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Abstract
Neutral beam injection heating is one of the most reliable ways to heat a
plasma up to the temperatures needed to achieve steady-state thermonuclear
fusion. This system injects neutral particles with energy much higher than
the bulk ion energy, introducing a population of energetic particles which
collide with the plasma ions and electrons. In this way energy and momen-
tum are transferred to the plasma giving as final result an increase of the tar-
get plasma temperature and, depending on the beam characteristics, possible
modifications of its flow and current profile.

Numerical modelling of the behaviour of fast particles in tokamak plasma
is the subject of this thesis. Analytical and Monte Carlo models have been
applied to different devices (RFX-mod, JT-60 SA and TCV) in order to study
the impact of these particles in both inductive (standard) and non-inductive
(advanced) scenarios. Comparison between the different codes have been
made in order to assess if the different models apply correctly to the cases
studied.

RFX-mod device is under modification and the installation of a neutral
beam injector (with fixed parameters and geometry) is in the upgrade hy-
pothesis. The impact of energetic particles in RFX-mod tokamak plasmas is
discussed in this work using METIS fast tokamak simulator and compared
with NUBEAM Monte Carlo code.

The impact of energetic particles in JT-60 SA superconducting tokamak is
studied with ASCOT Monte Carlo orbit solver. This device relies on a wide
and flexible set of beams for plasma heating and current drive, both for stan-
dard and advanced scenarios. The behaviour of the fast particles in JT-60 SA
standard and advanced tokamak plasmas is analysed, showing the reliability
of the neutral beam system in this device.

Neutral beam injection heating in TCV is the last topic studied in this
thesis. The impact of electron cyclotron wave injection heating on energetic
particles behaviour has been studied in advanced tokamak scenarios, where
the expected performances are not achieved using the combination of the
two heating systems. Comparison between ASCOT and NUBEAM code is
performed in order to check which of the two codes is most suitable for TCV
and the two codes are applied for a reference case.

nuclear fusion, tokamak, additional heating, neutral beam injection, nu-
merical modelling, RFX-mod, JT60SA, TCV
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Sinossi
L’iniezione di fasci di neutri è uno dei metodi più utilizzati per riscaldare un
plasma fino alle temperature necessarie per ottenere la fusione termonucleare
controllata in modo stazionario. Questo metodo consiste in iniettare parti-
celle neutri (atomi) con energia significativamente più alta della temperatura
del plasma bersaglio, introducendo così una popolazione di particelle ener-
getiche che collidono con gli elettroni e gli ioni presenti nel plasma. In questo
modo vengono trasferiti energia e momento al plasma, ottenendo come risul-
tato di aumentare la temperatura del plasma. In base alle caratteristiche del
fascio, questo processo può anche modificare il profilo di corrente del plasma.

L’argomento di questa tesi è la modellizzazione numerica del comporta-
mento delle particelle veloci in plasmi di tipo tokamak. Modelli analitici e
Monte Carlo sono stati applicati su diversi esperimenti (RFX-mod, JT-60 SA e
TCV) per studiare l’impatto di queste particelle sia in scenari induttivi (stan-
dard) che non induttivi (avanzati).

L’esperimento RFX-mod sta subendo delle modifiche e l’installazione di
un fascio di neutri (a parametri e geometria di iniezione fissati) è considerato
come ipotesi per l’upgrade. L’impatto delle particelle energetiche sui plasmi
tokamak di RFX-mod è stato studiato usando il simulatore veloce METIS.

L’impatto delle particelle energetiche sul tokamak superconduttivo JT-
60SA è stato studiato con il codice Monte Carlo ASCOT. Questo esperimento
si basa su un vasto e flessibile sistema di iniettori di neutri per il riscalda-
mento del plasma e produzione di corrente toroidale per scenari sia avanzati
che standard. Il comportamento delle particelle veloce in plasmi tokamak
standard e avanzati su JT-60SA è studiato, mostrando l’affidabilità dei fasci
di neutri disegnati per questo esperimento.

L’ultimo argomento di questa tesi è l’iniezione di neutri in TCV. Com-
binando l’azione di fasci di neutri e l’iniezione di onde alla frequenza di
risonanza elettronica non sono state raggiunte le performances desiderate;
l’impatto di questo tipo di onde sul plasma e il conseguente deterioramento
del confinamento delle particelle veloce è studiato in scenari tokamak avan-
zati. L’iniettore di neutri di TCV è stato installato tre anni fa e il processo di
caratterizzazione e ottimizzazione è ancora in corso.

fusione nucleare, tokamak, riscaldamenti addizionali, iniezioni di fasci di
neutri, modellizzazione numerica, RFX-mod, JT60SA, TCV
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Resumo
O aquecimento por injeção de feixes de neutros é um dos métodos mais
fiáveis para aquecer um plasma até às temperaturas necessárias para atingir
fusão termonuclear estacionária. Este tipo de sistema injeta neutros com ener-
gias muito superiores à energia dos iões que constituem o grosso do plasma,
introduzindo uma população de partículas energéticas que, colidindo com os
iões e electrões do plasma, transmite a energia ao plasma. Adicionalmente,
esta população de partículas energéticas também induz corrente no plasma,
contribuindo para a manutenção da descarga.

O tema central desta tese incide na modelização numérica do compor-
tamento de partículas rápidas num plasma de Tokamak. Códigos analíti-
cos e de numéricos de Monte Carlo foram aplicados a diferentes máquinas
(RFX-mod, JT-60 SA and TCV) com vista a estudar o impacto destas partícu-
las em cenários de operação indutivos (cenário standard) e não indutivos
(avançado).

A máquina RFX-mod está a ser melhorada e a instalação de injectores
de feixes neutros (com parâmetros e geometria fixos) é uma das possíveis
melhorias. Deste modo, o impacto das partículas energéticas nos plasmas do
RFX-mod é discutida neste trabalho usando o código analítico METIS.

O impacto de partículas energéticas no tokamak superconductor JT-60SA
é estudado com o código de Monte Carlo ASCOT. Neste Tokamak, o aqueci-
mento do plasma e a geração de corrente, seja em cenário de operação stan-
dard ou avançado, é garantido em grande parte por um conjunto de feixes
de injeção de neutros. Neste trabalho, a dinâmica das partículas rápidas nos
cenários standard e avançado do JT-60SA é analisada, evidenciando a fiabili-
dade do sistema de injeção de neutros no Tokamak.

Um injector de feixes neutros foi instalado no Tokamak TCV há três anos.
Este feixe é importante dado que deposita potência predominantemente nos
iões e permite alargar o regime de operação do tokamak. Nesta tese, após
uma revisão da condição atual do feixe de neutros e da operação com ele
realizada nos últimos três anos, é feito um estudo sobre o impacto do aque-
cimento por injeção de ondas electro-ciclotrónicas em partículas energéticas
em cenários de operação avançados.
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Chapter 1

Controlled thermonuclear
fusion and magnetic
confinement

1.1 The human need for energy

Physicists usually study a problem considering its energy and how it changes.
The human society can be studied as well investigating the energy consump-
tion, as the United Nation Organization (UNO) has been systematically do-
ing. Some interesting results can be obtained: the consumption of energy in
the last decades has been constantly increasing (Figure 1.1) [1]; in order to
achieve a Human Development Index (HDI) high enough to be considered
a highly developed country, a certain amount of energy per capita seems to be
required, as figure 1.2 shows [2].

FIGURE 1.1: Energy consumption in the last decades. Image from [1].

These two results are sufficient to conclude that the energy consumption
in the future probably won’t decrease. The constantly increasing Earth popu-
lation will cause the energy demand to increase, and countries will use more
energy in order to achieve better human conditions.
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FIGURE 1.2: Human Development Index against energy consumption pro capita
(in kg of oil equivalent/person). Data from [2].

1.2 Energy production

In order to satisfy the electrical energy needs, a mix of primary energy sources
is used: fossile combustible (coal, oil, natural gas), nuclear fission, hydroen-
ergy, renewable energies (solar power plants, eolic, geothermal, etc.). As fig-
ure 1.3 shows, energy production is highly dominated by combustible fuels,
i.e. fossile fuels. Burning fossile fuels had a great contribution in releasing

FIGURE 1.3: Mix of energy sources in the last decades

high amount of greenhouse gases in the atmosphere (estimated around 75%
of the overall production by human activity). The presence of greenhouse
gases induces a strong modification in the climate change pattern of the last
thousands of years. In particular, in the last century an unexpected increase in
atmospheric temperature has been seen, causing melting of arctic ice, shifting
of temperature regimes, acidification of the oceans. The main international
climate agreement [3] now foresees to stop the temperature increase to 2 ◦C
with respect to the pre-industrial era and this can be done by reducing the
greenhouse gases.

New policies in energy consumption and energy production are under
development by the single countries, but all this will hardly be sufficient if
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keeping the same energy sources mix that we are using now.
Converting all the energy production to CO2-free technologies would be

not feasible due to technological, economical and social limits (i.e. the social
approval of a certain type of technology must also be taken into account).

1.3 Nuclear fusion

A clean and safe source of energy has to be found. A solution can be nuclear
fusion, the opposite process of nuclear fission. While merging two light nu-
clei, an exothermic reaction is produced if the mass of the products is less
than the mass of the reagents.

Nuclear fusion must face with Coulomb force, since the nuclei are posi-
tively charged ions. A classical model for nuclear fusion isn’t possible, but
if we consider the quantum nature of the nuclei, nuclear fusion is possible
thanks to the tunnel effect: there is a non-zero probability that the Coulomb
repulsive force is overcome in the collision.

The fusion reaction with the most favorable cross-section (in the temper-
atures regimes considered for this thesis) is the one between deuterium (2H
or D) and tritium (3H or T).

D + T → 4He(3.5 MeV) + n(14.1 MeV) (1.1)

The cross-section of this reaction reaches the value of σDT ∼ 5 × 1024 cm2 at
E ∼100 keV. It is two orders of magnitude lower than U235 fission reaction
cross-section using a thermal neutron.

Furthermore, power generation from nuclear fusion reactions is relevant
because of the its power density (per mass) compared with other power gen-
eration fuels power density[4]:

fossil fission fusion
106 tonne oil 0.8 tonne uranium 0.14 tonne DT

TABLE 1.1: Fuel quantity to produce the same amount of power

So there is much less need for fuel to produce the same amount of energy.
The reactants of the nuclear reaction are safe and clean as well, in fact D

can be filtered from the sea water and T can be produced with the following
reactions inside the reactor:

6Li + n(slow) → 4He + T + 4.8 MeV (1.2a)
7Li + n(fast) → 4He + T + n − 2.5 MeV (1.2b)

T is a radioactive element with a half-life of ∼12 years and it is dangerous
for human body only if ingested. In the concept of a nuclear fusion power
plant based on magnetic confinement, the T should not exit the reactor, so
the decayment can take place inside the reactor itself.

Nuclear fusion is the energy of the future: it will be safe (due to the low
power density of the reactor, i.e. there are no risks of explosions), clean (no
or reduced radioactive waste) as no power source has ever been.
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1.4 Magnetic confinement

Shooting a D beam against a T target won’t have a remarkable energy-gain,
because at that energy the elastic scattering cross-section is much higher than
the nuclear reaction cross-section.

The particles should be confined at high temperatures for long enough
time, to increase the chances of nuclear reaction between two nuclei. At
the temperatures needed, the matter is in the state of plasma, i.e. a gas of
ionised particles globally neutral. At fusion-relevant temperatures, plasmas
are harmful for materials, thus it must be kept away from the walls of the
device.

There are two ways studied nowadays to produce and confine such kind
of plasmas:

• magnetic confinement fusion: the particles are confined using magnetic
fields. In this case the reaction can be run for a long time (at least hours,
but even steady-state devices are designed);

• inertial confinement fusion: high-power lasers are shot onto a DT pellet,
making it implode due to the fast evaporation of its outer layer (com-
pression by radiation). The density in this case is so high that nuclei
collide and fuse. This kind of fusion production is intrinsically pulsed
(with a confinement time far lower than 1 s).

Magnetic confinement fusion is the topic of this work.
The first magnetic confinement configurations studied were the so-called

magnetic bottles [5], linear devices where the charged particles bounce be-
tween the zones where the magnetic field is stronger, i.e. at the ends of the
devices.

Unfortunately such kind of magnetic fields leads to high losses at the
bouncing region, thus toroidal devices have been taken into consideration. In
toroidal devices the toroidal magnetic field alone won’t provide a sufficient
particle confinement time due to drifts (this topic is treated more in detail
in section 2.3.2) thus a poloidal magnetic field is needed as well. There are
mainly two ways of producing such twist of the magnetic field lines (Figure
1.4):

• stellarator devices (figure 1.4b) a set of coils produces the helical mag-
netic field;

• tokamak devices (figure 1.4a) the coils aim to produce a toroidal mag-
netic field, while the poloidal component is generated inducing a toroidal
current in the plasma, using it as the secondary winding of a trans-
former (the primary winding is the so-called central solenoid).

• Reversed-Field Pinch devices are similar to a tokamak,but the toroidal
and poloidal components of the magnetic fields are closer in values and
the toroidal magnetic field at the edge has the opposite sign with respect
to the core. The majority of the magnetic field to confine the plasma is
generated by the plasma itself, instead of using a strong external field.
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(A) Design of a tokamak machine. The
magnetic field given by the toroidal coils
and the plasma current results to be he-

lical.

(B) The helical magnetic field is given
by the simultaneous action of the two
set of coils: toroidal field coils (red) and
poloidal (green). Yellow surface is the

plasma surface.

FIGURE 1.4: Tokamak and stellarator devices.

This work focuses on the so-called tokamak1, where the toroidal magnetic
field is much larger than the poloidal magnetic field.

Stellarators don’t need a current to be induced, making the plasma more
stable. On the other hand, just to cite one of the main engineering problems,
making a helical field using only coils is not an easy task and requires an
accurate design of the system and the coil position has a really low tolerance
in positioning.

On the other hand, tokamaks are easier to build but inducing a current
in the plasma can be the source of instabilities and tokamak plasmas require
a higher degree of controllability, compared to stellarator. Tokamak plasmas
are better known than stellarator plasmas, and have shown better perfor-
mances until now.

The figure of merit in magnetic confined nuclear fusion is the so-called Triple product
triple product among the quantities n (the plasma density, expressed in m−3),
T (its temperature, expressed in eV)2, τ (the energy confinement time, ex-
pressed in s). In order to obtain ignition (i.e. the point at which a nuclear
fusion reaction becomes self-sustaining), this product must be greater than
5 × 1021 m−3keVs, according to the Lawson criteria [6]. The machine which
got closest to this value up to now is JET, with nTτ ∼ 1021 m−3keVs. Up to
years 2000, as figure 1.5 shows, the progress in tokamak plasma performance
were increasing with a rate close to the Moore’s law for number of transistor
in a chip, which doubles every 2 years.

The next step in improving the triple product value should be accom-
plished by the experiment ITER [7]. A sketch of the ITER tokamak design is
shown in figure 1.6. It is the result of an international collaboration between
EU, USA, Russia, Japan, India, China, South Korea. It will be the biggest toka-
mak ever built (major radius: R0 =6.2 m, minor radius a =2 m). The main

1russian acronym for toroidal chamber with axial magnetic field
21 eV=1.602 18 × 10−19 J
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FIGURE 1.5: Tokamak plasma performance in the last years, compared with other
fields. Figure from [7].

objectives of ITER are to solve some plasma physics/performance issues, e.g.
disruption avoidance, steady state operation, high power generation from fu-
sion (the power coming from nuclear reactions should be 10 times the power
coupled to the plasma), . . . and study some of the enabling technology issues,
such as the operation of a superconducting machine and the inventory and
control of T. In December, 2017 a significant milestone has been set: 50 % of
the "total construction work scope towards First Plasma" is completed.

1.5 Content and structure of this work

Nuclear fusion by magnetic confinement relies on neutral beam injection sys-
tems in order to become an energy source. Numerical codes capability to
correctly investigate the power balance and current driven by neutral beam
is well assessed, but different codes make different assumption for resolving
the physics equation involved.

In this work, neutral beam capability is studied with different codes (METIS,
TRANSP and ASCOT) in three different devices (RFX-mod, JT-60 SA and
TCV), to enhance both the importance of such kind of heating systems in
tokamak physics and explore the difference which can exist within the differ-
ent numerical models used. In all the cases explored the beam configuration
had been implemented in the framework of this thesis, making thus afford-
able to explore neutral beam injection heating in integrated modelling codes.

Chapter 2 will give an overview of neutral beam physics and energy par-
ticle physics, chapter 3 will present the implementation of a neutral beam
injection system in RFX-mod device using mainly the most approximated
models, chapter 4 will present the implementation and impact on the plasma
from neutral beams in JT60 SA using ASCOT code, chapter 5 will show the
results for TCV device, where both NUBEAM and ASCOT tools are used,
showing the beam power deposition in advanced tokamak scenarios.
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FIGURE 1.6: ITER tokamak design. The main components are labelled. Figure
from [7].
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Chapter 2

Neutral beam injection

2.1 Additional heating systems

The temperature needed by tokamak DT plasma to reach a steady state power
balance is at least 15keV [4]. A higher temperature (≥20 keV) is needed for
a net energy gain from nuclear fusion. These temperatures can be reached
using a set of heating systems, as figure 2.1 shows. In tokamak configuration

FIGURE 2.1: Heating of a tokamak. Figure from [8]

the first way of heating the plasma is with ohmic heating: p = η j2, where p
is the power density, η is the resistivity and j the current density. The power
coupled in this way to the plasma has an upper limit (3 keV) because the
plasma resistivity decreases with the temperature η ∼ T−3/2 [9]. For stel-
larator configuration this heating source is useless since there is no plasma
current.

Starting from 7 keV on, the heating power of the plasma is given by the
slowing down of the 3.5 MeV α particles produced in fusion reactions.

The main issue is to fill the gap between ∼3 keV and ∼7 keV. This is done
using additional heating systems which can be divided in two types: wave
injection heating and neutral beam injection (NBI) heating.

The former aims to heat the plasma by injecting electromagnetic waves
that couple with the charged particles, thus giving energy to them and heat-
ing them. There are three kinds of waves mainly used, whose main difference
is the injection frequency:

• electron cyclotron (EC) waves: these waves couple to the plasma elec-
trons, thanks to their gyration motion around the magnetic field lines.
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The wave frequency (ω =
qB
m

∼100 GHz) must be adapted to the mag-
netic field in the plasma: the magnetic field depends on 1/R, being R
the major radius, so the resonant layer to be heated lies in a narrow
area;

• Ion cyclotron (IC) waves: they work with the same principle as EC
waves, coupling mostly with ions. In this case the frequency is around
some tens of MHz;

• Lower hybrid (LH) waves: these waves don’t couple with the parti-
cles gyro-motion. In this case the phase velocity of the wave is slightly
bigger than the average thermal speed of the electrons, so that the par-
ticles see an electric field since they move almost at the same speed of
the wave. The particles faster than the wave are slowed down, giving
energy to the wave. The particles slower than the wave gain energy, ac-
celerating and then giving this energy to the plasma through collisions.

Neutral beam injection (NBI) heating works by injecting into the plasma
atoms much faster than the thermal average velocity of the bulk particles.
The injected atoms get ionised and confined in the magnetic field, heating
the plasma by collisional processes. Different injection trajectories (see figure
2.2) can be chosen, depending on the needs for the NBI heating systems: e.g.
if current drive is desired, the beam is installed tangentially co-current; if,
otherwise, central heating is required, it is installed nearly-perpendicular.

FIGURE 2.2: Neutral beam injection geometries.

NBI heating has been used starting from the 1970s and its effect has been
immediately seen as beneficial: Ti > 4 keV was a record impossible to reach
without it [10].

In TFTR and JET the interaction between the fast ions of the beam and
the bulk ions resulted in a high rate of fusion reactions during the DT cam-
paigns. These beam-target reactions were the dominant fusion reactions in
the experiments [11], [12], [13], [14].

In smaller devices (e.g. TCV), where the confinement time is low and
there is poor coupling between ions and electrons, NBI allows to reach high
ion temperature values.



2.2. Generation of fast neutrals 11

NBI is a fundamental tool to achieve nuclear fusion with magnetic con-
finement, both for its heating non-inductive current driving capability. Inter-
action between fast particles injected by neutral beams and tokamak plasma
is the topic of this thesis.

2.2 Generation of fast neutrals

Neutral beams (NBs) are one of the most complex tools used in tokamak sci-
ence. In this section, a brief description of the system generating the fast ions
is given. A sketch of the system is given in figure 2.3.

Fast atoms are created by accelerating ions through a set of electrostatic
lenses and then neutralised. This last step is necessary in order for the fast
particles to penetrate the magnetic fields in the tokamak plasma up to the
core, where it is usually desirable to deposit most of the power.

