu-

nately, the ensuing reduced current in the core plasma could degrade the

confinement of fast ions. In Publication III, the behaviour of fusion-born

alpha particles was studied in advanced scenario and H-mode plasmas. Cur-

rent profile tailoring in the advanced scenario plasmas deteriorated alpha

particle confinement and broadened the power deposition profile. However,

this effect was more than offset by a greater fusion yield compared to H-mode

plasmas. The fast ion modelling results presented in Publication III are in-

tegral for studying the suitability of advanced scenario plasmas for fusion

reactor operation.

In ITER, the fusion-born alpha particle population will have a total power

of ∼100 MW and the ability to diagnose their behaviour is very important.

In Publication IV, ASCOT was used to simulate NBI particles in ITER to

help determine whether a CTS diagnostic could be used to monitor the con-

fined alpha particles. The results showed that CTS diagnostic can measure

the fusion-born alpha particles even in the presence of other energetic ions.

Given this potential, CTS diagnostic will in all likelihood be built on ITER.
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While carrying out code–code benchmarks on the ITM framework, it was

discovered that (i) the radial profile of ionized beam particles produced by

BBNBI and NEMO differ significantly only in the very core of the plasma

(ρpol < 0.15), and that (ii) simple models, NBISIM and RISK, that do not

take the orbit effects into account, fail to accurately model the neutral beam

driven current. In the plasma core (ρpol < 0.4), RISK predicts 50% higher

current densities than ASCOT, whereas NBISIM is altogether unable to

model current drive.

BBNBI and ASCOT were also utilized to investigate neutral beam current

drive in DEMO within the ITM framework. Those studies demonstrated that

BBNBI and ASCOT are capable of modelling NBI as parts of a complex ETS

simulation. The results indicated that tilting the beam vertically generates

a few per cent higher current drive than comparable horizontal tilts.

In the future, the beam driven torque caused by 3D magnetic perturba-

tions should be included in the predictive simulations of toroidal rotation

for both existing and planned fusion devices. This could be done by taking

advantage of either one, or both, of the above mentioned integrated mod-

elling frameworks. While ASCOT already has models for simulating the

effect of Alfvén eigenmodes (AEs) and neoclassical tearing modes (NTMs) on

fast ions [77], incorporating the interactions between fast ions and plasma

instabilities into the simulations through integrated modelling would be an

important improvement, and bring the fast ion modelling yet another step

closer to reality.

To verify ASCOT results, code–code benchmarks using 2D geometry have

been successfully carried out in Publication I and in Ref. [143]. In Ref. [69],

3D fast ion wall load predictions from ASCOT and other sophisticated fast

particle codes, namely OFMC and SPIRAL, were compared. Still, more

validation of the 3D ASCOT simulations, particularly against experimen-

tal measurements, is needed. To this end, a collaborative effort to compare

ASCOT results with neutron camera measurements at MAST [144] has been

planned.

There is an on-going effort to include a sophisticated ICRH operator into

ASCOT by using a library called RFOF (RF interactions in Orbit Follow-

ing codes) [145]. RFOF calculates the resonances of the wave-particle in-

teraction and, when a test particle hits a resonance, evaluates the result-

ing particle acceleration. Hence, in addition to studying ICRH heated ther-

mal ions, RFOF can be used for investigating the synergy between NBI and
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ICRH through acceleration of NBI particles. This will open new opportu-

nities for further experimental validation of ASCOT, e.g., against neutron

spectroscopy measurements at JET.

Since the advent of the tokamak, also other types of magnetic confine-

ment fusion devices have made significant improvements in performance.

The most prominent alternative design is the stellarator [6]. In the near

future, BBNBI and ASCOT will be used for modelling fast ions in the next

device on the stellarator line, Wendelstein 7-X [146], located in Greifswald,

Germany, and going into operation in 2015.
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