FIGURE 2.3: Graphical sketch of a neutral beam. Image taken from [4].

2.2.1 Source

The ion source must be designed based on the type of ions to be accelerated:
positive or negative. Usually an ionised gas is generated and the desired
ions are extracted. One of the most common ways to generate the plasma
where the ions are created is to use a filament source, i.e. a tungsten wire is
heated up to the condition where electrons are ejected from the filament. The
potential difference between the wire and the chamber makes the electrons to
accelerate and ionise the gas, giving thus the plasma. A modern approach to
produce ions is given by radio frequency (RF) sources. In this case a set of RF
waves are coupled to the gas and the plasma is created accelerating the free
electrons in the gas.

In the case of positive sources, not only single-charged ions are produced,
but also single-charged molecules (formed by chemical bonds between two
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or three atoms in the plasma). During acceleration, these molecules reach
fraction of the ions velocity, depending on their mass.

In the case of negative ion sources, some wall conditioning must be used
to increase the rate of negative ion production. Usually the species acceler-
ated are H, D, but also T or He can be used.

2.2.2 Accelerator

In the accelerator a set of electrostatic grids creates the electrostatic field to
carry the fast ions to the desired energy. The beam optics is fully determined
in this area. Usually the grid is subdivided in many holes and the particles
passing through each hole form the so-called beamlet. These holes are shaped
to optimise the direction of the beamlet and its divergence (the spread of the
beamlet along its direction).

A limit in the extracted current and the acceleration energy arises in thisperveance
part. This limit is given by the shape of the accelerator grids and is mathe-
matically expressed using the so-called perveance p:

I = p · U3/2
ACC ⇒ power = I · UACC = p · U5/2

ACC (2.1)

This means that when changing the acceleration voltage (i.e. the energy), the
power must be modified accordingly to equation 2.1.

2.2.3 Neutraliser & residual ion dump

The accelerated charged particles exit the electric field zone and enter in the
neutraliser, where charge-exchange reactions neutralise the ions. This com-
ponent of the beam puts a hard limit in the type of ions to be accelerated:
in fact the neutralisation efficiency is really different for positive and nega-
tive ions as figure 2.4 shows. In the first case, the neutralisation efficiency is
maximum at lower energies and drops to values lower than 20 % at energies
�200 keV. For negative ions, the efficiency can reach high values (> 60%) at
1 MeV.

The residual and unwanted ions at the end of the neutraliser are deflected
to a designed dump, using electric or magnetic fields.

2.2.4 Beam duct & beam port

The neutraliser cannot be too close to the tokamak coils and a duct is needed.
If the beam optics is not properly designed, some losses of the beam power
can occur heating the duct wall and, outgassing, damage the vacuum of the
system. Even more, the walls can be so stressed to fuse.

A neutral beam is an invasive method for additional heating: a hole in the
vacuum vessel connecting it to a different vacuum is something to care about
when designing the machine, and in particular the port to the tokamak.
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FIGURE 2.4: Neutralisation efficiency for positive and negative H/D ions with
respect to energy [15]

2.3 Energetic particles ionisation and orbits in tokamak

In this section, the physical processes affecting beam fast neutrals are pre-
sented.

The first physical process particles undergo is ionisation. After ionisation,
the particles are confined in the magnetic field and, by Coulomb collisions,
give energy to the plasma.

2.3.1 Beam ionisation

The three processes responsible for ionisation are listed in equations 2.2 and
apply also for D and T.

Ionisation by electrons (ie) Hfast+e →H+
fast + e + e (2.2a)

Ionisation by ions (ii) Hfast+H+
slow →H+

fast + e + H+
slow (2.2b)

Charge-exchange (cx) Hfast+H+
slow →H+

fast + Hslow (2.2c)

The cross-section of the main ionisation processes is plotted in figure 2.5.
The trend of the total cross-section is σ ∼ 1/E, where E is the relative

energy between the fast atoms injected and the target.
The charge-exchange cross-section reaction is negligible for E/A � 102 keV/AMU.

In future machines, e.g. ITER, the energy of the fast neutrals injected is much
higher than this value, so charge-exchange reactions will be negligible.

The slow neutral particles resulting by CX between fast neutrals and slow
ions are usually called halo. These particles travel ballistically and do charge-
exchange reactions with the background ions, resulting in a source of neutrals
in the plasma core.

Ionisation by electrons is relevant at lower electron temperature (∼ 1 keV),
but decays with energy.
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FIGURE 2.5: Ionisation cross-sections for the main reactions between fast ions and
plasma. Image from [16].

Ionisation by ions is relevant also at energies up to the MeV, thus this
is the most relevant reaction also in the case of high-injection energy. The
dependence with temperature is hidden because usually bulk ions are con-
sidered at rest due to their inertia.

These three reactions are not sufficient for a full description of the ioni-MSI
sation of the beam. In fact, also the multi-step ionisation (MSI) must be con-
sidered: in these processes an ion is excited at first and then ionised. This
effect can increase the cross-section by a factor of two when using high beam
energies (>1 MeV u−1). A full treatment of the MSI can be found in [17].

The beam attenuation equation can be described with equation 2.3:

dI
ds

= −nσI0 ⇒ I(s) = I0 exp (−nσs) (2.3)

where s is the coordinate along the beam direction, I the beam intensity, I0 the
initial beam intensity, n the plasma density.

σ is the cross-section and must be computed by averaging over the distri-
bution function f of the target particles in the following way

σ = ∑
l=ie, ii, ix

�σlv�
vbeam

where �σlv� =
�

σl(u)u f (u)du�
f (u)du

(2.4)

where u is the relative velocity �vbeam − vtarget�
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The quantity

λ =
1

nσ
(2.5)

is usually called mean free path, and in this case represents the distance where
the beam intensity is 1/e its initial value. This distance must be carefully
addressed in order to avoid high beam losses through shine-through , i.e. the shine-through
fraction of the beam not ionised in the plasma. A too high fraction of shine-
through results in a high power flux to the wall, that could cause its melting.
In some tokamaks (e.g. TCV) this issue is so important that the beam stops if
the plasma density is too low.

The fast ion birth profile (FIBP) represents the amount of particles born in
a certain volume during a certain time. It is particularly interesting because
the position where the fast ions are born characterises their orbit inside the
plasma.

2.3.2 Orbit drifts

The newly born fast ions get confined in the plasma magnetic field and follow
the orbit defined by the Lorentz force (with m the mass, q the electric charge
and B the magnetic field)

m
dv
dt

= qv × B (2.6)

and this force makes the ion to gyrate around the magnetic field line with the
following radius and frequency:

ρL =
mv⊥
q|B| ωL =

q|B|
m

(2.7)

the subscript ⊥ refers to the magnetic field direction.
This motion is split for convenience when described: in fact the axis of

the helix is the trajectory of the guiding-centre of the orbit, whose dynamics
is mostly influenced by the parallel component of the velocity (this is not true
in the case of e.g. trapped particles). The gyro-motion given by Lorentz force
must then be added, and this last one is determined by the perpendicular
component of the velocity.

The orbit is modified if there are some forces that add up to the Lorentz
force.

E field drift

With an electric field E, equation 2.6 changes as follows:

m
dv
dt

= q(E + v × B) (2.8)

In the plane parallel to the magnetic field, the particle is accelerated by the
electric field. In the perpendicular direction, we have

m
dv⊥
dt

= q(E⊥ + v⊥ × B) (2.9)
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In steady state conditions (i.e. if the time derivative is 0 or averaging over a
gyration period), the following relation applies

E⊥ = −v⊥ × B (2.10)

Doing a right cross-product with the vector B and using a property of the
double cross-product 1 we get

v⊥ =
E⊥ × B
|B|2 (2.11)

This modifies the helical motion given by equation 2.6 into a cycloid, giving
it a velocity component perpendicular to both the electric and magnetic field
and independent of the particle charge.

Substituting the electrical force qE with a generic force F the following
expression can be obtained:

v⊥ =
F⊥ × B
q|B|2 (2.12)

∇B drift

In a tokamak, the external toroidal magnetic field is not constant along the
major radius: in fact, following Ampere’s law, we can deduce that:

Bφ(R) = Bφ(R0)
R0

R
⇒ ∇B

B
= − R

R2 (2.13)

This implies that the magnetic field changes over a Larmor orbit. If we as-
sume the magnetic field changes slightly only perpendicularly the guiding-
centre motion (in the xy plane, let’s say in the y-direction)

�
ρL

1
B

∂B
∂y � 1

�
, the

expression for the Lorentz force becomes

Fy(y) = −qvx(B0 −
∂B
∂y

y) (2.14)

By averaging over a gyration period an expression for the external force act-
ing on the particle can be found. We can then calculate the drift velocity using
equation 2.12

F = −1
2

qωcρ2
l ∇B ⇒ v∇B =

1
2

v⊥ρL
B ×∇B

B2 =
1
2

m
q

v2
⊥

R × B
R2B2 (2.15)

As can be noted, this drift depends as well on the charge of the particle.

1a × (b × c) = b(a · c)− c(a · b)
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Curvature drift

The tokamak has the shape of a torus, thus a centripetal force is acting on the
particles.

FC = m
v2
�

R2
R
R

⇒ vcurv =
mv2

�
qR2

R × B
B2 (2.16)

with R the major radius of the torus. This force adds a drift to the ∇B drift
and the resulting drift velocity is

vD = vcurv + v∇B =
m
q

�
v2
� +

1
2

v2
⊥

�
R × B
R2B2 (2.17)

As the formula suggests, this drift velocity is opposite for ions and electrons,
because of its dependence with the electrical charge.

If the magnetic field is only toroidal, this leads to charge separation and
an electric field arises. Another drift caused by this electric field then appears,
and this drift is radial (i.e. perpendicular to the toroidal magnetic field):
the particles get lost to the chamber wall, leading to huge losses. Adding a
poloidal component of the magnetic field, this effect sums out and the losses
are reduced.

2.3.3 Trapped and passing orbits

The dynamics of a charged particle in a tokamak is dominated by the Lorentz
force and the drifts aforementioned, but one term is missing. The magnetic
field can vary also along the trajectory of the guiding center.

Let’s consider a cylindrical system (r, θ, z), with an axial-symmetric mag-
netic field, directed along the z-direction and varying with z. Since the field
is divergence-free, we can link the radial and axial components of the field by
assuming ∂Bz/∂z does not vary with r:

∇ · B = 0 ⇒ Br = −1
2

r
�

∂Bz

∂z

�

0
(2.18)

Having both the components of the magnetic field, it is straightforward com-
puting the z-component of the Lorentz force:

Fz = −qvθ Br =
qrvθ

2

�
∂Bz

∂z

�

0
(2.19)

Averaging over the gyration motion, putting r = ρL and vθ = ∓v⊥ (due to
the different charges) we obtain

Fz = ∓qρLv⊥
2

∂Bz

∂z
= ∓qv⊥

2
mv⊥
qB

∂Bz

∂z
= −mv2

⊥
2B

∂Bz

∂z
= −µ

∂Bz

∂z
(2.20)

Being µ the adiabatic invariant (or magnetic momentum):

µ =
mv2

⊥
2B

(2.21)



18 Chapter 2. Neutral beam injection

In a 3D configuration, being s the line element along B:

F� = −µ
dB
ds

= −µ∇�B (2.22)

There are some conditions where this force can be so strong that the particle
bounces back along its trajectory. This effect is called magnetic mirror and
this is the principle the magnetic bottle is based on. The particle gets reflected
(v� = 0) when the magnetic field reaches the value

Bmax = B ·
�� v�

v⊥

�2

+ 1

�
(2.23)

In a tokamak, the condition where the magnetic mirror appears can be
found thanks to the dependency of the toroidal magnetic field with the major
radius. If we consider a particle born at position R1 = R0 + r, this particle

will reach the position R2 = R0 − r (where B2 = B0
R0

R0 − r
) only if B2 > Bmax.

This consideration brings the following conditions for trapped particles:

v�
v⊥

>

�
2r

R0 − r
Passing orbits

ξ�
1 − ξ2

>

�
2r

R0 − r
(2.24a)

v�
v⊥

<

�
2r

R0 − r
Trapped orbits

ξ�
1 − ξ2

<

�
2r

R0 − r
(2.24b)

Being ξ the pitch, i.e. the projection of the particle velocity over the magnetic
field direction (v�/v). Applying this condition to injection geometries, if the
beam is injected near-perpendicularly (ξ ∼ 0) the boundary radius (i.e. r such
that 2.24 is an equality) will move closer to the plasma axis (r = 0), otherwise
for tangential injection the boundary radius will be closer to the edge.

In figure 2.6 a sketch of the trajectory of trapping and passed particles is
shown. Integrating equation 2.22, it can be seen that the drifted orbits of the
particles have the shape of a banana (on the poloidal plane), lying around a
magnetic surface with a half-width (usually called banana width) equals to

Δr =
v�,0

ωcθ
=

mv�,0

qBθ
(2.25)

with v�,0 the initial parallel velocity and ωcθ the Larmor frequency for a par-
ticle with velocity v�,0 calculated using only the poloidal magnetic field Bθ .

All these considerations work on a 2D projection (figure 2.6a), because
when we consider the 3D projection of the particle, it moves also along φ, as
shown in figure 2.6.

The orange-shaped orbits (green in the figure) are typical for passing par-
ticles.

The importance of trapped and passing particles for neutral beam injec-First orbit losses
tion is strictly related to injection geometry (see figure 2.7). Particles with
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(A) Projection on poloidal and
toroidal field.

(B) Orbit in 3D

FIGURE 2.6: Trapped (red) and passing (green) orbits.

born in the inner leg of the banana will follow large orbits which might col-
lide with the wall in a short time, increasing the so-called first orbit losses. In
fact, if we integrate the particle orbit [18] in order to link the minor radius of
the particle with its parallel velocity, we obtain

r − r0 = − m
qBp

v� (2.26)

being r0 the borning minor radius of the particle. All these solutions have
been taken by considering the direction of the plasma current (and the poloidal
magnetic field) as "positive". If the parallel velocity is negative, r will in-
crease. If this happens at the beginning of the orbit (counter-current injec-
tion), the particle collides with the wall as the green orbits in figure 2.7b
shows.

2.4 Energetic particles slowing down

2.4.1 Coulomb collisions

The forces slowing down particles in a tokamak plasma are due to the electric
charges of the species, and this phenomena is addressed as Coulomb colli-
sions. A detailed description of the Coulomb collisions can be found in [4],
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(A) Co-current injection (B) Counter-current injection

FIGURE 2.7: Orbits of neutral-beam injected particles. The white dots are the born
position. Δ is the Shafranov shift. The dotted lines represent orbits colliding with

the walls.

[18].
In this section, we will refer only to collisions between energetic particles

and bulk plasma particles. One of the main things to take into account is the
difference in collisions with ions and electrons, due to the difference in their
mass. This can be clearly seen computing the average rate of energy loss and
momentum loss given by these collisions. In the following part, the label b
will represent a beam ion which collides with a target particle labeled with T.

The collision frequency for energy loss by the beam particle can be com-
puted and it results:

νEk = nT
8π

mbmT

q2
bq2

T
(4π�0)2

1
v3

b
(2.27)

while the collision frequency for momentum loss is:

νp = nT4π
q2

bq2
T

(4π�0)2
mb + mT

mTm2
bv3

b
ln Λ (2.28)

being �0 the vacuum permittivity and ln λ is the Coulomb logarithm. This
factor identifies the ratio between small-angle and large-angle collisions ef-
fectiveness.

If we compare the two frequencies, we obtain the following result:

νEk

νp =
2mb

mb + mT
⇒

�
2, if mb >> mT EP on electrons
1, if mb ∼ mT EP on ions

(2.29)

If the beam particle collides with an electron, the loss of energy will be higher
than the loss of momentum, while if it collides with an ion the rate of loss
will be the same.

The point is now understanding when the collision happens preferen-
tially with ions or electrons. This issue has already been addressed in [19]
and is presented here. Assuming that vth,e >> vB >> vth,i, the average loss
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of energy E along the beam path (x) of a beam particle by Coulomb collisions
can be written in the following way:

dE
dx

= − α

E
− βE1/2 (2.30)

where α and β are two coefficients related respectively to ions and electrons

Ions α = 1.30 × 10−13AZ2 log Λ ∑
i

niZ2
i

Ai
(2.31a)

Electrons β = 2.28 × 10−15 Z2

A1/2
ne log Λ
(kTe)3/2 (2.31b)

in the above expressions, A and Z are the ones for the beam particles, the
index i labels the ion species in the plasma. α contains only values referring
to ion species while β has only electron-related quantities. So the two terms
in equation 2.30 distinguish the energy deposition to ions and electrons re-
spectively.

Equation 2.30 makes possible to calculate the critical energy, i.e. the en-
ergy where the deposition to ions and electrons is equal:

α

Ec
= βE1/2

c ↔ Ec =

�
α

β

�2/3

= 14.8kTe

�
A3/2

ne
∑

i

niZ2
i

Ai

�2/3

(2.32)

For a pure H plasma, Ecrit ∼ 15Te, while for a pure D plasma, Ecrit ∼ 20Te.
Above the critical energy the collisions happen mostly with the electrons,
thus we have a variation on the particle energy, as obtained with relation
2.29. Below the critical energy, the impact on the momentum of the particles
is such that its orbit changes.

It is possible furthermore to calculate the slowing-down time of the parti-
cles, in this case the time they spend to release all its energy2

dE
dt

= v × dE
dx

=

�
2E
m

× dE
dx

[E]=eV
= 1.39 × 106

�
E
A

�1/2

× dE
dx

(2.33)

2This is a limit-case, in fact for modelling purposes the particles are considered thermalised
(i.e. no more fast) when their energy is around 2 times the local Te, depending on the model
used (e.g. some codes use 1.5Te)
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τ(s) = −
� E0

0

dE
dE/dt

=

= 3.13 × 1014 A(kTe)3/2

Z2ne log Λ

� E0

0

√
E

E3/2
c + E3/2

dE =

=
ts

2
2
3

log
�

E3/2
c + E3/2

�E0

0

=
ts

3
log

�
1 +

�
E0

Ec

�3/2
�

(2.34)

with ts the Spitzer slowing-down time [9]. The slowing-down time up to
2Te gives difference (with respect to the slowing down time up to 0) around
∼ 2%, so limiting to 2Te is a good approximation for the full slowing-down.
These times are around 10 - 100 ms for the devices currently in operation.

Lastly, the amount of power deposited to the ions or to the electrons for a
given beam energy can be computed, and an answer to the beginning ques-
tion of this section can be found. This is important while designing a neutral
beam system for a tokamak, since knowing the energy of the beam (and its
relation to the critical energy), the energy coupled with ions or electrons can
be computed.

Gi =
Ei

E
=

1
E
·−

� τ

0

�
dE
dt

�

i
dt = · · · = Ec

E

� E/Ec

0

dx
1 + x3/2 (2.35a)

Ge = 1 − Gi (2.35b)

The fraction of power delivered to the ions decreases when increasing the
E0/Ec ratio, as figure 2.8 shows. In the majority of the present devices the
heating is dominant to ions, while for future devices we will get to higher
E0/Ec values, thus higher electron heating.

2.4.2 Fokker Plank equation

The dynamics of fast particles in a tokamak is ruled by the equation of mo-
tion in an EM field and the Coulomb collisions with the plasma itself. The
usual approach to this problem is studying the distribution function of the
fast particles. A distribution function f(r, v) represents the probability den-
sity of finding a particle in a given state: in other words, its integral represents
the probability of finding a particle in the integration domain. When a col-
lisional process modifies the dynamic of the particles, the evolution of the
distribution function is ruled by the Fokker-Planck equation:

∂ f
∂t

+ ż · ∂ f
∂z

=

�
∂ f
∂t

�

coll
z = (r, v) (2.36)

In most of the cases the collisional term (right-hand side) is modeled with
diffusion and friction, thus this equation becomes a six-dimensional partial
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FIGURE 2.8: Fraction of power to the different plasma species. The vertical dotted
lines (from left to right) represent the tokamak TCV, ITER and JT-60SA.

differential equation. For this reason, its solution is exact only for some par-
ticular cases.

A solution can be made neglecting three physics aspects:

• no energy diffusion: only the slowing-down given by equation 2.33 is
considered;

• no trapping effects: the particles are considered only confined in pass-
ing orbits;

• no pitch angle scattering: i.e. the velocity vector doesn’t change its di-
rection;

and in this way equation 2.36 becomes

∂ f
∂t

=
1
v2

∂

∂v

�
v3 + v3

c
τs

f
�
+

S0

4πv2
0

δ(v − v0) (2.37)

which has the following solution:

f =
S0τs

4π

Θ(v0 − v)
v3 + v3

c
(2.38)

where vc is the velocity related to the critical energy (eq. 2.32), τs is the
slowing-down time (eq. 2.34), S0 the fast ion source, δ the Dirac delta and
Θ the step function (zero for v > v0). More accurate results can be obtained
using the average change in velocity and pitch (given by the Fokker-Planck
equation) or Monte Carlo collision operators, as will be described in section
2.8.



24 Chapter 2. Neutral beam injection

2.5 Losses of fast ions

During slowing-down, fast ions can be lost mainly due to three processes:
orbit losses, radial redistribution due to interaction with plasma instability or
waves and charge-exchange.

The orbit losses are the particles lost due to their orbit, i.e. when theyOrbit losses
collide with the wall during their motion. This can be due both to trapped
banana orbits (explained in section 2.3.3) or to the change in velocity of the
particle due to collision, which can put the particle in an unconfined orbit
and make it collide with the wall. The particles ionised in the scrape-off layer
(SOL) (where the magnetic field lines collide with the wall) are usually lost
due to the unconfined orbit (and low collision rate) they are trapped in.

Some MHD activity (such as sawteeth) or electro-magnetic waves (suchAnomalous diffusion
as Alfvén Eigenmodes (AEs)) can induce EP radial transport. This happens
because the structure of the electro-magnetic field is modified, thus the parti-
cle orbits. The former is a kind of instability which appears when the safety
factor profile (the number of poloidal turns a magnetic field line accomplish
within one toroidal turn) gets below unity. In this cases, reconnection events
redistribute the fast ions because of the electromagnetic field which are in-
duced during the reconnection. The latter is a kind of wave which is driven
by particles having velocity greater than the so-called "Alfvén speed". This
kind of waves interacts with the energetic particles gaining energy from them
and modifying their orbits [20].

The charge-exchange losses are due to collisions between a fast ion and aCharge exchange
neutral. In this case the particle is lost because it becomes a neutral after the
collision, becoming unconfined in the magnetic field and then colliding with
the wall (if not previously re-ionized). This loss channel is strictly related to
the presence of neutrals in the plasma. The atomic reaction ruling this process
is the following:

H+
fast + Hfast,slow → Hfast + H+

fast,slow (2.39)

The fast ions can collide both with a fast or slow neutral. In a tokamak
plasma, there are usually four populations of neutrals:

• neutrals coming from the wall or the valves feeding the plasma, usually
lying only in the SOL and being soon ionised;

• neutrals generated in the plasma by recombination or charge-exchange
reactions;

• fast neutrals injected using the neutral beams;

• slow neutrals generated by the charge-exchange reactions that ionise
the beam neutrals (also called halo neutrals).

This issue can be relevant for nowadays tokamak, but for tokamak with higher
temperatures the population of neutrals in the plasma will be negligible.
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2.6 Current drive

NB injection does not provide only a source of heating but also a current can
be driven by the fast ions tangentially injected in the plasma art:mikkelsen
art:honda2012.

With a non-inductive current it is possible to reduce the stress on the mag-
netic components due to the reduced flux variation needed. In this way the
content of energy needed for a plasma pulse is reduced or, alternatively, the
pulse duration can be increased, up to the condition where the ohmic trans-
former is no more needed.

Furthermore, with localised current drive the shape of the plasma current
profile can be modified. A profile different from the inductive profile (bell-
shaped with peak on the plasma center) allows to access different transport
regimes (e.g. improved H mode with a flat current profile in the core or in-
ternal transport barriers with a local maximum in the current profile) and
stabilise some magneto-hydrodynamics instabilities such as the neoclassical
tearing modes. Among the different heating systems, NB has the broader cur-
rent profile because the absorption (ionisation) of the particles doesn’t have a
resonance which allows the particles to remain focused in a specific area; in
the case of ECRH, the resonance condition allows to have a narrow current
density profile. Nevertheless, the current drive efficiency from the neutral
beam is greater than ECRH.

At first, neutral beam current drive (NBCD) can be approximated as the
injected current multiplied by the number of turns the fast ions accomplish
in the tokamak plasma, which yields:

Icirc = I0
�v��τs

2πR0
(2.40)

where I0 is the injected current, �v�� is the average parallel velocity, τs the
slowing-down time, 2πR0 the length of the plasma magnetic axis. This cal-
culation can become more complex by considering the correct average of the
slowing-down process and the pitch angle scattering included in the Fokker-
Planck equation.

Furthermore, this model doesn’t take into account the effect of the bulk
electrons. In fact, when the fast ions circulate, the electrons are dragged with
them and generate a "back electron current" which has the opposite sign of
the fast ions current. The correction adding the back-stream lectron current
is

ICD = Icirc

�
1 − Zbeam

Ze f f

�
(2.41)

being Zbeam the number of protons in the injected atoms. These two cur-
rents are the same if Zbeam = Ze f f . In a neoclassical framework (consider-
ing 3D effects and in particular trapped electrons) a current is driven also if
Zbeam = Ze f f because trapped electrons do not contribute to the cancellation
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of the ion current:

ICD = Icirc

�
1 − Zbeam

Ze f f

�
1 − G(Ze f f , �)

��
(2.42)

being G the factor taking into account the trapped electrons (and � = r/R0
the inverse aspect ratio)

G(Ze f f , �) =

�
1.55 +

0.85
Ze f f

�√
� −

�
0.22 +

1.55
Ze f f

�
� (2.43)

The factor between the circulating current and the shielded current (i.e. the
one considering the electrons) is shown in figure 2.9.
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FIGURE 2.9: Shielding factor for different Ze f f at different �. Zbeam has been set to
1.

A parameter interesting under an engineering point of view is the effi-
ciency of the current drive system, i.e. the amount of driven current per
power coupled to the plasma:

�CD =
ICD

P
(2.44)

Given that for all the current drive systems

ICD ∝ P · 1
ne

1
R0

(2.45)

the current drive efficiency to compare different systems is

ηCD = R0ne
ICD

P

�
1020 A
Wm2

�
(2.46)
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2.7 Additional effects

NBs do not only contribute to plasma with power deposition and current
drive: some additional effects can be used.

The energetic particles (EP) injected with the beam can be used as fueling Fueling-EP
to compensate the plasma particles lost. This effect is relevant for small and
low-density tokamaks, but for reactor-size experiments it would be negligi-
ble.

The injection of particles in tangential direction results in an increased Toroidal rotation
bulk ion toroidal velocity, thus a toroidal torque is applied to the plasma [21]
[22]. This is interesting, for example, for stabilisation of magneto-hydrodynamics
instabilities. The toroidal torque can be expressed as:

M =
I0

e
Abeammpv0Rteφ ∝ PNBI

�
Abeam

E0
(2.47)

with Abeam the atomic mass of the injected neutrals. The last relation is true
since I0 = PNBI/E0 and v0 ∝

√
E0/Abeam, being E0 the fast particles energy.

For reactor-size tokamak the injected momentum density will be low: E0 will
be much higher than present-day experiments (to increase the penetration of
the beam in the plasma core) and, even though the confinement time will be
higher, the volume will be higher as well, reducing the momentum density.

Lastly, the beam ions can be used as diagnostic for example by charge- Diagnostic
exchange spectroscopy (Fast Ions D-Alpha spectroscopy) [23], beam emission
spectroscopy [24] and neutron emission.

2.8 Modelling

Modelling of fast ions orbits and collisions in a tokamak (i.e. solving the
Fokker-Planck equation) requires some computational effort, depending on
the degree of quality required. Here below three codes will be presented:
METIS [25], NUBEAM [26],[27], ASCOT [28], [29], [30].

METIS (Minute Embedded Tokamak Integrated Simulator) is a fast ana-
lytical solver of a full tokamak discharge and includes a module to compute
the NBI ionisation and slowing-down while the other codes use Monte Carlo
models for this purpose.

2.8.1 Codes input

A certain degree of complexity in the input to these class of codes is given by
the neutral beam injector. There are mainly three models for a beam injector:

• Pencil-like the beam is considered as a single line entering the plasma,
without any description of the grid shape nor any divergence. This
is the model METIS uses and in this code the spread of the beam is
simulated replicating each injection line 3 times vertically and 3 times
horizontally;
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• Narrow beam the beam has a single line of propagation but its width
changes according to its divergence and focus. Here as well the beam
grid is not included. This is the model included in NUBEAM;

• Beamlet-by-beamlet the beam is modeled as a sum of narrow beam-
lets, each one with its trajectory and divergence. This gives the highest
accurancy in the beam trajectory and sizes, but can be quite complex to
implement. ASCOT uses this model.

The other essential input for the codes are the plasma properties: for these
codes the electron density and temperature, the ion density and temperature,
the plasma composition and the magnetic fields are needed. The vacuum
vessel geometry is also necessary to compute the wall losses.

Not all the codes compute charge-exchange reactions. NUBEAM includes
all the possible collisions (ionisation and CX) with bulk plasma, high Z im-
purities and the fast ions already in the plasma. ASCOT, on the other hand,
does not include charge-exchange yet.

According to equation 2.3, the attenuation of the beam requires calcula-
tion of the beam trajectory, the plasma density and the cross-sections which
depend on the plasma temperature and composition. In the case of METIS,
the beam attenuation is computed with the relation expressed in 2.3.

METIS doesn’t compute the full orbit of the markers but it accounts for
first orbit losses in a simplified way. Given the ionisation position, the width
of the orbit is computed using equation 2.48 [31]. If the ionisation position
from the wall is smaller than δp, the particle (and its relative power) is con-
sidered lost.

δp =

�
2q0v⊥0

ω0R0

�2/3

R0 (2.48)

In this equation, q0 is the safety factor at the plasma axis, v⊥0 is the initial
perpendicular velocity of the particle, ω0 is the initial cyclotron frequency of
the fast ion, R0 is the major radius.

The steady-state distribution function of the particles used in METIS is
2.38. Starting from the distribution function, the EP pressure, the power de-
posited to the plasma and the current-drive can be computed. In this code,
the charge-exchange losses are not included as loss channel.

2.8.2 Monte Carlo solvers of the Fokker-Planck equation for EP
physics - ASCOT and NUBEAM

Monte Carlo codes (BBNBI3/ASCOT and NUBEAM) solve the ionisation equa-
tion 2.3 considering the trajectory of each neutral marker and calculating the
probability of the ionizing collision using Monte Carlo methods. The ioniza-
tion equation solution is usually fast and runs in some minutes, depending
on the number of markers. The advantage of having a high number of mark-
ers (N) is the reduction of the statistical error σ ∼ 1/

√
N. This effect is shown

in figure 2.10.

3BBNBI is the code computing beam deposition for ASCOT
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FIGURE 2.10: BBNBI fast ion birth profile for different amount of markers. In the
small plot, the variance of the curves is shown against the number of markers in

log scale.

The marker simulated has an assigned weight, which represents the amount
of particles each marker carries (around 1016 particles): each marker repre-
sents a flux of particles. Computationally this marker is a single particle (i.e.
the equations are solved as if it is a single particle), the difference is in the
power it carries, used to compute the quantities deposited on the plasma.

The Monte Carlo solvers of the Fokker-Planck equation solve the orbits of
the marker and fill a N-dimensional histogram to compute the distribution
function of the particles (accounting for the weights). This method is much
slower but can take into account effects which are not included in equation
2.38.

For each timestep, at first the particle orbit is evolved according to the
Lorentz force, then the collisions are computed, modifying the velocity of the
marker. Lastly a N-dimensional histogram is filled according to the weight
of the marker. This histogram is made of N-dimensional boxes where the
dimensions can be R, z, energy, pitch, etc. In this way, both the orbits and
the steady-state distribution function can be computed. The difference in
the codes are in the orbit calculations (full gyro-motion or guiding center),
the dimensionality of the tokamak and magnetic field (i.e. 2D or 3D), the
treatment of the Coulomb/atomic collisions.

NUBEAM is the code used within the TRANSP code [32]. The fast ion
orbits are modelled accounting only for the gyro-motion, and the finite Lar-
mor radius effects are computed with a statystical method (i.e. the marker is
shifted of a gyro-radius in a random poloidal direction). The Fokker-Planck
equation is approximated using only small-angle binary collisions, consider-

ing vi < vb < ve and neglecting terms in order of
�

Te

E0

�2

and exp−E0/Ti. In

these conditions, the average changes �Δv2� and �Δξ2� can be computed
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�Δv2� = 2δt

τs

�
Te

mb
+

v3
c

v3
Ti

mb

�
(2.49a)

�Δξ2� = δtνii(1 − ξ2
0) (2.49b)

and these values are used as the width of the gaussian for the Monte Carlo
calculations of the change in energy and pitch. NUBEAM is a 2D solver, thus
3D effects cannot be computed with this code.

ASCOT solves both the gyro-centre motion and the full gyro-orbit. It can
shift between the two methods (i.e. the two hamiltonians) when approaching
the wall, to compute the orbit losses. Being ASCOT a 3D code, it can model
also the fast-ion losses given by magnetic ripple (the variation of the magnetic
field given by the discrete number of coils). The Coulomb collisions are com-
puted using operators acting in the velocity space. The collisional component
of the Fokker-Plank equation is written as:

�
∂ f
∂t

�

coll
= − ∂

∂v
·
�

A f − 1
2

∂

∂v
· (D f )

�
(2.50)

where A can be considered as a friction term and D as a velocity diffusion
term. The drag term is included in the deterministic part of the motion, the
diffusive terms are computed with the stochastic Euler method. The guiding
centre transformation should be applied also to this collisional term, not only
the equations of motion. This diffusion in space is computed only up to the
zeroth order in magnetic field non-uniformity.

2.9 Improved confinement: H-mode and advanced toka-
mak

2.9.1 H-mode

High-confinement mode (H-mode) is a tokamak regime where the particle
(and energy) confinement time almost doubles [33], [34]. H-mode was at first
discovered in ASDEX tokamak [35]: when sufficient additional power was
applied to the tokamak plasma, the transport at the edge decreased, making
the profiles there steeper (and creating a so-called pedestal, see figure 2.11).
An Edge Transport Barrier (ETB) there created, increasing the plasma pres-
sure in all the plasma.

Nowadays many theories interplay to explain the H-mode transition, but
no one satisfy all the observation at the same time [36]. Under an experi-
mental point of view, the main parameter which seems to play a role in the
transition to H-mode is the additional power injected in the plasma, which
must overcome a certain threshold. This experimental threshold depends on
the plasma dimensions, on the density and on the average toroidal magnetic
field and it is shown in equation 2.51 [37]:

PThreshold
LH = 2.15 · e0.107 · n0.782

20 · B0.772
T · a0.975 · R0.999

0 (2.51)
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FIGURE 2.11: Plasma pressure cartoon for different transport barriers. Green line
is the mode without any transport barriers (L-mode), dotted red is the H-mode,
where only the ETB is present, solid red is the case where an internal transport

barrier is created.

where e is the euler number, n20 the plasma line-averaged density (in 1 × 1020 m−3),
BT the toroidal field, a the minor radius and R0 the major radius.

The H-mode scenario is the scenario under which ITER has been de-
signed. Achieving H-mode in a device is important because of the confine-
ment increase and the higher pressure values which can be achieved.

2.9.2 Advanced tokamak scenarios

Advanced tokamak (AT) scenarios [38] [39] [40] foresee to strongly limit the
use of the central solenoid to drive plasma current, achieving long-pulse and
even steady-state operation.

The current must then be driven using other ways. One is the current-
drive effect given by auxiliary heating systems (such as NBI and EC). The
other non-inductive current in a tokamak is the bootstrap current [41], which
is produced by the population of different trapped particles: adjacent trapped
particle orbits provide a momentum imbalance that can be transferred to
passing particles by collisions. This current is parallel to the magnetic field
and requires the presence of a trapped population and a pressure gradient.
Increasing the normalised pressure a large fraction of bootstrap current can
be achieved. In the case of JT60-SA tokamak, this current should reach 50%
of the total current.

The bootstrap current density in a tokamak goes roughly like

jBS ∼
� r

R

�1/2 ∇p
Bpol

(2.52)
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which means that at lower current (i.e. lower poloidal magnetic field) the
current is maximized.

High pressure gradients maximize the bootstrap current as well and this
can be done with internal transport barriers (ITBs)[42]: with ITBs the internal
transport is reduced, increasing the pressure gradients. This condition can be
achieved by reversal of the q-profile, i.e. by making the radial derivative of
the q-profile to change sign. Inductive currents (centered on the axis) make
the q-profile to be monotonically increasing with radius, but if off-axis current
is driven (using e.g. NBI) then the profile gets reversed. In figure 2.12 the
typical q-profiles for different tokamak scenarios are shown.

FIGURE 2.12: Safety factor profile for conventional and advanced tokamak scenar-
ios.

In this thesis two kind of advanced scenarios will be presented:

• ’hybrid’ scenario: in this case, the total current should be driven 50%
non inductively, in order to guarantee a long pulse operation. This
scenario is also called ’improved H-mode’ because it has and higher
confinement with respect to L-mode so it is promising (for ITER) for
a high neutron fluency. For this regime, the q value would be in the
range 1.0-1.5 with shear close to 0.0. This slightly raised value of q in
the core would avoid the sawtooth activity, which could trigger neo-
classical tearing modes in standard H-mode plasmas.

• steady-state scenario: the current in this case will be fully generated
non-inductively. This requires a high βN (>4)and the q-profile in this
case will be strongly reversed
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Chapter 3

Predictive studies on RFX-mod
discharges

In this chapter, simulations of NBI on RFX-mod tokamak device will be pre-
sented. The motivations of this work lie in the upgrade of the machine, which
could include also the implementation of a heating neutral beam injector,
aside with the diagnostic beam already installed. The results here presented
show the heating efficiency of the beam and the possibility of the transition to
the H-mode in this device with the additional NB power injected. The model
for neutral beam power loss from METIS is compared to NUBEAM Monte-
carlo Fokker-Planck solver, showing the limitations of the first model applied
to NBI in low-field tokamak plasmas.

3.1 RFX-mod and its upgrade

RFX-mod [43] is a medium-size device (R0 =2 m, a =0.5 m) designed to op-
erate as a reversed-field pinch (RFP) or a low-field tokamak(Bφ ∼0.6 T). It
is the biggest operating RFP and, in this configuration, it reached the record
current of 2 MA [44] and the quasi-single helicity mode has been observed
in this device for the first time [45]. Under the structural point of view, this
machine has a thick copper shell (between the vacuum vessel and the me-
chanical support structure) to increase the current diffusion time.

In addition, this machine is fully covered with a system of 192 active sad-
dle coils which objective is to reduce the amplitude of the MHD external kink
instability inherently living within the RFP configuration. These coils have
been also used in tokamak configuration to control the disruptive behaviour
arising when q(a) < 2 is reached; in RFX-mod, stationary tokamak plasmas
below the disruptive q limit have been obtained.

The device is currently under upgrade. Some work involves repairing
some of the saddle coils but the major challenge is to reduce a layer in the
tokamak structure: the vacuum vessel is to be removed from the tokamak
and the mechanical structure will be its substitute. This means that the me-
chanical structure must guarantee good vacuum conditions and the graphite
tiles composing the first wall must be installed in the copper shell. This mod-
ification will increase the plasma volume and make the saddle coils closer to
the plasma, increasing their effectiveness [46].
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Another planned upgrade for RFX-mod2 is the implementation of a neu-
tral beam injector. Using NBI on a RFP has some benefits for studying fast
particle population in this particular magnetic configuration, but it is not so
meaningful in power deposition: due to the high resistivity of RFP config-
uration, the ohmic power in a RFP (∼20 MW) is higher than the one in a
comparable tokamak, this means that high-power neutral beams would be
needed to be meaningful for power deposition.

Comparison between fast particles behaviour in tokamak and RFPs [47]
shows that NTM in the former configuration increase the fast ion losses, while
in RFP the fast ion confinement time is larger than that of the thermal ions
despite the presence of a large number of saturated tearing modes.

NBI in RFP plasmas has been already studied on different devices such
as MST1 in Wisconsin (USA) [48] and TPE-RX experiment at AIST institute
(Tsukuba, Japan) [49].

The available tools for NBI modelling need a magnetic equilibrium with
a toroidal flux which doesn’t change sign. This is not the case in RFPs, so
modelling can be done limiting the plasma to the Bφ = 0 surface, as work
[50] shows.

Modelling of NBI in RFX-mod used as a RFP is not the topic of this the-
sis: in this chapter the feasibility study of NBI in RFX-mod tokamak is pre-
sented. In RFX-mod tokamak the additional heating power given by the neu-
tral beam (summing up to the 200 kW ohmic power) could widen the space
parameter explored in low-q configuration and lead to the transition to the
H-mode, allowing to study the physics of Edge Localised Modes (ELM) in
presence of the powerful active control system RFX-mod is equipped with.

3.1.1 AIST neutral beam injector & the implementation in RFX-
mod

Thanks to a collaboration between AIST and Consorzio RFX, the same neutral
beam injector used on TPE-RX is available for RFX-mod2.

This injector was designed to work at a nominal power of 1.25 MW, accel-
erating up to 60 A of 25 keV H+ for 30 ms [51], [52]. D ions can be used but at
reduced power (∼0.8 MW) 1. If necessary, the injection time can be increased
to 60 ms, reducing the energy to 15 keV.

The accelerator design is common to the majority of positive-sourced NB
injector, with three multi-aperture electrostatic grids. The focal length is 1860 mm
and the effective diameter measured is 345 mm at the extraction plate, 36 mm
at the focal point. The estimated beam divergence is θ ∼0.8◦.

The implementation of AIST beam in RFX-mod has been already studied
in [53], [54]. Attention must be given to the strong magnetic field outside
the vacuum vessel, which could deteriorate the beam optics before entering
the plasma. The actual integration design ensures an efficiency between the
power supplied to the injector and the power to the plasma η > 25%. The

1Assuming the same injection voltage, we get a dependency of the power with the mass.

P = I · E = (q · v) · (q · ΔV) = q2ΔV
�

2E
m = K · 1

m0.5 . With this relation, the power in the case
of D ions can be found
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only possible injection is along a radial chord on the equatorial plane due
to mechanical constraints mainly linked to toroidal field coils configuration.
The NB system integration design can be seen in figure 3.1.

(A) (B)

FIGURE 3.1: Design of integration of NB system into RFX-mod. (a) overall design,
(b) beam detail

3.2 METIS design of RFX-mod tokamak discharges

The tool chosen for this feasibility study is METIS, thanks to its speed in sim-
ulating a plasma discharge and its accuracy, which is satisfying for this study.
The results of this study are presented in [55].

For each simulated discharge, METIS needs as input the time dependence
of plasma current and density, the geometry of the plasma (last closed flux
surface shape, major and minor radius), the plasma composition and the ad-
ditional heating (NBI or waves). The other parameters, such as the plasma
composition, the impurities, the transport coefficients, the MHD instabilities
parameters, the profiles shape, neoclassical effects and L–H transition coeffi-
cients are evaluated with calculations and validation with experimental data.
METIS has an internal solver for the plasma magnetic equilibrium.

Although METIS has been widely used to simulate different tokamaks, a
RFX-mod discharge has never been simulated with METIS so far. We there-
fore performed METIS simulation of some reference RFX shots and we com-
pared with the experimental data showing a good agreement (in figure 3.2 an
example is shown). In these simulations careful attention has been given to
the flattop phase.

Having a good dataset capable of simulating RFX-mod circular tokamak
discharges with METIS, a set of densities has been chosen (see table 3.1) . The
values of the line-averaged densities are representative of RFX-mod plasmas.
This database of simulations has been used in this work to study the effect of
the implementation of a NB system. As it can be noted, the plasma current
(thus the Greenwald density) is kept fixed all over the shots (during the flat-
top, Ip =120 kA, qa =2.3). The plasma composition is unvaried (main gas D,
with C and Li as impurities) while the density profile peaking factor (n0/n)
has been estimated by the measurements for each shot. It varies between 1.1
for the UH shot and 1.3 for the UL shot.
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FIGURE 3.2: Comparison between experimental data and METIS simulation.

Shot Label Name �ne�(1018 m−3) �ne�/nG (%) PLH [kW]
38706 UL Ultra-Low 2.5 13 110
38688 L Low 6 32 208
38691 M Medium 10 53 303
38722 H High 14 75 387
38717 UH Ultra-High 18.7 100 478

TABLE 3.1: Density for reference shots. �ne� is the line-averaged density. The last
column list the power required for L-H transition, computed with scaling in [37].

It is important to notice some limitations of METIS code. We were aware
of these limitations, but the purpose of the study could stand them. The lim-
itations listed in section 2.8 must be kept in mind (in particular the analytical
solutions of the equation ruling fast-ions physics) and, furthermore, METIS
approach cannot stand strong variation of parameters such as beam turning
on and off. This can be seen in the figures presented in the study. The beam
population simulated is composed only by H+ (D+), while in positive-based
beam sources the accelerated ions are also H +

2 (D +
2 ) and H +

3 (D +
3 ). Lastly, the

beam injection geometry is not as precise as other modelling tools allow it to
be.

3.3 METIS predictive simulations of NBI on RFX-mod

The reference scenario for beam injection in RFX-mod is injecting D atoms
at 25 keV for a total power of 0.8 MW for 30 ms. In this study, this has been
addressed as the first case of study but also the backup reference has been
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analysed: in this latter case, the energy is limited to 15 keV and the time to
60 ms.

One of the main issues when designing a NBI heating system is the shine-
through, i.e. the beam fraction which does not get ionised. This becomes
power deposited to the wall. In the case of RFX-mod, the power deposited to
the wall is not mechanically harmful for the graphite tiles. The problem is the
outgassing of heavy impurities which can pollute the plasma and eventually
drive a shutdown.

In figure 3.3 the total beam losses computed by METIS (i.e. shine-through
fraction and first orbit losses) are shown as function of the densities. As ex-
pected, the losses reduce when increasing the density and get below 75 %
above the M shot. This happens mainly because the higher density allows a
higher absorption of the beam, reducing the shine-through. This forced us to
avoid further analysis of shots L and UL, since NBI would be impossible in
such kind of plasmas.
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FIGURE 3.3: Shine-through and first orbit losses as function of the densities.

3.3.1 Reference energy and power

The reference power is both the most useful to deposit power to the plasma
but also the most harmful in terms of shine-through, as figure 3.4 shows.
The power is deposited mostly on plasma core (sub-figure (a)) and increases
with increasing density, i.e. increasing power absorbed by the plasma. This
is perfectly compatible with the radial injection geometry, which aims at the
plasma central column. Sub-figure (b) illustrates that central plasma temper-
ature increases around 50 % compared to the case without NBI. In image (c)
the ratio of ion temperature over electron temperature is shown: NBI can
modify the ratio of these two values thus allowing to explore different trans-
port regime, in particular if ions become hotter than electrons. In this case,
the ratio remains below one because at this energy the beam deposit mostly
power to the electrons. At lower densities the ratio has a stronger increase,
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indicating that beam ions couple mostly with bulk ions. Figure (d) shows
that the slowing-down time of the EP is well below the plasma duration, so
the EP have time to deposit the power they have to the plasma. Note that the
slowing-down time is comparable to the injection time.

FIGURE 3.4: NBI for injection energy of 25 keV. The colors label the different shots
considered (blue-53% n/nG, black-75% n/nG, red-100% n/nG). The grey area rep-

resents the injection window.

3.3.2 Reduced energy and power

Energy of AIST beam can be modified to 15 keV. The power injected has
been modified accordingly to the relation between energy and power given
by equation 2.1.

In this case, it seems that the most significant effect is the increase of the
injection window length (figure 3.5). The deposited power in a single times-
lice (subfigure (a)) is slightly lower than the case at 25 keV and this is due
to the smaller amount of power injected and thus absorbed by the plasma,
which has also lower energy to penetrate into the plasma core. Temperatures
and slowing-down time reach a saturation value. Also the ratio Ti/Te (sub-
figure (c)) seems to reach a saturation, and this effect is more evident at higher
densities: this ration is higher in this case since, at lower injection energy, the
power is preferably transferred to ions. In fact the value of 1 is exceeded for
all the three shots analysed, allowing different transport regimes.

3.3.3 Power redistribution

NBI in RFX-mod would result mostly in heating the electrons, as figure 3.6
shows. In the plot, the three lines represent the M, H and UH discharges.
The range they cover (which can be read both in the bottom and top axis,
giving complementary information) indicates the fraction of power they give
to the different species all over the beam injection. The fraction of power
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FIGURE 3.5: NBI for injection energy of 15 keV. The colors label the different shots
considered (blue-53% n/nG, black-75% n/nG, red-100% n/nG). The grey area rep-

resents the injection window.

given to electrons is higher than 55 % at 25 keV and reaches 40 % for 15 keV.
In the latter case, the range of redistribution spanned is wider, and this is due
mostly to the strong change in plasma temperature.
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FIGURE 3.6: Redistribution between ions and electrons

3.3.4 H-mode transition

The addition of NB power can lead to a L-H transition: in usual RFX-mod
tokamak ohmic discharges, the power flowing through the separatrix is close
to the threshold to reach the H mode [56]. The scaling law for the threshold
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power used is "Martin scaling" and it’s taken from [37]

PThreshold
LH = 2.15 · e0.107 · n0.782

20 · B0.772
T · a0.975 · R0.999

0 (3.1)

where e is the Euler number , n20 the plasma line-averaged density (in 1 × 1020 m−3),
BT the toroidal field (0.6 T in the shots here explored), a the minor radius
(∼0.5 m) and R0 the major radius (2 m for RFX-mod).

In figure 3.7 it is shown that during the beam injection at 25 keV the power
becomes higher than the threshold power needed and thus the H-mode can
be reached. At 15 keV the power is too low to induce the L-H transition.

FIGURE 3.7: L-H transition power threshold at 25 keV

3.3.5 Comparisons of fast ion orbit losses between METIS and NUBEAM

RFX-mod device is a low-magnetic field tokamak (BT ∼ 0.6 T). This feature
is harmful for fast ion confinement because the low magnetic fields cause big
orbit drifts, which can make the particles collide with the wall.

The model accounting for fast ion orbit losses in METIS has been de-
scribed in section 2.8, where the orbit width is computed using an analyti-
cal formula which considers the initial position, velocity and magnetic field
where a particle is ionized. This model is applied to tokamak plasmas with
high toroidal magnetic field (compared to pressure), and the approximations
made to compute the orbit width can no more be applicable for RFX-mod.

In order to test if METIS model correctly applies to RFX-mod tokamak
discharges, a comparison with NUBEAM module has been made. The UH
case with injection energy of 25 keV has been chosen, because of its high beam
absorption, compared to the other cases. In this case, the plasma profiles are
taken from METIS evaluation, while NUBEAM has been applied to the target
plasma. No charge-exchange losses from NUBEAM have been considered in
this case, because the purpose of this simulation is to study the applicability
of the orbit-loss model from METIS.
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The comparison between the two different power balances for a single
time slice (t=0.6 s) are presented in figure 3.8. It can be easily noted that a
strong difference arise between the two models applied to the same plasma
and injection geometry. NUBEAM model results in a high fraction of power
lost because of unconfined orbit (orbit losses - O.L.). A difference arises also
in the shine-through fraction, which is caused as well in the difference of the
models applied: NUBEAM computes the amount of markers which get to
the wall and, given the weight and energy of the markers, the power lost by
shine-through is computed. METIS computes the shine-through by subtrac-
tion: the beam damping is solved analytically, then power fraction lost by
orbits is subtracted from the power deposited. In this way, an error in the
power lost by orbit reflects in an incorrect evaluation of the shine-through.
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FIGURE 3.8: Power balance for UH density case (ne ∼ nG) computed from METIS
(left) and NUBEAM (right). The numbers refer to the total injected power (800 kW
in this case). Yellow is the power lost by unconfined orbits, green is the shine-
through fraction, red is the power deposited to electrons and blue is the power

deposited to ions.

3.4 Conclusions

In this work, METIS program has been used to simulate the integration of a
NB system in RFX-mod and the limitations of its neutral beam model have
been compared to NUBEAM for the case of low-field plasmas, such as RFX-
mod.

Since a NB injector is already available, the simulations have been car-
ried on with NB energy of 25 keV and 15 keV (the energies the injector can
work with) and with a fixed geometry due to mechanical constraints. The
injected species chosen has been D, which is the same as the target plasma
main species.

Results show that the NBI with E = 25 keV will have a high shine-through
value but the power deposited to the plasma allows to explore different sce-
narios with higher Te and Ti/Te ∼ 0.9. Similar results are achieved with
E = 15 keV, having the Ti/Te value greater than unity and a lower shine-
through.

The additional power deposited to the plasma by neutral beam injection
can analytically lead to a transition to H-mode, according to the scaling law
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used in METIS. This consideration must take into account the limited model
that METIS uses for the neutral beam deposition.

For the most promising case (highest density and injection energy of 25 keV),
a comparison between METIS beam model and NUBEAM beam model has
been carried out. A single time slice of neutral-beam injection shows that
the difference in the power lost by particles in unconfined orbits is non-
negligible: in NUBEAM it is almost the double than METIS. This shows a
limitation in METIS model for the computation of NB losses. This happens
because the analytical model used in METIS has been developed for high-
field plasmas, which is not the case of RFX-mod. The full calculation of the
EP orbits performed by NUBEAM shows the limitations of METIS. This poses
a further complication in reaching H-mode in RFX-mod device, and the sim-
ulations carried out here could be

METIS is a powerful tool to study a tokamak discharge. It implements
a NBI model which has limitations for the case of RFX-mod, because of the
low magnetic field. It is still an interpretative plasma simulator which al-
lows to explore tokamak physics in a fast and complete way, although the
limitations must be known. Full solvers of the EP orbits should be applied
for RFX-mod predictive discharges for an appropriate NBI model, keeping in
mind the complexity of a code like NUBEAM, for example the neutral density
profile which should be carefully modelled for charge-exchange losses.

Further studies involve considering neutral deuterium as a loss channel
through charge exchange. This could be harmful in the cases with lower
density. Given METIS limitation, a more complete analysis of the L-H transi-
tion using a more accurate model (accounting also for charge-exchange losses
and orbit losses for low field tokamak plasmas) should be taken into account.
Lastly different plasma shapes (like an X-point plasma), could be studied in
order to asses the impact of NBI on such kind of plasmas.
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Chapter 4

Predictive NBI studies on JT-60
SA

4.1 Introduction

The superconducting tokamak JT-60SA, under construction in Naka (Japan),
is a device which will study advanced plasma conditions, such as steady state
scenarios and break-even equivalent plasmas [57], [58], [59] [60]. The addi-
tional heating system relies on a flexible combination of electron cyclotron
wave injection and neutral beams (NBs). The beam injection system is com-
posed of 12 neutral beam units with positive ion sources (P-NB) and two
beams with negative ion sources (N-NB) for a total power of 34 MW. P-NBs
have a wide variety of injection geometries (perpendicular, tangential co- and
counter-current) and, due to their energy (85 keV), these beams deposit most
of the power on ions. The N-NBs are both tangential and co-current: this
helps to control the current profiles since at the energy of 500 keV, particles
couple mostly with electrons. Studying the impact of NBI EP on JT-60SA ref-
erence scenarios with Monte Carlo tools is a crucial topic for this machine
because of the importance given to this actuators for plasma performance:
this problem is studied in this chapter.

4.2 JT-60SA

JT-60SA [61], [62] is a superconducting tokamak under construction in Naka
(J). This device is built both under the euro-japanese agreement called "Broader
Approach", coherently with the Satellite Tokamak Program, and the Japanese
national program. EUROfusion, as european party of the contract, contributes
to the construction and exploitation of the device with economical support,
design support and scientific projects. In table 4.1 the main parameters of this
device are presented.

R0[m] 2.96
a[m] 1.18

Ip [MA] 5.5
Btor(0) [T] 2.25

Volume [m3] 132
Pulse length [s] 100
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TABLE 4.1: Parameters of JT-60SA tokamak

The mission of JT-60SA is to support the exploitation of ITER and to re-
search towards DEMO by addressing key physics and engineering issues. In
order to obtain economically attractive steady-state DEMO reactors, the nu-
clear fusion research should establish reliable control schemes for high-βN ,
high bootstrap fraction burning plasmas, possibly fully non-inductive.

Starting from the experimental results obtained by the tokamak devices
in the world concerning highly integrated plasma performance, long pulse
operation, high-density physics and plasma shaping physics, JT-60SA device
and its research project have been designed. In figure 4.1 the target of the
JT-60SA machine is presented. The normalized beta of the machine should
be close to a DEMO-like device and the sustainment time is foreseen to get
close to ITER one. This is a big improvement with respect to existing devices.

FIGURE 4.1: Target performance of JT-60SA device [57].

The presence of a population of 500 keV neutral-beam injected particles in
tokamak plasmas has never been explored. These particles will be injected by
a negative-sourced beam. This beam will inject the particles tangentially, but
the injection elevation is shifted 0.6 m below the midplane. The main purpose
of this beam is current-drive and the induced current will be off-axis peaked,
allowing to reach fruitful conditions for AT scenarios. Furthermore, the EP
velocity will be greater than Alfvén speed for the target scenarios, exciting
Alfvén eigenmodes and study the properties of these kind of waves in such
conditions.

4.3 JT-60 SA NBI system

Neutral beam heating is the most powerful auxiliary heating system JT-60SA
is equipped with: it can deliver at maximum 34 MW split among 14 beam
units. The injection geometry of those beams are shown in figure 4.2.

In table 4.2, the main parameters of the beams are shown
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(A) Top view. The blue beam is the NNBs, all the
rest are positive beams.

(B) Poloidal cut of the
tokamak. To be noted the
strongly off-axis injection
geometry of the NNBs.

FIGURE 4.2: JT-60SA NB injection geometry

Label Beam Units E [keV] P/unit [MW] PTOT [MW] duration [s]
P-NBs

PP
Perpendicular-upper 4

85 2

8

100

Perpendicular-lower 4 8

PT

Co-tangential upper 1 2
Co-tangential lower 1 2
Ctr-tangential upper 1 2
Ctr-tangential lower 1 2

N-NBs

NNB
Co-tangential upper 1

500 5 10 100
Co-tangential lower 1

TABLE 4.2: Parameters of JT-60SA neutral beams

4.3.1 Positive sourced beams

The 2 MW 85 keV 27.5 A D+ NBs [63] provide dominant ion heating and are
useful for momentum injection and some current drive. The injected species
can be changed to H by decreasing the power to 1.6 MW.

The maximum injected power (24 MW) is split onto 12 beams. Each beam
has two independent sources (with maximum available power of 1 MW).
There are 8 beams near-perpendicular (injected symmetrically from above
and below the midplane), with an angle of ∼ 35 deg.

The layout of the beam is the same of JT-60U. The upgrade of the beam-
line for JT-60SA is presented in [63]. The major improvement made was the
increase of the pulse length from 30 s to 100 s.

4.3.2 Negative sourced beams

The negative beams used in JT60-SA will be the most energetic beams used
and its source will be the larges ion source in practical use for a nuclear fusion
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device. They should inject a total of 10 MW using a 22 A 500 keV D– ion
acceleration system for 100 s [64], [65], [66], [67], [68].

The negative beam is the same used for JT-60U but some improvement
must be accomplished. The previous beam reached at maximum a duration
of 30 s with 13 A. This upper limit was due to the change of the work function
of the plasma grid: the plasma grid was inertially cooled and after a while
the negative ion production (mostly given by the Cs deposited on the plasma
grid) changed significantly, degrading the beam optics. This issue has been
solved with active control of the plasma grid temperature.

Another issue was the beam non-uniformity. This has been solved both
by changing the magnetic field configuration in the source and modifying the
grid gaps.

These upgrades allowed JT-60 SA NNB to reach the reference design.
Apart from its advanced design in terms of power and energy, the beam

z-position is at −0.6 m, thus this beam is injected only off-axis.

4.3.3 Modelling of JT-60 SA beams

The modelling tool chosen for NBI EP on JT60-SA is ASCOT. This code needs
the output from BBNBI, which is the module calculating the ionisation of
beam particles. BBNBI requires a high degree of detail concerning the beam-
let configuration, and this configuration has been implemented. In figure 4.3
the grid holes design through which the particles are accelerated is shown.

Figure 4.3a shows the grid for the positive beams, which consists of 1020
holes (ø4.4 mm at the grounded grid). The grid size is 12 cm×27 cm. Each
of the positive beam is composed of two ion sources, each one having one of
these grids at the end.

In figure 4.3b one of the five grids composing a single unit of the NNB is
shown (rotated 90◦ with respect to its physical orientation). It consists of 216
apertures (ø16 mm at the grounded grid) spanned in an area of 17 cm×44 cm.
Each one of these segments is mounted as the beam grid profile in figure 4.3c
shows. The grids are plane and the focus is given by the inclination shown in
the figure. Each of the two beams (NNB upper and lower) is composed this
way, so in the end 10 of these units will deliver the desired power.

The grids design, position and beamlet direction have been implemented
for BBNBI, and the grids and direction are shown in fig 4.4 and 4.6 respec-
tively for PNBs and NNBs. The divergence for the positive beam has been
set to 1 mrad [63], while the divergence for the negative beams has been set
to 5 mrad [65].
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(A) PNBs grid
(B) NNBs grid (rotated
90◦ with respect to its

physical orientation)

(C) NNB grid orientation

FIGURE 4.3: Grids of JT-60SA PNBs and NNBs

−10 −5 0 5 10

R [m]

−6

−4

−2

0

2

4

6

Z
 [

m
]

(A) Poloidal projection

−10 −5 0 5 10

X [m]

−10

−5

0

5

10

Y
 [

m
]

(B) Top view

FIGURE 4.4: PNBs modelling grids
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4.3.4 Benchmark with integrated modelling

Integrated modelling on JT-60SA has been carried out using CRONOS suite
of codes[69]. CRONOS module computing NBI EP slowing down is com-
posed by NEMO [70] (computing ionization in an analitical way) and SPOT
[71] (computing slowing down in a Monte Carlo way). The details of the
codes are not given here since in this thesis only the results have been used
for comparison with beam implementation in JT60-SA.

These codes have been chosen as comparison because the scenarios de-
veloped using CRONOS are the reference scenario for the european scientific
community, so the narrow beam geometry implemented in these codes is
validated and can be used as a benchmark. The results shown in this section
should not be compared to the results shown later, because the equilibrium
changed in between. The validity of this comparison is given by the fruitful
benchmark between the beam designs.

In order to better understand the comparison in the slowing-down quan-
tities which will be shown, a comparison in the two different beam attenu-
ation has been done. The comparison, shown in figure 4.7, allows to show
the difference between NEMO, which computes the attenuation analytically
using a narrow beam model, and BBNBI, which computes the attenuation in
a Monte Carlo way using a beamlet-by-beamlet model. The beams have been
shot in the same target plasma. The shape of the two fast ion birth profiles
(in both cases) is really similar even if NEMO overestimates the attenuation
giving a lower fast ion birth in the core. The difference is quite small for the
positive beam, while it gets higher in the case of the negative beam. This
difference is due partly to the different beam models, partly by the different
beam attenuation models. Anyway the comparison between the two should
not give strong differences in the plasma performance: the core volume is
small, so the difference in integrated quantities is small as well.

(A) Fast ion birth profile for a positive
tangential co-current beam

(B) Fast ion birth profile for one nega-
tive beam

FIGURE 4.7: Comparison of beam attenuation computed by NEMO (red) and
BBNBI (blue)

Availability of data allowed us to compare the induced current by the
beams and the power deposited on the plasma after the full slowing-down
simulation. In this case, the two simulations have the same profiles but a
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slight difference: the effective charge is different in magnitude, but in both
cases constant over radius. This difference affects marginally the shape of the
profiles.

The current (unshielded) induced by the beams is shown in figure 4.8a.
It is mostly dominated by negative neutral beams (as will be shown in next
sections), so this comparison can give a benchmark on the negative beams
geometry implementation. It can be seen that the two profiles differ slightly
in magnitude (reaching a maximum in the plasma core) but the shape is quite
similar. The differences can be given by the difference in the beam attenuation
model (shown previously in figure 4.7) and it is interesting to see that ASCOT
features two separated peaks, corresponding to the two different negative
beams. This effect is not visible in SPOT simulation.

The power deposited to ions and electrons in the two cases is shown in
figure 4.8b. Considering the power deposited to ions (red lines), SPOT fea-
tures a higher power deposited for ρ < 0.9. This difference can be explained
by the different effective charge. In the core the difference is even more en-
hanced (reaching 40%). In the case of the power deposited to the electrons
similar conclusions can be given.

The differences are anyway tolerable and could be more mitigated if using
the same effective charge in the two different cases.
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(B) Power deposited to electrons
(black) and ions (red)

FIGURE 4.8: Comparison of slowing-down quantity computed by ASCOT (solid
lines) and SPOT (dotted lines).

These benchmarks in both the beam attenuation and the slowed-down
profiles are satisfying in terms of beam geometries and the difference in the
beam geometries implemented in the two different codes should not impact
on the plasma performance.

4.4 Reference scenarios

JT-60SA has a wide parameter space to analyze and to study, and wide objec-
tives to pursue. The device operation is foreseen to be subdivided in different
phases:
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• Initial research phase-I: in this phase the commissioning of the device
will be accomplished using H plasmas. The objective of operation sce-
nario development in this phase is mainly on the definition of operation
domain in various parameter spaces. This period will allow to assess
the reliability of the diagnostic, to assess the stability of the control and
real-time system, to study the wall conditioning using ECRF and boro-
nisation. This phase will be ITER-relevant to assess the L-H transition
and the H-mode with H plasma.

• Initial research phase-II: in this phase the base scenario for D opera-
tion will be assessed. This will prepare also the ground for controlled
long-pulse operation. In this phase mainly three lines of research will
be pursued: high-βN scenario, high-βP scenario and high-density oper-
ation. During this period the dominant electron-heating scenarios will
be used, the advanced real-time control and the plasma response to ac-
tuators will be analysed.

• Integrated research phase: in this phase plasmas with 37 MW auxiliary
power and long pulses will be achieved. Furthermore it will be useful
to put the basis for the DEMO operational scenarios.

• Extended research phase: this period will be devoted to DEMO oper-
ational scenarios and to establish fully integrated operation in support
to DEMO design.

The scenarios under case of study nowadays are related to initial research
phase II and are listed in table 4.3. Density and temperature are volume-
averaged.

Full Ip, Inductive Advanced tokamak
low density high density hybrid full CD

Parameter Scenario 2 Scenario 3 Scenario 4 Scenario 5
Ip (MA) 5.5 5.5 3.5 2.3
Btor T 2.25 2.25 2.28 1.72

n̄e (1020 1/m3) 0.56 0.9 0.62 0.46
n/nG (%) 50 80 80 77
T̄e (keV) 6.3 3.7 3.7 3.6

PPNB, PNNB (MW) 24,10 20,10 20 ,10 20,10
βN (%) 3.1 2.6 3.0 3.6
fNI(%) 0.5 0.36 0.58 1.0

TABLE 4.3: Parameters of JT-60SA reference scenarios

In this work, the impact of NBI EP on the reference scenarios listed above
will be presented. The magnetic background of the simulation will be 2D.
Profiles and magnetic equilibrium will be presented in the section devoted to
each scenario.
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4.5 Inductive scenarios

This scenario is the standard scenario that would directly contribute to ITER
standard operation scenario, from ramp-up to ramp-down. The high confine-
ment at high current will also provide an appropriate workhorse scenario for
the operation at low collisionality and investigate plasmas close to the ITER
collisionality. Also, He exhaust can be experimentally simulated using he-
lium NB injection. Integrated modelling on this scenario has been studied in
art:garciasa.

The magnetic field configuration is the same for both scenarios and it is
shown in figure 4.9. In figure 4.10a the radial profiles of ion and electron
density (and temperature) are shown. The plasma ion species are D and C.
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FIGURE 4.9: Magnetic configuration for full Ip reference scenario. Left: poloidal
flux map, centre: safety factor profile, right: toroidal magnetic field profile
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(A) Kinetic profiles for low density case
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(B) Kinetic profiles for high density case

FIGURE 4.10: Kinetic profiles for the two cases with full Ip

4.5.1 Low density - scenario 2

Ionisation

In this part the ionisation results for the low-density case (n ∼ 0.5 nG) are
shown. Figure 4.11 shows the fast ion ionisation profile (FIBP) split into the
different NBs available for JT-60SA. It can be noted that the ions tend to be
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born mostly on the outer side of the plasma, and this is due to the contri-
bution of P-NBs: blue curve represents the ionisation profile from tangential
positive beams and, due to their trajectory, they cross the plasma mostly for
higher values of ρ, thus they contribute strongly to the edge region of the
FIBP. Perpendicular beams (green) contribute as well to this effect, but their
trajectory allows a deeper penetration in the plasma, populating also regions
with ρ < 0.25: in this region the contribution to the total FIBP is mostly given
by PP-NBs.

The contribution of N-NBs (red) is smaller (with respect to positive beams)
because of the difference in the injected beam current. In fact, the total in-
jected current from the P-NBs is 385 A, while the total injected current from
the N-NBs is 22 A. This justifies the difference in magnitude between the
green curve and the rest. Due to its trajectory (figure 4.12), the contribution
to the FIBP is peaked around ρ ∼ 0.3 − 0.6.
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FIGURE 4.11: Fast ion birth profile for full Ip reference scenario, low density.

The un-ionised fraction of the beam (shine-through) is negligible for all
the beams: it is below 0.2 % for each single beam. It reaches the maximum
value (∼12 kW) for the upper N-NBs. This is given by the high energy of the
particles and the low-density area of the plasma the beam crosses. In figure
4.13 the collective ionisation map is shown (in absolute number of markers
ionised) and the blue dots represent the markers hitting the wall. As can be
noted, the contribution comes from the perpendicular P-NBs and the N-NBs.
In any case, the total power deposited for shine-trough is negligible.

Particles first orbit

In this part, the focus will be given to the initial orbit of the particles: their
topology (trapped orbits or passing orbits) and the losses, in fact the initial
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FIGURE 4.12: Ionisation of NNBs for low-density full Ip scenario. Colormap rep-
resents the number of markers
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FIGURE 4.13: Ionisation of all the beams for low-density full Ip scenario. Col-
ormap represents the number of markers

position and velocity (state) of the particles will induce prompt losses due to
the unconfined trajectory the particles will follow.

In the case here analyzed, the losses come only from the counter-current
P-NBs. The total amount of losses is around 450 kW, which is around 10 % of
the power injected from the counter-current P-NBs, but only 1 % of the total
injected power. The losses are shown in the unwrapped φ (toroidal angle)
and θ (poloidal angle) on the wall, as shown in figure 4.14a. The actual losses
for this case are shown in figure 4.14b. The colorbar represents the amount
of markers in the bin. No wall load in kW/m2 could be shown because there
is no mesh with dimensions defined on the wall. Anyway, some different
families of orbits can be recognised in the plot, and these are enhanced by the
different color boxes.

In fact the different orbits depend on the initial state of the particles, which
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FIGURE 4.14: JT60-SA losses to the wall

are shown in figure 4.15. The (ρ,ξ) image shows that the inner the particles
go (i.e. the lower is the value of ρ), the lower is the value of initial pitch they
assume because of the change in the magnetic field configuration with ρ.

The black markers are the ones whose trajectory is quite far from the X-
point, but still the banana orbit makes them collide with the wall at relatively
high values of θ (> −1.2 rad). The other particles are influences by the pres-
ence of the x-point and they follow the field lines up to the strike points.
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Lastly, in figure 4.16 the fraction of trapped and passing initial orbits is
shown. As can be noted, the amount of trapped orbits decreases with energy,
because at higher energy corresponds higher penetration of the particles, thus
making the initial orbit to be passing. Considering the N-NB, the amount of
trapped initial orbits is close to 40% but none of them are in orbits colliding
with the wall
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(B) Tangential positive beams

FIGURE 4.16: Trapped fraction for positive beams

Deposition of particles, current and power

The radial profiles describing how the beam power is deposited in the plasma
are shown in figure 4.17. Power deposition to the electrons (figure 4.17a)
comes mostly from the negative beams, due to the high energy those particles
have. Around ρ = 0.4 the beam particles are mostly ionised, and this justi-
fies the high power density peak shown. Around ρ = 0.8 the N-NB power
deposition shows a plateau which is given by the trapped particles, which
born mostly around that position. Deposition on the edge (ρ > 0.9) is dom-
inated by positive beams, where they deposit most of their particles (but N-
NBs do not). A totally different trend is shown in figure 4.17b, where P-NBs
dominate the power deposition to ion, thanks to their energy. The power de-
position given by low-energy particles is mostly at the edge (location where
tangential P-NBs EP live) and the perpendicular beam contribution is clear
in the core, location where they manage to penetrate. Nevertheless, the con-
tribution to ion heating by N-NBs only is comparable to the one given to
electrons.
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FIGURE 4.17: Power density coming from NBI

The EP contribution to pressure is given, as expected, by N-NBs particles.
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Lastly, the contribution to current is given in practice only by the N-NBs. The
contribution of the tangential positive beams sums out because of their co-
and counter- current injection geometry.
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FIGURE 4.18: Pressure and current density profile from EP.

In table 4.4 the integrated quantities are shown. The induced current
reaches 8% of the total current and the power lost is around 2%. The total
power in the table includes also the thermalised component. In square brack-
ets the fraction of total power to the single components is given. The majority
of the power is given to bulk ions and some 10% gets deposited to C impurity.

Ip (kA) η (1020 A/Wm2) Pe (MW) [%] PD
i (MW) [%] PC

i (MW) [%] Ptot (MW)
470 [8%] 0.1 8.23 [24%] 19.2 [58%] 2.92 [9%] 33.2

TABLE 4.4: Integrated quantities for Full-Ip scenario, low density

The potentiality of the codes in use allows to study the 2D distribution
of the particles. The most interesting are the particles injected by the N-NBs.
In figure 4.19a the density of the fast particles is shown in the RZ space. It
can be noted the concentration of the particles around the injection location
(ρ ∼ 0.4).

The distribution of the fast particles in the (ξ, E) space is shown in figure
4.19b. The injection energy is 500 keV, which is where the particles born but
not the most populated region. This can be explained by the fact that the pitch
angle scattering (i.e. collisions with ions) bring the particles up to the ‘border’
(ξ = 1): in this place, the only thing that can happen is that the particle
bounces back in the x-axis (so ξ starts decreasing). Multiplying this effect for
all the particles, the region which becomes more populated is around ξ > 0.9
and 150 keV< E < 350 keV.

The critical energy is around 160 keV for this case. Below this point the
pitch-scattering collisions dominate, making the distribution more uniform
in the x-direction, reducing the ‘border’ effect.

The slowing-down time of the P-NBs (N-NBs) EP is 80 ms (300 ms).
Nonetheless, the population with negative ξ at the injection energy con-

firms the initial orbits of the particles, which split among the trapped and
passing configuration.
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FIGURE 4.19: 2D steady-state distribution function for scenario 2

4.5.2 High density - scenario 3

Ionisation

Increasing the density (n ∼ 0.8 nG), the penetration of EP decreases signifi-
cantly. In fact, the FIBP in figure 4.20 shows a strong decrease in the quantity
of ions borning in the inner part of the plasma: for the low-density case (fig-
ure 4.11), the perpendicular beams had a stronger penetration in the plasma
core. The lower contribution on the tangential P-NBs is given by the lower
power injected in this scenario, which foresees the counter-injected P-NBs to
be shut down.
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FIGURE 4.20: Fast ion birth profile for full Ip reference scenario, high density.

The shine-through fraction, in this case, is even lower. Furthermore, the
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first orbit losses are negligible in this case because the counter-injected parti-
cles are not present in this case.

A higher particle deposition in the outer side of the plasma results also
in a higher fraction of trapped particles. For instance, the third-energy com-
ponent of the perpendicular P-NBs reaches the 100% of the ionisation in the
banana-orbit regime. The N-NBs the trapped fraction increases to >50%, and
this happens because a particles borning position is closer to the edge, as fig-
ure 4.21 shows for the NNB case. In the plot, the ρ initial state of the particles
in trapped orbits is shown. It can be noted that the particles in trapped orbits
born only for ρ >∼ 0.55 and for scenario 3 there are more particles ionized
there with respect to scenario 2, resulting in a higher amount of trapped par-
ticles at the starting energy (500 keV).
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FIGURE 4.21: Initial ρ position for NNB-injected particles in trapped orbits in the
case of scenario 2 (black) and scenario 3 (red)

Deposition of particles, current and power

The results shown in this section confirms the impact of the density and tem-
perature profiles on the power and current deposition. The deposited power
is still high, with low amount of losses, but the relative amount of power to
electrons is slightly higher with respect to low density case (see table 4.5) and
this is given by the decrease in temperature, which makes the critical energy
lower.

With respect to low-density case, the deposited power (figure 4.22) tends
to be higher on the outer part of the plasma. The profiles shown in figure 4.23
are half of the same profiles for low-density case, and this is given mostly by
the higher rate of collisions the EP have: this implies that their slowing-down
time is lower so they lose their energy faster. In this case, the slowing-down
time of the P-NBs (N-NBs) EP is 50 ms (200 ms), which is 30% less than the
previous case.



60 Chapter 4. Predictive NBI studies on JT-60 SA

��� ��� ��� ��� ��� ���

ρ

��

��

���

���

���

P
e
l
�k
W
/
m

�
�

���

��

��

���

(A) Power density profile deposited to
electrons

��� ��� ��� ��� ��� ���

ρ

��

��

���

���

���

P
i
�k
W
/m

�
�

���

��

��

���

(B) Power density profile deposited to
bulk ions

FIGURE 4.22: Power density coming from NBI
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FIGURE 4.23: Pressure and current density profile from EP.

Ip (kA) η (1020 A/Wm2) Pe (MW) [%] PD
i (MW) [%] PC

i (MW) [%] Ptot (MW)
204 [3%] 0.05 9.94 [33%] 15.8 [53%] 2.36 [8%] 29.8

TABLE 4.5: Integrated quantities for Full-Ip scenario, high density

The difference in the slowing-down times and plasma critical energy is
also evident in the space and (E,ξ) 2D functions. In fact, the RZ density (4.24a)
is roughly half the previous case. The (E,ξ) distribution function shape (figure
4.24b) changes as well: the low-energy region is much more populated. The
border effect is weaker and visible only at lower energies.

4.6 Advanced tokamak scenarios

JT-60SA will continue study advanced tokamak scenarios [39] during initial
research phase as JT-60U was used to do [72]. This will be useful for ITER
[73] [40] and DEMO [74] advanced tokamak operation.
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FIGURE 4.24: 2D steady-state distribution function for scenario 3

In JT-60SA the off-axis driven current given by the N-NBs can enhance
and sustain the reversal of the q-profile in addition to the bootstrap current.
In the simulations carried out for these scenarios the couter-injected P-NBs
are turned off.

In this section the two advanced scenarios foreseen for JT-60 SA are stud-
ied:

• ’hybrid’ - scenario 4: in this case, the total current should be driven
50% non inductively, in order to guarantee a long pulse operation. This
scenario is also called ’improved H-mode’ because it has and H-factor
greater than one so it is promising (for ITER) for a high neutron fluency.
For this regime, the q value would be in the range 1.0-1.5 with shear
close to 0.0. This slightly raised value of q in the core would avoid
the sawtooth activity, which could trigger neoclassical tearing modes
in standard H-mode plasmas.

• steady-state - scenario 5: the current in this case will be fully generated
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non-inductively (bootstrap contribution ∼ 50%). This requires a high
βN (>4) , which will destabilise MHD instabilities such as resistive wall
modes. The q-profile in this case would be strongly reversed

4.6.1 Hybrid scenario

The input for hybrid scenario are shown in figure 4.25 and 4.26. The on-axis
values are similar to full-inductive low density case (figure 4.10a), but the
shape is quite different due to the presence of the ITB and a different pedestal
height.
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FIGURE 4.25: Magnetic field for hybrid scenario
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FIGURE 4.26: Kinetic profiles for hybrid scenario
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Ionisation

The fast ion birth profile is shown in figure 4.27. The P-NBs EP have a good
penetration in the plasma, up to the magnetic axis, providing a more uni-
form source of fast ions all over the plasma radius with respect to inductive
cases. The shine-through remains still negligible. In this case, the fraction
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FIGURE 4.27: Fast ion birth profile for scenario 4

of EP NNBs population in trapped regime is close to 80%, while the positive
parallel beams produce around 35% of trapped particles. The perpendicular
beams still maintain a high fraction of trapped particles, which in this case
reaches 94%.

Deposition of power, current and particles

The power deposition to electrons (figure 4.28a) is still dominated by N-NBs
but the edge increase given by trapped particles is not so evident as it was in
previous cases. The different born position of the particles make the power
deposition profiles to ion (figure 4.28b) much wider, having the higher depo-
sition for ρ < 0.6. Around 30% of the power is deposited to electrons (table
4.6).

Ip (kA) [%] η (1020 A/Wm2) Pe (MW) [%] PD
i (MW) [%] PC

i (MW) [%] Ptot (MW)
740 [20%] 0.1 8.7 [29%] 16.5 [56%] 2.36 [8%] 29.55

TABLE 4.6: Integrated quantities for AT hybrid scenario

The EPs pressure and current (figure 4.29) are, as usual, dominated by
the most energetic particles. Not that the EP pressure is higher than non-
inductive cases. The total induced current by N-NBs is around 20% of the
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FIGURE 4.28: Power density coming from NBI
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FIGURE 4.29: Pressure and current density profile from EP.

total current (740 kA), which is almost half of the requested non-inductive
current.

Considering the 2D distribution function of the N-NBs EP, in figure 4.30a
the hollow density profile is presented, as well as it was in the previous
cases. The (ξ,E) distribution is highly populated for the highest value of pitch,
denoting a low pitch diffusion: the critical energy is 90 keV, thus energy-
scattering collisions dominate. In this case, the slowing-down time for 500 keV
particles is 400 ms, higher than the full-Ip cases.

4.6.2 High-βN, full CD - scenario 5

The last scenario studied in this work for JT-60SA is the advanced tokamak,
high βN full current-drive [75], [76]. In this case, the totality of the current
is non-inductively driven, with 50% of bootstrap. In figure 4.31 the strong
reverse shear of the configuration can be seen: the on-axis q profile is close to
4 while the minimum (1 < qmin < 2) lies around ρ = 0.5. This configuration
relies strongly on the ITB, which lies close to the minimum of q, as figure 4.32
shows.
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FIGURE 4.30: 2D steady-state distribution function for scenario 3

1.5 3.0 4.5

�����

−1.5

0.0

1.5

�
��
�
�

0.00 0.25 0.50 0.75 1.00

ρPOL

1.5

3.0

4.5

6.0

�

2 3 4

�����

−3.2

−2.4

−1.6

B
φ

FIGURE 4.31: Magnetic field for full CD scenario

Ionisation

The fast ion birth profile (figure 4.33) generates most of the particles around
the ITB. The NNBs ionisation is dominant at locations slightly inner than the
minimum q. In this scenario, the majority of the N-NBs EP is generated in
passing orbits (for the 90%). For the P-NBs the fraction of particles born on
trapped orbits is reduced as well: it is 23% for tangential beams and 88% for
the perpendicular beams.

Deposition of power, current and particles

Ip (kA) [%] η (1020 A/Wm2) Pe (MW) [%] PD
i (MW) [%] PC

i (MW) [%] Ptot (MW)
758 [33%] 0.03 9.7 [33%] 14.6 [49%] 3.57 [12%] 29.8

TABLE 4.7: Integrated quantities for AT fully non-inductive scenario

In figure 4.34 the power deposition to bulk plasma is shown, confirming
a deposition inside the ITB, providing mostly central heating. The power
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FIGURE 4.32: Kinetic profiles for full CD scenario

deposition coming from N-NBs is non-zero even in the plasma axis, due to
the magnetic configuration of the plasma.

The pressure profile (figure 4.35a) is peaked around ρ = 0.4 and the cur-
rent profile (figure 4.35b) is peaked in the same position, confirming that
the (N-NBs) particle live most of their time there, driving 30% of the cur-
rent (750 kA) where the q-profile is desired to be reversed and increasing the
pressure (i.e. the β) where the transport barrier is desired.

Looking more in detail at the N-NBs EP density (figure 4.36a), it is con-
firmed that the particles live around ρ = 0.3 − 0.4 but their profile seems
to be broader with respect to hybrid scenario. In figure 4.36b the diffusion
of the particles in (E, ξ) space is similar to the hybrid case, having a lower
trapped fraction population at higher energies. In this case the critical energy
is around 70 keV and the slowing-down time of the particles is 300 ms, which
is lower than the hybrid case. A lower slowing-down time means that the
particles remain lower time in the plasma, thus the current drive (and the
efficiency) are reduced with respect to previous case.
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FIGURE 4.34: Power density from NBI
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FIGURE 4.35: Pressure and current density profile from EP.



68 Chapter 4. Predictive NBI studies on JT-60 SA

1 2 3 4 5

�����

−2

0

2

�
��
�
�

0.20
00.400

0.600

0.80
0

1.00
0

1.00
0

0.00

0.16

0.32

0.48

0.64

0.80

0.96

1.12

1.28

�����������

(A) Configuration space (R,z)

−1.0 −0.5 0.0 0.5 1.0

ξ

150

300

450

600

�
��
�
�
�
�

0.00

0.24

0.48

0.72

0.96

1.20

1.44

��
������

(B) Configuration space (ξ,E)

FIGURE 4.36: 2D steady-state distribution function for scenario 5
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4.7 Banana width in the different scenarios

The width of the trapped orbit the particles are confined in can vary a lot
among the different plasma configurations. In this case, the variations are
induced both by the initial state of the particles and the effective different
magnetic fields produced in the plasma. Exploring conventional scenarios
and fully non-inductive scenarios means exploring different magnetic field,
thus banana widths. These values are explored here for the different beams
(positive tangential, positive perpendicular and negative beams).

The histograms showing the initial banana widths for the particles in
trapped orbits are shown in figure 4.37 for the positive beams. It was nec-
essary to split the two different configurations (tangential in figure 4.37b and
perpendicular in figure 4.37a) because of the different ionization position of
the markers (i.e. different magnetic field) and different parallel velocity. In
the case of perpendicular beams, the orbits are usually smaller than 5 cm.
This accumulation at low widths is given by the fact that the parallel velocity
is close to zero. The difference for scenario 2 and 3 is small (they have the
same magnetic field), while for advanced scenarios the trapped orbits tend to
be larger (with respect to inductive cases) because of the lower value of the
poloidal magnetic field.

In the case of the tangential beams, the orbits tend to be larger because
of the larger parallel velocity. In this case it is even possible to distinguish
three different peaks, corresponding to the three particle energies. In an ana-
logue way to perpendicular beams, banana orbits tend to be wider for non-
inductive cases and can get up to 9 cm, which is ∼ 10% of the minor radius.
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FIGURE 4.37: Histograms with orbit width of the positive beam markers in the
different scenarios: 2 (black), 3(light blue), 4 (red), 5(blue)

The picture is significantly different for negative neutral beams, which
have ∼ 6 times the energy of the positive beams and they have most of the
velocity in the parallel direction. The larger banana widths can be seen in
figure 4.38, and the minimum of the orbits is 8 cm for the inductive cases.
The average width increases by 50% for the hybrid scenario (with respect to
hybrid cases) while it doubles for the fully non-inductive scenarios, reaching
more than 20 cm (i.e. 20% of the minor radius). This effect is in agreement
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with the same trend seen for positive beam cases, and in the same order of
magnitude even if the ionization position of the negative beams is close to
ρ ∼ 0.4.
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FIGURE 4.38: Histograms with orbit width of the negative beam markers in the
different scenarios: 2 (black), 3(light blue), 4 (red), 5(blue)

4.8 Impact of Ze f f on NBI in JT-60SA

Plasma composition impacts on NBI because of the different collision cross-
sections. In JT-60SA reference cases, we assumed the bulk ions in the plasma
are D, with C considered as the main impurity.

Assuming a D,C plasma, the value of Ze f f gives the value of the two ion
densities assuming quasi-neutrality, as 4.1 resumes:

�
Ze f f =

∑(ni ·Z2
i )

∑(ni ·Zi)

ne = nD + 6 × nC
⇒

�
nD(ρ) = ne(ρ)

6−Ze f f (ρ)

5

nC(ρ) = ne(ρ)
Ze f f (ρ)−1

30

(4.1)

In particular, for scenario 5 the Ze f f profile was assumed to be flat with
a constant value of 2. In this section, some different Ze f f profiles will be as-
sumed for this scenario, in order to infer the impact of different impurity con-
tent on NBI. These profiles are not self-consistent with the integrated mod-
elling (changing the impurity content will change as well the resistivity of
the plasma, for example) but this scan would give an idea of the importance
of Ze f f for the NBI power and current deposition. The profiles of Ze f f and the
resulting nC for scenario 5 are shown in figure 4.39. The profiles have been
chosen assuming two ideal opposite cases, but keeping the volume-averaged
value of Ze f f constant to 2. The first case (accumulation) assumes that the
impurity clusters in the plasma core. The second one (edge) assumes that the
impurity confinement is so low that these particles remain confined to the
edge.
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FIGURE 4.39: Impurity content input for the scan. Black line is the reference case
(constant ZEFF over radius), blue line refers to the case considering impurity accu-
mulation in the core, red line refers to the case considering edge accumulation of

the impurities.

The fast ion birth profile is shown in figure 4.40. The profiles are not so
different between each other, even if with a non-flat profile the ions seem to
born preferentially outwards instead of borning in the core.

��� ��� ��� ��� ��� ���

ρ

���

���

���

���

���

�
�
�
��
��
�
��
��
��

��
��

��
��
��
/�
s

�
m

�
�

����

����

����

����

FIGURE 4.40: Fast ion birth profile at different Ze f f

Much stronger differences can be seen with the slowing-down quantities,
in particular the power density deposition profiles (figure 4.41). Only the
deposition to ions are shown since the power deposition to electrons shown
no significant difference. The power deposited to ions get split in a different
way, because of the different densities. The higher is the C density, the higher
fraction of power it gets.

In the case with core accumulation of impurities, C can absorb up to 21%
of the injected power (reducing the power absorbed by D), while with edge
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accumulation the power deposited to D ions is increased.

PD (MW) PC (MW) PC/Ptot (%) Ip (kA)
Reference 14.5 3.5 13 760

Accumulation 12.15 5.9 21 776
Edge 15.2 2.3 8.4 765

TABLE 4.8: Integrated NBI deposited quantities
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FIGURE 4.41: Power density from NBI to plasma ions

The different impurity content doesn’t impact much on the fast ions in
the plasma, as figure 4.42 shows. In fact, the EP density remains quite sim-
ilar in the three different cases. The driven current has a different profile
shape, which can be done to the different shielding given by the electron
back-stream current, but the integrated value is quite similar to the reference
case.
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FIGURE 4.42: Pressure and current density profile from EP.
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4.9 N-NBs energy scan on advanced fully-CD scenarios

In this chapter, the stress on the importance of neutral beams for JT-60SA
has been given. The design reference scenario with full power and full en-
ergy will not be the first scenario to develop, but some other inter-step are
needed for experimental reasons, both for technical prudence and scenario
physics understanding. In this section, the limit on the N-NBs energy will be
studied, in order to understand the capability driving current in the plasma
also at lower energies. In the cases here studied, the power is limited accord-
ingly to the perveance law expressed in [REF TO PREVIOUS CHAPTER].
This study will also provide the distribution functions to be fed to codes ca-
pable of studying the excitation of Alfvén waves.

Only the N-NBs energy will be varied and the three energies chosen for
this study are 500 keV,350 keV and250 keV, which correspond respectively to
100%, 80% and 70% of the maximum achievable particle velocity.

At lower energies, the penetration depth decreases because of the increase
in the cross-section σ ∼ 1/

√
E. This is evident by looking at the FIBP for

the three energies considered (figure 4.43a). In fact, the peak around ρ ∼
0.4 decreases strongly by reducing the energy. The total EP influx (i.e. the
integral) decreases because of the power reduction.

In figure 4.43b the relevant scalars for NBI are shown. Reducing the EP
energy, the power deposition becomes dominant to the ions (Gi increases
from 0.35 to 0.55) thus we get further from the conditions of dominant elec-
tron heating. Most detrimental for the sustainement of the advanced sce-
nario, the efficiency of the current drive decreases with decreasing power
(figure 4.43b). This is given by a strong decrease in the confinement time
of the EP, which reduces the circulating time of the particles. No significant
changes in the shape of the profiles can be seen, only a reduction in their
magnitude. This means that the spatial diffusion is not affected by different
EP energy.
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FIGURE 4.43: NBI deposition at different N-NB energies
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4.10 Conclusion

In this chapter, predictive simulations on JT-60SA reference scenarios with
ASCOT code have been presented. JT-60SA is a superconducting machine
which relies on a wide set of neutral beams to reach reactor-relevant plasma
conditions, such as dominant electron heating and fully current-driven ad-
vanced tokamak scenarios. These particular plasma features are important
for burning plasma operation, which will have dominant electron heating
given by the α-particles like ITER, and for steady-state operations, on top of
which some DEMO devices are designed.

Main reference scenarios of JT-60SA are inductive scenarios (at high (0.9×
nG) and low density (0.45 × nG)) and advanced scenarios, among which one
is hybrid and the other fully non-inductive at high βN . These four different
scenarios have been studied in this chapter.

The NB system of JT-60SA features 12 NBs with positive ion sources (PNBs)
which provide 24 MW at 85 keV and 2 NBs with negative ion sources (NNBs)
which provide 10 MW at 500 keV. The former system is split further in 4 tan-
gential beams (2 co- and 2 counter-current) and 8 perpendicular beams. Due
to the energy of these beams, the injected power couples mostly with bulk
ions. The N-NBs are injected off-axis (the beam injection is around 0.6 m be-
low the midplane) and they couple mostly with electrons. This system will
give the power for non-inductively driven current from the beams.

In order to simulate NBI using ASCOT tool, the beamlet design must be
implemented, and this has been done in the framework of this thesis. The
P-NBs and N-NBs beamlet geometry has been extracted from the grid design
and tested for ASCOT. Benchmark has been carried out versus the reference
JT-60SA scenarios developed up to now, showing a good agreement.

As an overall estimation of the NBI EP confinement, the shine-through is
usually low in the four cases studied and the wall-losses are negligible. The
scenario featuring the highest amount of wall losses is the low-density, full Ip
inductive scenario. This happens because this one is the only one featuring
the counter-injected positive beams, which give origin to particles trapped in
banana orbits which move outwards in the plasma poloidal section. These
particles create a hotspot in power deposition, but the power deposited by
unconfined orbit or shine-through is not harmful for the device first wall.

Deposition from the beams is usually optimised and the shine-through
values are well below 1%. The deposition from the tangential PNBs is peaked
around the edge because of the beams attenuation. The perpendicular beams
guarantee a deeper deposition, up to the plasma core, but in the case of full
Ip (at high density) the beam deposition cannot reach the inner plasma.

In the different scenarios analyzed, the highest amount of trapped par-
ticles arise from the perpendicular PNBs (reaching up to the 100% for the
third-energy component) and this can be explained by the dependence of the
initial pitch on the EP orbits: in fact, the lower the pitch the inner is the radius
labelling the passing-trapped boundary. Since for perpendicular PNBs the
pitch is close to 0, the particles have an higher probability to born in trapped-
orbit region, as it is in the cases here analyzed. For the tangential beams,
the fraction of trapped particle orbits lies around 50%. In the case of NNBs,
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this fraction is quite dependent on the q-profile due to the particular injec-
tion geometry of this system. As an example, in the case of hybrid advanced
tokamak this fraction is 80%, while for full-CD scenario it drops to 8%.

The deposition of power to electrons is dominated by N-NBs for all the
scenarios. The integrated power is around 30% of the injected power in the
majority of the cases, except for the low-density full Ip case, where it drops
to 25%. N-NBs power is split equally between electrons and ions, but the
deposition to bulk ions is dominated by P-NBs, thus more spread along the
radial coordinate. Power to ions is much higher, due to the great quantity
of power devoted to couple to this species. In the reference cases analyzed,
around 10% of the power is deposited to main impurity (C).

The driven current is given, as expected, mostly by N-NBs, so it is driven
off-axis. In the cases where it is not a strong requirement (i.e. inductive
scenarios) the driven current fraction is below 10%, for an efficiency below
0.1 × 1020 A W−1 m−2. For advanced tokamak scenarios the efficiency is still
quite low and this is due to the fact that the density is in these cases lower.
Anyway, the induced current is much higher with respect to inductive cases,
going from 20 % for hybrid scenario to 33 % of full-CD scenario. Further-
more, in the case of full-CD, the deposition of current is strongly concentrated
where the q profile is expected to be reversed.

The 2D distribution function (solution of the Fokker-Planck equation) is
as well analyzed for the N-NBs, due to their extreme features, new in fu-
sion devices. The particle density (as well as the pressure) is always peaked
around the injection magnetic surface, moving slightly to the high-field side
due to particles orbit. The (ξ,E) 2D distributions show that the particles tend
to be more concentrated in the area where the pitch is maximum and the en-
ergy is close to the critical energy: this is given by a ’boundary effect’, in fact
when the particles reach the maximum pitch they can only start decreasing
it, making the distribution function more dense at the border. This effect is
present in all the scenarios, exception made for high-density inductive sce-
nario, where the critical energy is so low that this effect is visible only at
lower energies.

Trapped orbits in plasmas experience a high radial displacement due to
their shape. This radial displacement depends on the parallel velocity of the
particle and on the poloidal magnetic field. JT60-SA EP have a high paral-
lel velocity, in particular the negative beam particles, and in some cases the
poloidal magnetic field can be quite low, in particular for advanced scenarios.
In this work, the size of these orbits has been calculated from the simulations,
ranging from 3 cm to 10 cm in the case of 85 keV particles, while the banana
width can get to more than 20 cm in the case of 500 keV particles in AT scenar-
ios. The radial excursion these particles will follow could induce high losses,
in particular when perturbation to the 2D axialsymmetric magnetic field are
added (e.g. the toroidal field ripple).

Measuring and modelling the impurity content is a tricky task to accom-
plish. In this thesis, some different impurity content profiles (i.e. Ze f f pro-
files) have been used to assess what is the impact of the impurity content
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on NBI for fully-CD scenario. Three profiles have been chosen: the refer-
ence flat profile, one assuming core accumulation and one assuming edge-
accumulation of the C impurity. The main differences lie in the power de-
posited: C tends to absorb up to 20 % of the NB injected power when ac-
cumulating in the core, while the power absorbed drops below 10 % in the
edge-accumulation case. The induced current is slightly affected by the dif-
ferent impurity content, even if the shielding is different for different im-
purity distribution. These results suggest that the current induced by the
beam is expected to remain the same, so this would not impact strongly on
the plasma performance; accurate studies on impurity transport would be
needed to have a correct power deposition to the different species.

Lastly, a scoping study has been done by changing the N-NBs particle
energy (and power, keeping a constant perveance) for full-CD scenario. This
is interesting both for the non-target plasmas and the excitation of Alfvén
eigenmodes. Decreasing the energy, the penetration of the particles is lower,
as the reduction in the magnitude of the fast ion birth profile confirms and
the power fraction to ions increases, according to slowing-down theory. The
efficiency in current drive decreases as well, and this can be done due to the
drop in slowing-down time, which decreases of 100 ms between the highest
and the lowest energies studied.

In conclusion, the reliability in the NBs as heating systems for JT-60SA is
well posed: the EP are well confined and the N-NBs are a strong and reli-
able handle to obtain the desired driven current. P-NBs, on the other hand,
provide high ion heating all over the plasma. Attention must be given to the
impurity content in order to obtain the desired heating. Modulation of the
N-NBs energy is a powerful tool which must be used carefully in order not
to ruin the plasma configuration, such as the current distribution.

The analysis of the reference scenarios here presented is a starting point
for advanced simulation of fast particles behaviour in JT60-SA. The results
can be used as input for wave-particle interaction studies (e.g. excitation of
Alfvén eigenmodes), and the accurate modelling given by the complex tools
BBNBI/ASCOT can provide reliable deposition profiles useful for integrated
modelling. Furthermore, an accurate description of the JT-60SA beam system
in ASCOT could be used to model fast ion losses on the 3D wall and help
in the design of a fast ion loss detector. Lastly, the 3D configuration of the
external magnetic field could be implemented in ASCOT, assessing its impact
on the particle losses.
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Chapter 5

NBI modelling on TCV
advanced tokamak scenarios

In this chapter, the results of modelling using intepretative tools on TCV ad-
vanced tokamak scenarios are shown.

After an introduction on the TCV device and its heating neutral beam, the
activities done for a correct modelling on the device are shown, with compar-
isons between the different tools used. Interpretative analysis on energetic
particle physics is then presented, analysing the impact ECRH has on the EP
physics on TCV advanced tokamak scenarios.

5.1 TCV device

TCV (Tokamak à Configuration Variable) [77] is the medium-size tokamak
at Lausanne Polytechnic Federal School (CH). It is one of the three devices
in operation under the MST1 work package of the EUROfusion consortium
[78]. The main parameters of the device are listed in table 5.1. The high
number of poloidal field coils (i.e. 16 ex-vessel coils plus 2 in-vessel coils)
allows this device to perform high shaping and for this reason a research line
of the group is to look for alternative or unconventional configurations which
could solve the issue of the power fluxes a DEMO-like device could face.

Among the other research fields the device is exploring, remarkable are
the development of ITER-like scenarios, disruptions and runaway electrons
physics, development of real-time control and wall cleaning experiments.

FIGURE 5.1: Photo of TCV de-
vice

R0 0.88 m
a 0.25 m

B0 <1.5 T
Ip <1 MA

NB heating <1 MW
ECRH heating (X2) <0.6 MW
ECRH heating (X3) <1.15 MW

N. of poloidal field coils 16(ext.)+2(int.)

TABLE 5.1: Parameters of TCV
tokamak
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The electron system resonant heating (ECRH) system incorporates two
subsystems: X2 (second harmonic) used for electron heating up to cutoff den-
sity 4.2 × 1019 m−3 with efficient current drive; X3 extends the density range
for EC heating up to higher density 11.2 × 1019 m−3 (cutoff limit) suitable for
H-mode confinement regime.

In 2015 the device went onto a major upgrade [79]: the ECRH power will
be increased by 2 MW and a neutral beam for plasma heating has been in-
stalled. The status and modelling of TCV neutral beam is the topic of this
chapter.

5.2 TCV neutral beam

Starting from 2010, the installation of an NB system for ion heating was fore-
seen for TCV. The main heating system of TCV was ECRH, coupling mostly
with electrons, but an NBI with low energy couples mostly with ions. Neu-
tral Beam Heating (NBH) allows to widen the operational scenario of TCV
(reaching Ti/Te > 1 with record Ti of 3.7 keV in H-mode [80]), providing
direct momentum input to the plasma and generating a high fast ion popu-
lation fraction to study wave-particle interaction phenomena of interest for
burning plasmas.

A 1 MW, 25 keV D+ beam has been designed for TCV device [81], [82], [83]
and successfully installed on TCV by enlarging one of the already-existing
ports. The beam is injected tangentially co-current (clockwise from above) on
the mid-plane position, as figure 5.2 shows. TCV plasma can be moved up or
down and this would make the beam injected off-axis.

FIGURE 5.2: Design of heating beam injection on TCV.

5.2.1 NBI operation on TCV

The results here presented have been reported in art:vallar2018. The heating
neutral beam was routinely used in TCV experiments: about 30% of TCV dis-
charges (> 2000 shots) used NB injection into plasma since NBI installation.
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Figure 5.3 shows distributions of NBH shots in TCV, with different acceler-
ation voltage (particle energy) and total injected energy (integral of power
over time) for 3 years of operation.

The accurate and time consuming beam optimisation in September 2017
made it possible to reduce beam power losses in the beam duct and increase
the safe duration of 1 MW beam from 0.5 to 0.8 s per shot, see maxima in
figure 5.3a for 2016 (0.5 MJ) and 2017 (0.8 MJ) both at 25 keV (and 1 MW). A
significant fraction of NBI shots at low energy/power has been dedicated to
experimental studies of power dependences (e.g. L-H mode power thresh-
old), plasma toroidal rotation vs external torque and correlations of fast ion
turbulent transport and instabilities vs energy (fast ion velocity).

(A) Statistics for year 2016 (B) Statistics for year 2017
(C) Statistics for year 2018

(up to june)

FIGURE 5.3: NBH in TCV in the last 3 years: fraction of NB shots vs acceleration
voltage ΔV (beam energy) and total injected energy ETOT per shot

A neutral power variation in the range of 50 kW. . . 1.05 MW has been im-
plemented on TCV by simultaneous variation of RF power (plasma density
in the source) and extraction voltage keeping a minimal beam divergence
(Figure 5.4). The optimisation procedure for the TCV NBI was periodically
(1-2 times per year) performed at several (5-8) extraction energies; the op-
timal beam currents were experimentally adjusted by tuning the RF power
to minimise the beam divergence (corresponding to a minimum of the beam
width on the calorimeter). The voltage on the suppression (2nd) grid and the
bending magnet current were also optimised at each power/energy level.

5.2.2 Beam profile measurement on W target

The NB ion optical system (IOS) was designed to extract the beam with diver-
gence ≤ 20 mrad across and ≤ 12 mrad along slits with geometrical focusing
at 3.6 m. The power losses in the beam duct between exit from injector tank
and entering the TCV vacuum vessel were predicted to be 40 kW for which
most of the internal surfaces of the port were expected to remain < 100 ◦C.
The predicted power density profile is shown in figure 5.5a.

The commissioning of the NB showed high overheating of the duct. Ther-
mocouples measurements showed that maximal temperature estimated on
the inner surfaces of the duct was ∼ 500 ◦C per 1 MW 2 s NB shot. Related
to this observation, an in-house built device to assess the 3D power density
distribution of the beam in the duct region has been installed. This device
featured a 4 mm actively cooled tungsten (W) tile inclined 45◦ with respect to



80 Chapter 5. NBI modelling on TCV advanced tokamak scenarios

FIGURE 5.4: Neutral power (i.e. power of the neutralized ions extracted from the
source) and power in TCV (accounting for beam duct losses) as function of energy.

The maximum perveance is achieved at each different energy.

the beam to reduce the thermal impact of the power density. An IR camera
records the surface temperature. The device could be moved along the beam
axis (z) ranging all over the duct. Measurements on the duct entry are shown
in figure 5.5b for different power levels. At maximum power (red line) the
profile is perturbed by sputtering of the target. The simulated dimensions
are represented by the vertical black lines. The beam profiles radii and aspect
ratios are clearly different from the design values: the horizontal dimension
of the beam is much greater than planned and this causes the unexpected
power losses on the beam duct walls, thus the limitation for maximal beam
duration. The measured power distribution corresponds to a beam diver-
gence 36 × 8 mrad.

The high beam divergence in the horizontal direction is caused by two
critical inaccuracies in machining of ion optical system (grids):

• machining inaccuracies of the plasma electrode emission slits;

• discrepancy between the accelerating gap and plasma density profile in
the plasma box.

The re-fabrication of IOS is ongoing with the hope to install new grids this
year, to allow extending the duration of 1 MW beam up to nominal 2 s (for a
total energy of 2 MJ).
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(A) Expected beam power density at
duct entrance

(B) Temperature measurements on
W calorimeter at optimum perveance
along X (solid) and Y (dashed) direc-

tion.

FIGURE 5.5: Beam divergence modeled and measured

5.2.3 Scenarios with NBH: ELMy H-mode

The NB injection on TCV allows more flexibility in entering H mode plas-
mas and providing access to ITER-relevant scenarios. A specific TCV exper-
imental mission was devoted to establishing a reliable H-mode with Edge
Localised Modes (ELMs), high density, the maximum attainable Psep and
possibly divertor detachment. H-mode plasmas with βN ≈ 1.8 were obtained
in TCV (see figure 5.6). In the shot shown here, NBI results in the L-H tran-
sition without using ECRH and a back transition occurs only when the beam
is turned off.
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FIGURE 5.6: Example of ELMy H-mode obtained with the additional power of the
beam.

NBI in TCV is also a relevant tool for AT scenarios in TCV. This kind of
scenarios has been studied in the framework of this thesis and will be pre-
sented more in detail.
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5.3 NBI modelling on TCV: NUBEAM and ASCOT

The importance of NBI modelling in TCV is even more significant because
of the high fraction of EP NBI will create and the additional heating it will
supply the plasma with. The beam drives also current in the plasma, which
must be correctly calculated to develop AT scenarios.

The tool chosen for NBI interpretative modelling is NUBEAM:

• it is a reliable Monte Carlo modelling tool used world-wide (e.g. JET,
DIII-D);

• it implements Charge-eXchange (CX) reactions, which can be signifi-
cant in TCV;

• it couples with TRANSP, a suite to simulate a full tokamak discharge.

NUBEAM and TRANSP accepts as input the same data format. The in-
terface between TCV data and NUBEAM has been done using OMFIT [84]
(One Modeling Framework for Integrated Tasks) framework. This tool is un-
der development at General Atomics (GA) (San Diego, California, USA) but
allows external contributors to expand the code.

The best description of this tool is the following [85]:

OMFIT is an integrated modelling and experimental data analysis software for
magnetically confined thermonuclear fusion experiments. The goal of OMFIT is to

enhance existing scientific workflows and enable new integrated modelling
capabilities. To achieve these goals OMFIT adopts a bottom-up collaborative

development approach.

OMFIT is developed using Python and it is structured as a set of nested
python dictionaries (i.e. structures containing a mix of data types) and classes.
OMFIT is designed to be a platform where create the input data for the differ-
ent codes implemented; it then manages the connection to the servers where
these clusters are already installed and running routinely (e.g. TRANSP/NUBEAM
at Princeton Plasma Physics Laboratory (PPPL)), send the data and runs the
code.

This approach is made even more comfortable for a user thanks to the
Graphical User Interface (GUI)implemented in OMFIT, which makes the in-
put preparation an easy task also for non-developers. Furthermore, in the
case of TRANSP, each device has its own set of routines which are built specif-
ically for gathering the data from the different MDS+ tree: once the data are
retrieved, they are converted in the input for NUBEAM in a standard way.

The OMFIT setup has been implemented for TCV in the framework of
this thesis. This time-consuming activity has been supported by TCV, PPPL
and GA colleagues.

Results using TRANSP on TCV (outside the OMFIT framework) have al-
ready been presented in [86], where the fast ion transport has been studied
in L-mode plasmas using fast ion D-α emission and TRANSP code. In this
thesis, the same code and the results from that analysis will be applied to
advanced tokamak plasmas.
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5.3.1 ASCOT beamlet-by-beamlet implementation

ASCOT has been implemented as well for NBI modelling on TCV: this tool
has been chosen because it implements a more detailed beam shape and it
can compute the particles orbit in 3D configuration, useful for 3D wall losses
estimation. In order to do so, the grounded grid of the ion optical system
has been implemented in ASCOT. The design of this grid is shown in figure
5.7a, where the unusual shape of the beamlet can be seen. In fact they are
elongated ellipsis, with a high divergence (20 mrad) across the slits and a
low divergence (12 mrad) along the slits. Since ASCOT beamlet geometry
allows only circular beamlets with one divergence, TCV beamlet diverrgence
has been set to 17 mrad, which is an average between the two values of the
overall beam divergence. Furthermore, no beam waist (i.e. beam width) at
the focal point has been set.

The beamlet position has been set to be the centre of each slit of the de-
signed grounded grid, and the result for the beamlet position can be seen in
figure 5.7b.

(A) Grounded grid of the ion optical
system of TCV heating NB injector.
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ASCOT.

FIGURE 5.7: ASCOT implementation of TCV heating-NB grid geometry.

5.3.2 ASCOT-NUBEAM beam footprint benchmark

The design of TCV heating NB have already been implemented to carry out
the results presented in [86]. NUBEAM beam implementation is a narrow-
beam model and the two divergences have been set differently in the two
dimensions. A comparison between the ionisation results with NUBEAM
and ASCOT has been done. A reference plasma has been chosen and the
marker ionisation position have been compared. NUBEAM implementation
has two different divergences in the R-z directions, which are 22.5 mrad and
5 mrad respectively.

Assuming NUBEAM as the benchmark case, three different divergences
have been chosen for ASCOT: 8 mrad, 36 mrad and 22 mrad, which is the
average value between the two. This scan in beamlet divergences has been
carried out to see which of the beamlet divergences in ASCOT better approx-
imates the divergence in NUBEAM.
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In the z-histogram (5.8a) it can be noted that ASCOT 8 mrad divergence
is not in agreement with NUBEAM results. Also the 36 mrad case tends to
be quite different from the NUBEAM case, while 22 mrad is in agreement.
This of course is due to the different shape assumed in the beams, in fact
the narrow beam modelled by NUBEAM has also a fixed beam width at the
focal point while ASCOT is assumed to focus totally at the point (without
any width there). This difference is anyway smoothed by assuming 22 mrad
divergence. This is also in good agreement in the case of the histogram in R
direction (figure 5.8b), even if NUBEAM results in a higher rate of ionisation
in the inner core of the plasma (R ∼ R0).

In any case, the differences between the two different implementation can
be explained in the different way of beam implementation (i.e. narrow beam
versus beamlet-by-beamlet) and by the different divergence, since in ASCOT
the beamlet divergence is assumed to be an average between the two (hori-
zontal and vertical) beam divergences and with zero beam width at the focal
point.
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FIGURE 5.8: Histogram of the beam trajectory in the two different codes. Different
beamlet divergences have been chosen for ASCOT: 22 mrad (red), 8 mrad (blue)

and 36 mrad(green)

In figures 5.9 the sections are shown between NUBEAM and ASCOT with
22 mrad: the RZ (5.9a) section seems not to differ much between the two
codes. The XY (5.9b) section shows that NUBEAM has a larger cross section
inside the plasma.

Figure 5.10 shows the marker position in 3D real space, and the same
injection geometry and trajectory can be seen.
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FIGURE 5.10: 3D trajectory of the beam.
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5.3.3 ASCOT-NUBEAM comparison on EP slowing down

NUBEAM and ASCOT implement different physics within them, as listed in
section 2.8. One of the most important difference is the implementation of
charge-exchange losses, model implemented in NUBEAM but not in ASCOT.
This difference is quite important for TCV, and this is why the interpretative
modelling will be carried out with NUBEAM. Anyway, the difference in the
two models (with the charge-exchange losses in nubeam minimized) is here
analyzed, in order to confirm the limitation that ASCOT has when modelling
TCV plasmas.

In figure 5.11 the difference in the power balance (at a given timeslice)
is shown. The charge-exchange losses have been minimized in nubeam by
minimizing the neutral density in the plasma. It can be seen that the shine-
through differs by 2%, difference given by the different model of the beam
in the two codes. The difference in the absorbed power is around 3% of the
injected power and the power lost by orbits differs only by roughly 3%. The
charge-exchange losses, calculated from NUBEAM, is around 8% of the in-
jected power. The agreement between the two codes is good, bearing in mind
the charge-exchange issue.
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(B) Power balance computed by
NUBEAM.

FIGURE 5.11: Comparison in power balance scalars between ASCOT and
NUBEAM. Light green is the absorbed power, yellow is the shine-through, blue is

the orbit losses, red is the charge-exchange.

The comparison is not so satisfying if comparing the profiles resulting
from the slowing-down, as figures 5.13 and 5.12. In fact in this case the dif-
ferences are quite strong between the two codes, and this is mostly due to
the residual neutrals which NUBEAM accounts for. The differences in the
power deposited to ions and electrons can reach up to 50% in the core. The
greatest difference is in the neutral beam driven current, which differs sig-
nificantly and is overestimated all-over the spatial dimension in ASCOT. The
difference in the energy distribution of the particles is below 10%. NUBEAM
overestimates the fast ion density at higher energies while ASCOT overesti-
mates the fast ion density at lower energies. This difference can be explained
due to charge-exchange losses.
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(B) Power deposition to electrons

FIGURE 5.12: Comparison in terms of power to ions, and power to electrons for
ASCOT (black) and NUBEAM (red)
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(B) Particle energy distribution

FIGURE 5.13: Comparison in terms of driven current and energy distribution for
ASCOT (black) and NUBEAM (red)

5.4 Advanced tokamak scenarios on TCV under the EU-
ROfusion consortium

Advanced tokamak (AT) scenarios on the TCV [87][88] have been improved
in performance thanks to the additional power from the beam. The impor-
tance of this kind of scenarios is relevant within the EUROfusion consortium,
and the Medium Size Device (MST) program [89] allocated resources for this
topic.

One of the main objectives of the experimental campaign for AT scenarios
under the MST program is to document performance (β) improvement with
NBH in fully non-inductive, (ECCD-driven), stationary scenarios on TCV,
with and without ITBs. Improvement in performance has been observed
without ITBs, developing fully non-inductive plasmas using NBI. Figure 5.14
shows the results obtained for L-mode plasmas, each point representing the
average over the time where the maximum value of β has been obtained for
each shot. Increasing the additional power injected in the plasma, the higher
values of βN and lower values of loop voltage have been obtained, reaching
fully non-inductive plasmas (VLOOP ≈ 0). In some cases, even negative VLOOP
values have been seen.
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FIGURE 5.14: Performance of AT scenarios in TCV, under the MST program. The
higher the additional power, the better performance are obtained (lower VLOOP

and higher βN)
.

The impact of additional heating on this scenario is better seen in figure
5.15. The first figure (figure 5.15a) shows the impact of NBI power on the
plasma normalised β. The fast ion pressure in this case increases the βN sig-
nificantly (∼ 20%), at equal EC power. The electron energy (figure 5.15b),
on the other side, seems not to increase with additional heating power from
the beam. This means that the beam could deteriorate the heat confinement
properties of TCV AT plasmas.
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FIGURE 5.15: AT plasma performance as function of the additional power.

An internal transport barrier can be generated by reversing the q-profile
using EC current-drive (ECCD) [90], although if this complex task has not
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been achieved yet because of the broad NB current drive profile, which dete-
riorates the q-profile reversal [91][92][93]. The starting condition is, further-
more, a fully relaxed q-profile, because it is not possible to reverse the profile
at current ramp-up. Lastly, the EC system was not all the time fully opera-
tional and this interrupted the localised EC current drive, necessary for this
purpose.

5.5 Effect of EC on TCV AT scenarios

5.5.1 Edge neutral pressure measurements

Neutral pressure at the wall is measured using baratrons similar to the ones
installed at JET [94]. The typical values of neutral density at the edge nLCS

0
are around 2 − 8 × 1016 m−3, as figure 5.16a shows. The bump in edge neu-
tral density before 0.5 ms is given by the initial filling of the plasma chamber.
In this standard shot, after beam injection starts at 1.2 s, the edge neutral den-
sity increases because of the beam-injected neutrals, still remaining below
5 × 1016 m−3. Adding EC wave injection (figure 5.16b), the signal shows a
steep increase of the edge neutral density. This probably happens because
the EC power heats up the sensor or electronics of the baratrons, i.e. the
measure gets distorted. This modification in the neutral density at the edge
(which will result in a neutral density increase all-over the plasma) will affect
charge-exchange losses by the beam
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(A) Baratrons nedge
0 for a no-EC shot.
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(B) Baratrons nedge
0 for an EC shot.

FIGURE 5.16: Baratrons measurements faults with additional power in TCV.

5.5.2 Impact of EC heating on plasma composition

In the discharges explored in this work, EC seems to cause a density pump-
out which sums up with a high influx from the wall, causing both an increase
of the plasma density, increase of neutral density (and CX EP losses) and
increase of Ze f f (impurity density).

These observation started by calculating the components of the total plasma
current. The three components are the ohmic current (driven by the loop volt-
age applied), the current driven (CD) by the additional heating systems, and
the bootstrap (BS) current [95][96]. These three different components of the
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current can be computed with some assumption on the ohmic current: the
loop voltage is assumed radially constant. The plasma resistivity is neoclas-
sical [97]. The bootstrap current and the ohmic current are calculated starting
from the experimental data. The current driven is calculated by subtraction,
i.e.

ICD = ITOT − IOHM − IBS (5.1)

Measurement of the ohmic contribution to the plasma current can be tricky.
In particular, plasma resistivity linearly depends on the effective plasma elec-
tric charge. This dependency can be used to evaluate the plasma Ze f f :

• when no auxiliary heating is used, the plasma total current must be the
sum of BS and ohmic current

• if the CD can be modelled, then the ohmic contribution (and the Ze f f )
can be inferred.

The EC contribution to the current drive has been computed using the TORAY
code, which is fully interfaced with TCV and used routinely. The NB con-
tribution has been expected to be around 20 − 30 kA. An assumption on the
NBCD can be quite bounding because of the strong dependency of the NBCD
on the Ze f f , but these values have been measured in previous campaigns on
TCV with the beam only.

The calculations for an AT shot on TCV are shown in figure 5.17. In fig-
ure 5.17a the contributions to the plasma current are shown. The high noise
in the ohmic contribution to plasma current is given by the high variation in
the VLOOP measurement. Interesting is the time window 1.2-1.4 s, where the
ohmic current drops to 0 A. In figure 5.17b the trend of the effective charge
with the additional power is shown. NBH is expected to cause a slight in-
crease in the effective charge due to the power deposition (and consequently
erosion) of the beam duct and shine-through (causing sputtering from the
wall). Ze f f ∼ 3 has been inferred with EC: EC power arrives to the wall and
causes higher recycling from the wall, causing an increase of the impurity
content in the plasma.

This effect has been included for NBH modelling since the shielding of
the NB CD and the power deposition is affected by the impurities.

5.6 EC impact on NBI-heated plasma - Shot 58823

5.6.1 Experimental results

One of the most successful shots (number 58823) obtained in TCV during the
experimental campaigns has been chosen to study the impact of EC waves
injection in a NBI-heated plasma. In figure 5.18 the experimental signals are
shown. The current is around 130 kA, but the VLOOP floats around 0 V. The
values of βN gets up to 1.5 using the available additional power (shown in
figure 5.19a). The beam is set constant to 0.7 MW while the EC power should
have been 2.5 MW but a fault in the gyrotrons made it possible only for a
short time window. In this time window, the β is maximised. The electron
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FIGURE 5.17: Computation of CD contribution to ohmic current.

density at two position of the normalised radius (ρ = 0, 0.5) are shown and
when the EC power is turned on the effect of density pump out is clear, since
the two values get close. The EC effect on the electron temperature is clear as
well, with an increase of 2 keV in the plasma core.

The magnetic configuration in this plasma didn’t foresee an ITB, and this
can be seen from the safety factor values shown. The minimum value of q is
the one in the plasma axis, so no reversal is used in this shot. The beam is
injected off-axis, in fact the plasma is displaces upwards of ∼10 cm, as figure
5.19b shows.
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5.6.2 Interpretative modelling with NUBEAM

NUBEAM has been used to study the impact of EC heating on the plasma
and thus on the NBI power deposition. In this work, the EC has not been
modelled: only the NBI has been studied, applied on a plasma influenced
by EC wave injection heating. The input values have been read from the
Thomson scattering diagnostic for ne and Te, while Ti has been read from
the Charge-eXchange recombination spectroscopy. The ion density has been
computed from the ZEFF considering only D and C in the plasma. The input
volume-integrated values are shown in figure 5.20.
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FIGURE 5.20: Volume-integrated temperature and density for NUBEAM analysis.
Vertical lines represent the two time instants which will be used later in this work:

0.9 s is without EC heating, while 1.25 s is with maximum EC heating.

The vertical lines in figure 5.20 correspond to different additional power
from the ECRH. The power in those cases is 0 MW at 0.9 s and 2.5 MW at
1.25 s. The power injected from the beam is 80% of the power shown in figure
5.19a because this factor accounts for the losses in the duct.

Benchmark with experimental data

In order to validate the input data used for NUBEAM/TRANSP simulations,
the edge neutral density and the thermal energy of the plasma have been
used as benchmark values.

Neutral content in devices such as TCV must be kept in consideration
when simulating neutral beam injection. In TCV, as already reported in 5.5,



94 Chapter 5. NBI modelling on TCV advanced tokamak scenarios

the edge neutral density is measured using baratron gauges, and the mea-
sures from this diagnostic have been used as benchmark for TRANSP sim-
ulations. In TRANSP the particles confinement time can be manually set,
allowing to control the ion outflux and consequently the particles recycling.
In the cases here presented, the confinement time has been set to 19 ms and
10 ms and anomalous diffusion neglected. Figure 5.21 shows the compari-
son in edge neutral density between the simulations and the experimental
data for the cases here studied. This comparison is acceptable only before 1 s
because later on (with EC heating), the failure in the sensor prevents these
data to be used. Before 1 s the simulation reaches a satisfying agreement with
the experimental data when anomalous diffusion is neglected and with the
lowest value of Ze f f (1.8). After EC additional heating, no clues on the edge
neutral density can be given by diagnostics. An increase by 50% of the edge
neutral density has been supposed when adding EC heating, and this is ob-
tained by increasing the confinement time to 19 ms and setting the effective
charge to the value of 2. If the effective charge is increased up the value of 3
the edge neutral density drops to unrealistic values. This information is op-
posite with respect to the analysis carried out in section 5.5. In that case, the
simplified code accounting for the different contribution to plasma current
prescribed an effective charge value of 3. The results for edge density ob-
tained with TRANSP suggest that value is too high, so the value of 2 will be
considered in the following analysis. The discrepancy between the two mod-
els can be explained by the simplified model used in the previous analysis
(e.g. the loop voltage is assumed radially constant). It must be noted that the
tool used for previous calculations is mostly useful for on-line interpretative
analysis of the shot and does not account for current drive.

In the neutral density profile, the value outside ρ = 1 is fixed in TRANSP
through the whole discharge, so the value before EC injection will be used.
This number is used to compute charge-exchange losses of fast ions outside
the separatrix, so it is marginally impacting on the losses.
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FIGURE 5.21: Neutral density edge value (left) and profile (right) for the two cases
presented. Black line is the experimental data, red line is the case with lower τ

(10 ms and blue is the case with higher τ (19 ms)

The thermal energy of the plasma is measured in tokamaks using the dia-
magnetic loops and in the case of TCV the diagnostic is described in [98]. The
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plasma toroidal flux is measured, and this is defined as

Φ =
�

SPL

(Bφ − BφV)dS =
µ2

0 I2
φ

8πBφ
(1 − βp) (5.2)

where φ is the toroidal direction, the integral is computed over the plasma
surface, BφV is the vacuum toroidal field, βp is the poloidal beta

βp =
�p�
2µ0

B2
θ (a)

=
2
3

E
2µ0

B2
θ (a)

(5.3)

and so the plasma thermal energy density E can be evaluated. Integrating
over the volume, we obtain the plasma thermal energy.

This measured quantity is compared to the plasma thermal energy calcu-
lated by TRANSP, which can be calculated as

U = ∑
i

3
2
(ni − n f ast

i )Ti + U f ast
perp (5.4)

being i the index labelling the thermal species in the plasma (electrons and
ions). In the summation, the anisotropic population of fast ions must be
removed, but the perpendicular energy of the fast particles (computed by
TRANSP) is added to the sum.

In figure 5.22 the comparison between the plasma energy in two cases is
shown. As it can be noted, there is some mismatch in the plasma energy con-
tent calculated by TRANSP after 1 s and this can be due to different transport
parameters in the plasma. Anyway, this difference in plasma energy content
is still satisfying and in this work most importance is given to the edge neu-
tral density.
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FIGURE 5.22: Benchmark between the measured thermal energy content (black),
and two TRANSP cases without anomalous diffusion: τ = 10 ms and ZEFF com-

puted from section 5.5 (red), τ = 19 ms and ZEFF = 2(blue)
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5.6.3 Power balance and power deposition to ions and electrons

The power which gets absorbed or lost during NBI has been calculated, and
it is shown in figure 5.23. The loss channels are shine-through, orbit losses
and charge-exchange losses. Turning EC on (starting from 1 s) a dramatic
change in the power balance can be seen: in fact the power absorbed by the
plasma drops from 50 % to 35 % (i.e. becomes 0.2 MW) and then further
below 0.15 MW. This power gets lost in charge-exchange losses and orbit
losses, being CX greater than 30%. The shine-through remains around 10,
orbit losses increase to 20% Most of the absorbed power (i.e. the one that

��� ��� ��� ���

��������

��

��

��

��

�
��
�
��
�
�
��
�
�

����

��

�����

����������

��� ��� ��� ���

��������

����

����

����

����

����

�
�
�
�
��
��

�
�

FIGURE 5.23: NB power balance. Left figure are the absolute values, right figure
shows the relative values.

doesn’t get lost into orbit losses or charge-exchange) goes to ions, as fore-
seen because of the low beam energy (25 keV). This is shown in figure 5.24.
Anyway the power deposited to ions increases even more when EC is added
because of the increase in plasma temperature, which makes the critical en-
ergy to increase and thus the power deposition to be more effective to ions.
Figure 5.24 bottom includes also the theoretical value Gi (volume-averaged,
coming from equation 2.30) and we can see that it follows fairly well the frac-
tion of power deposited to ions. Anyway both the power deposited to ions
and electrons decreases when EC injection heating is added.

The radial profiles of the NBI-related quantities are shown in figure 5.25.
Left figure shows the power deposited to ions and both a decrease in magni-
tude and an outward shift in the peak of deposited power can be seen. The
power deposited to electrons decreases dramatically, showing as well an out-
ward shift. The same shift is visible in the ion-deposited power (centre in fig-
ure 5.25) and this can be explained by an increase in the core slowing-down
time: the fast ions deposit power slowly in the core with respect to the outer
part. The right figure shows the fraction of fast ions with respect to bulk elec-
trons and this value doesn’t change much with EC injection. This confirms
that the penetration length (and the EP radial generation zone) doesn’t vary
much with the EC injection (this is cross-checked by the low change in the
shine-through value).

Current drive is modified as well (figure 5.26), both because of the change
in plasma profiles and plasma composition (see section 2.6). Top-left fig-
ure shows that the unshielded current has a slight increase of ∼30% with
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FIGURE 5.24: Power to ions (red) and electrons (black). Top: absolute values;
bottom:relative values. Cyan line is the theoretical value for ions deposition
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FIGURE 5.25: Radial profiles of power deposition and fast ion fraction for shot
58 823 at the different time-slices.

the additional heating by EC. On top-right the shielding factor (1 − ISH

IUSH
) is

shown and we can see that it drops from 35% to roughly 25% and its trend
seems linked to the ZEFF change and the density profiles modification due to
EC. The efficiency remains the same value, close to 0.7 × 1018 A/Wm2. The
profiles in bottom-right figure shows that the peak of the NBCD density is
aligned with the peak of EP density and does not vary much within the times
selected.

5.6.4 Fast ion distribution function in energy and pitch

The fast ion distribution function is strongly affected by ECH (Figure 5.27):
energy distribution (figure 5.27a) is flatter with NBH only, while at the maxi-
mum EC power the peaks at NB full, half and 1/3 of injection energy (22.5 keV)
are well pronounced. The EP energy distribution (∼1/E) without ECH is typ-
ical for slowing-down without losses, but when EC power is added the slope
of the curve tends to be positive, representing high EP losses (CX, orbit). Con-
sequently, with NB only low-energy region (E<6 keV) are more populated.
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We can note from figure 5.27b that the pitch distribution is not affected that
much: with full EC power the population of particles with higher pitch de-
creases slightly.
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FIGURE 5.27: Fast ion energy and pitch angle distributions as function of energy
(a) and pitch (b). In (b) the difference between the two functions (no EC-max EC)

is shown in red.

5.6.5 Interpretative wall loads using ASCOT

Power deposition of EP to the TCV wall has been calculated using ASCOT.
The total wall losses increase with EC, in fact without ECRH the losses are
around 95 kW, while adding EC the losses get to 165 kW.
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In figure 5.28 the power loads to the wall without EC are shown. The NBI

EP born position is around
3
4

π in toroidal angle φ and 0 in poloidal angle θ.

The losses span all the toroidal angle φ but they concentrate between −π

4
and 0 in θ. The hottest spot (red in the figure) are slightly below the midplane

(θ = 0). The small amount of losses below −π

2
are the losses getting to the

wall following the plasma leg.
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FIGURE 5.28: Maximum losses to the wall.

In figure 5.29 the projection of the wall losses in φ (fig. 5.29a) and θ (fig.
5.29b) are shown. The blue area in φ projection is the area where the par-
ticles born. The φ projection shows that adding EC power the first orbit
losses slightly increase of 2% (numbers in the legend) and the particles make
a longer toroidal path before colliding the wall (the peak moves right). The θ
distribution doesn’t change much, apart from the magnitude.

The EC wave injection makes stronger variation in the wall distribution
if we consider the total losses (i.e. prompt losses and diffusive losses). This
is given by the fact that the slowing-down time increases with EC power and
the particles have more time to enter in unconfined orbits. In toroidal angle
there is an almost uniform increase in magnitude (losses increase by roughly
17%. In poloidal angle distribution, the particles get lost in the same area but
the amount of markers increases of a factor 4.

5.6.6 Initial position of lost EP

In this section, the initial position of the lost particles are studied. The results
shown here consider only the markers which get lost to the wall. In figure
5.31 the initial ρ position of the markers is shown. Without EC (figure 5.31a)
there is a step in the initial borning position corresponding to ρ ∼ 0.75; this
step is strongly reduced when EC power is added (figure 5.31b).
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FIGURE 5.29: First orbit losses with and without EC. Blue area indicates where
particles are born.

In figure 5.32 the R (major radius) position of EP born position is shown,
with distinction between first orbit losses (red) and diffusive orbit losses (blue).
A loss is considered first orbit if the EP lost energy is less than 0.5 keV. The
prompt lost particles in both cases are mostly generated in the high field side
of the plasma, exception made for a small contribution from the edge at the
low field side. The EC injection makes the prompt losses to reduce (from
48.8% to 33.2%) with respect to the total losses, but this does not imply a
reduced wall loads given by this particles because of the overall increase of
losses.
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FIGURE 5.30: Total orbit losses with and without EC. Blue area indicates where
particles are born.
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FIGURE 5.31: ρ born position with and without EC.
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5.7 Conclusion

In this chapter, the results of interpretative modelling activity on TCV ad-
vanced tokamak scenarios have been presented.

At first an overview of TCV neutral beam injector has been presented.
The beam operated for three years so far, mostly at maximum particle ac-
celeration (25 kV) and injected total energy (0.8 MJ) attainable. Nevertheless,
also lower energies and powers are used since NBI could stabilise the plasma
MHD activity by plasma rotation.

The energy injected is limited to 0.8 MJ because of the beam optics, which
is different from the expected one. The foreseen beam divergence is 20 ×
12mrad while the measured one is 36 × 8mrad due to incorrect fabrication
of the beam acceleration grids. This measurement has been done with an
in-house built device which consist of a W movable tile (along the beam di-
rection) where the beam collides. The particles collide with the duct wall and
then heat it up, causing unexpected impurity injection in the plasma. New
grids are expected to be mounted and used, in order to be capable to reach
the desired injected energy of 2 MJ.

H-mode plasmas with edge localised modes have been obtained using
only the additional power of the beam. These scenarios can be a basis for the
ITER-relevant H-modes developed in TCV.

The interpretative modelling activity has been carried out with NUBEAM
and ASCOT. TCV data have been interfaced with NUBEAM/TRANSP through
the OMFIT modelling framework. Beam geometries in ASCOT and NUBEAM
are given in two different ways (the former is a beamlet-by-beamlet model,
the second a narrow-beam model) so a comparison between the two ionisa-
tion positions of the markers has been made. The comparison gives good
agreement, considering the different models used. A comparison between
the two codes also after the calculation of the EP slowing-down has been
carried out by setting to minimum the charge-exchange losses in NUBEAM
(minimizing the neutral density). The agreement within the two codes is sat-
isfying, still considering that some remaining power is lost through charge-
exchange. This confirms that the two codes can be used for TCV simulations,
bearing in mind that for plasma scenario NUBEAM is the most suitable tool,
while for 3D calculations ASCOT can be used.

Advanced tokamak plasmas have been carried out at TCV within the EU-
ROfusion framework and during internal campaigns. The additional power
coming from the beam allows to obtain higher βN values and current drive,
as well as a strong population of energetic particles. In TCV AT plasmas we
obtain an increase in βN using the beam but the electron thermal energy con-
tent seems not to follow the same trend with increasing NB power.

Interpretative modelling has been carried out to assess the impact of EC
heating on EP power deposition and slowing down. EC heating on TCV
plasma has not only the effect of temperature increase and density pump-out:
the impurity content changes as well and the measurement of edge neutral
density get distorted. These effects have been kept in consideration when
modelling NBI on EC-heated plasmas because of the impact they can have
on charge-exchange losses.
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NUBEAM interpretative modelling on a selected shot (number 58 823)
shows that increasing the EC power injected in the plasma the NB injected
power decreases, increasing both the orbit losses and the charge-exchange
losses. The shine-through remains almost constant. Furthermore, the ab-
sorbed power is differently redistributed among electrons and ions, with
higher absorption by ions with increasing EC power. This can be explained
by the increase in Te, which represents an increase in the critical energy (and
slowing-down time). The shielded driven current increases, probably be-
cause of the increased slowing-down time, impurity content (i.e. ZEFF) and
different transport of fast ions. The energy and pitch (projection of velocity
on the direction parallel to the magnetic field) distribution change as well:
the high losses make the energy distribution to get far from the 1/E typical
slowing-down trend and peaks at the injection energy, typical of high losses,
can be seen. The pitch distribution has a slight change in magnitude but the
shape is not much affected.

ASCOT has been used to impact the 3D wall losses of the particles. AS-
COT cannot compute yet charge-exchange losses, so it has been applied only
for orbit losses. The losses increase of 70% when EC power is added. Without
EC, they focus poloidally on the midplane and increase toroidally in the beam
injection direction. With EC, a stronger concentration of the losses is seen the
outer midplane. This is due to the fact that the density pump-out makes more
particles born in the unconfined position, leading to higher losses in the low-
field side. The first orbit losses (loss of energy below 0.5 keV) born mostly
in the high-field side, while the total losses are spread all over the radial po-
sitions. Adding EC, the fraction of first orbit losses decreases, but still the
overall amount increases. The shape of the q-profile in the two cases is quite
similar, meaning that the magnetic field is not that different between the two
cases. The increase in losses is mainly due by the different plasma profiles: a
longer slowing-down time means a higher probability for the particles to get
into unconfined orbits and then get lost.

This modelling activity outlines some unexpected EP behaviour in TCV
advanced tokamak plasmas, with all the additional power available. This
effect is due to the change in the plasma properties when adding ECRH. In
TCV this phenomenology is quite harmful because in order to get satisfying
AT scenarios there will be needing for both the additional heating systems,
but the interplay between them seems detrimental for NBI power deposition
and could explain why the target value of βN = 2.5 has not been reached. An
open question remains about H-mode scenarios, which would be probably
used in next experimental campaign.

The models here used could be improved by adding the fast ion-fast ion
collision term, which in TCV device could cause different physics behaviour
to happen: in fact in TCV the EP density can reach up to 20% of the electron
density, thus the collisions of fast ions within themself is no more negligible.
Nevertheless, comparison with experimental data (such as neutron fluency
and neutral energy spectrum) are foreseen to further validate the behaviour
of fast ions in TCV AT tokamak plasmas.
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The work carried out during the three years of Ph.D. has been presented in
this thesis. Magnetic confinement thermonuclear fusion relies on the injec-
tion of fast particles in the plasma in order to achieve the necessary temper-
atures for self-sustaining fusion reactions. The behaviour of the fast particles
in standard and advanced tokamak plasmas has been studied using analyti-
cal models and Monte Carlo codes.

RFX-mod device is a medium-size device that can be used as a tokamak
and nowadays it is under upgrade. Among the upgrades, the implementa-
tion of a neutral beam injector was took in consideration; METIS analytical
code has been used to assess the impact of the beam fast particles on a set
of standard tokamak plasmas in RFX-mod. At first, some discharges have
been chosen and their behaviour has been reproduced for the first time within
METIS. The results show that shine-through is a critical issue due to the fixed
injection geometry of the beam, thus beam injection is secure only at higher
plasma densities (>1 × 1019 m−3). In these cases, current drive is negligible
but the power deposited in the plasma allows to reach Ti/Te > 1 regimes.
Nevertheless the threshold for entering H-mode confinement regime is over-
passed with neutral beam injection, allowing to widen the operational space
of the machine and studying the impact of active saddle coils magnetic fields
on edge localized modes. Monte Carlo code NUBEAM has been applied as
well, checking if the approximations made in METIS are well-posed in case
of low-field plasma such as RFX-mod. The comparison shows that the power
lost by METIS is underestimated

One of the most advanced devices for studying neutral beam injection
will be JT-60SA, under construction in Japan and foreseen to achieve the first
plasma in 2020. The set of 14 neutral beam injectors has been implemented in
ASCOT Monte Carlo modeling tool for predictive studies on the fast particles
behaviour. The results show that neutral beam injection has low losses and
come mostly from the counter-current injected positive beams, as expected.
The high amount of power deposited to ions (electrons) by positive (negative)
beams is necessary in order to achieve the performances requested, in par-
ticular considering advanced tokamak scenarios where the current induced
by the negative neutral beams is fundamental to have a fully non-inductive
scenario. The behaviour of fast particles with different plasma composition
(i.e. Ze f f ) has been studied, enhancing the importance of a correct impurity
model also for neutral beam injection predictive modeling. Since the highly
energetic particles injected with negative beams (EINJ = 500 keV) will inter-
act with Alfvén eigenmodes, also lower injection energies have been studied
and this will pave the way for studies on wave-particle interaction. Now that
the injection system is implemented in ASCOT, the torque injected by the
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beams will be studied, the impact of the beams during current ramp-up and
ramp-down will be assessed and a power scan of the negative neutral beams
will be performed in order to check the flexibility of the system.

Neutral beam injection heating has been possible in TCV since three years,
when the beam has been installed and commissioned. The beam system is
now operated routinely (also used in real time for β control) and upgrades
will involve an optimization of the beam optics. The tools for modeling have
been set-up in the framework of this thesis: NUBEAM has been interfaced
with TCV data within the OMFIT suite and TCV beam geometry has been
implemented in ASCOT. Comparison between the two injection geometries
show good agreement. These tools have been applied to advanced tokamak
scenarios in order to assess the impact that electron cyclotron wave injection
has on neutral beam-injected energetic particles. The studies show that with
increasing ECRH power the lost power increases, both in charge-exchange
and orbit losses channels. Nevertheless, the change in plasma composition
make the neutral beam induced current to remain the same, if not to increase.
The particles lost to the wall increase as well with increasing wave injection
power and the losses tend to concentrate in the outer midplane. Due to the
high fraction of energetic particles in TCV plasmas, the numerical models
applied up to now should be widened with the implementation of fast ion-
fast ion collisions.
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