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iv



Contents

Introduction 3

1 Tokamaks 4
1.1 Particles motion and transport . . . . . . . . . . . . . . . . . . . . 6
1.2 Plasma current terms . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Additional plasma heating and current drive 8
2.1 Radio-frequency heating . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.1 Electron cyclotron resonance heating and current drive . . 8
2.1.2 Ion cyclotron resonance heating . . . . . . . . . . . . . . . 9
2.1.3 Lower hybrid current drive . . . . . . . . . . . . . . . . . . 9

2.2 Neutral beam injection . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.1 Interaction of fast neutrals with a plasma . . . . . . . . . . 10
2.2.2 Neutral beam formation . . . . . . . . . . . . . . . . . . . 11

3 Fast ions interaction with a bulk plasma 14
3.1 Fast ions trajectories . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2 Fast ions slowing down . . . . . . . . . . . . . . . . . . . . . . . . 16
3.3 Fast ions losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.4 Impact of the neutral beam injection on the global plasma parameters 19

3.4.1 Halo neutrals . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.4.2 Kinetic profiles and energy confinement time . . . . . . . . 19
3.4.3 Plasma rotation . . . . . . . . . . . . . . . . . . . . . . . . 19
3.4.4 Neutron yield . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.5 Impact of NBI fast ions on the MHD instabilities . . . . . . . . . 21
3.5.1 Sawtooth instability . . . . . . . . . . . . . . . . . . . . . 21
3.5.2 Edge localized modes . . . . . . . . . . . . . . . . . . . . . 22

3.6 Fast ions diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . 23

4 Tokamak COMPASS and its additional heating system 25
4.1 COMPASS diagnostics . . . . . . . . . . . . . . . . . . . . . . . . 25

4.1.1 Neutral particle analyzer . . . . . . . . . . . . . . . . . . . 26
4.2 NBI on the COMPASS tokamak . . . . . . . . . . . . . . . . . . . 29

4.2.1 Beam model . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2.2 NBI diagnostics . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2.3 Power losses in the beam duct . . . . . . . . . . . . . . . . 37

5 Campaigns and simulations dedicated to the NBI characteriza-
tion 42

6 Global plasma parameters during NBI heated discharges 45
6.1 Plasma power balance . . . . . . . . . . . . . . . . . . . . . . . . 45

6.1.1 Power balance data processing . . . . . . . . . . . . . . . . 49
6.1.2 Power balance results . . . . . . . . . . . . . . . . . . . . . 56

6.2 Energy confinement time . . . . . . . . . . . . . . . . . . . . . . . 64
6.3 Kinetic profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

1



6.3.1 Ion temperature from the neutral particle analyzer . . . . 69
6.3.2 Ohmic L-mode temperature . . . . . . . . . . . . . . . . . 72
6.3.3 Kinetic profile flattening . . . . . . . . . . . . . . . . . . . 73
6.3.4 Change of the core temperatures and densities during L-

mode due to NBI heating . . . . . . . . . . . . . . . . . . 74
6.4 Neutron yield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

7 Impact of NBI heating on MHD instabilities 84
7.1 Sawtooth instability . . . . . . . . . . . . . . . . . . . . . . . . . 84
7.2 NBI assisted H-modes and ELMs . . . . . . . . . . . . . . . . . . 87

8 Role of the background neutrals 95

Conclusion 99

Bibliography 100

List of Figures 106

List of Tables 109

List of Abbreviations 110

List of publications 111

Attachments 114

2



Introduction
The tokamak is a promising concept of the future fusion power plant. The rate
of the fusion reactions in the tokamak is sufficient if the tokamak fuel is on the
high temperatures, around tens of keV in case of the fusion reaction of deuterium
and tritium nucleus. To reach such temperatures the fuel has to be in the plasma
form. The plasma heating is secured by a current driven in the plasma. However,
the ohmic heating efficiency degradates as the plasma temperature increases.
Therefore the additional heating systems are needed.

Neutral beam injector (NBI) is one of the options for an additional plasma
heating. NBI produces fast neutrals, which propagate freely across the tokamak
magnetic field into a plasma. Injected neutral beam particles collide with the
plasma particles and the collisions results into formation of the fast ions, which
are trapped by the tokamak magnetic field. As the fast ions are well confined,
they transfer their energy to the plasma particles via Coulomb collisions.

Two identical injectors have been installed on the COMPASS tokamak as
an upgrade after the COMPASS tokamak relocation on the IPP CAS. As the
COMPASS tokamak had never been operated with the neutral beam injection
before, the request for the basic NBI-plasma interaction specification arised.

The main purpose of the work presented in this thesis is to study parameters
of the NBI system itself and its impact on the COMPASS plasmas. The thesis is
structured as follows. Chapter 1 gives an introduction into the fusion research in
respect to the additional plasma heating. It is followed by a general overview of
the possible additional heating systems for the tokamaks and it includes a more
specific description of the neutral beam attenuation in the plasma and the neutral
beam formation in chapter 2. A description of the NBI fast ions interaction
with bulk plasma particles is discussed in chapter 3. Chapter 4 describes the
COMPASS tokamak, its NBI systems including their measured characteristics
and the COMPASS diagnostics used for this work.

Remaining chapters are dedicated to the experimental results based on the
measurements realized on the COMPASS tokamak. Chapter 5 introduces exper-
imental campaigns dedicated for the NBI characterization. The impacts of the
neutral beam injection on the global plasma parameters such as the delivered
additional power registered by the plasma diagnostics, the energy confinement
time, the plasma density and temperatures and the neutron yield, are shown in
the chapter 6. Chapter 7 discusses how the neutral beams affect two common
MHD instabilities, the sawtooth instability and the edge localized modes. The
last chapter 8 includes short discussion about the role of background neutrals in
respect to the neutral beam injection heating efficiency. It focuses on the work
dedicated to the development of the new method to determine the background
neutral density profiles from the neutral particle analyzers data. The work pre-
sented in the chapter 8 is based on the data measured on the ASDEX Upgrade
tokamak, located in the Max-Planck-Institut für Plasmaphysik, Garching DE.

In the conclusion, the particular observations are summed up and the most
important results are stressed.
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1. Tokamaks
As the world energy consumption is increasing each year [1], the time and location
independent sources of power are an urgent necessity. These requirements can
be fulfilled by the power plants based on the fusion reaction. The easiest fusion
reaction to initiate is a fusion of two different hydrogen isotopes, deuterium (D)
and tritium (T), which is introduced in the equation (1.1). The required fuel for
the fusion power plant will be heavy water containing deuterium and lithium as
a source of tritium after a reaction with energetic neutrons [2], p. 26–28.

D + T → α(3.5 MeV) + n(14.1 MeV) (1.1)

More detailed information about the fusion reactions and reasons why the DT
reaction was chosen as the best for the first generation of the fusion power plants
is given in [2, 3, 4].

The DT reaction requires to bring nuclei of deuterium and tritium close
enough to get the attractive nuclear force stronger than the repulsive electrostatic
force. In addition the reaction rate has to be high enough to produce constantly
more energy than the power plant operation requires. The optimal fuel temper-
ature for the fusion power plant operation is estimated to be ∼ 15 keV [2], p. 67.
The fuel on such high temperatures is in the form of the plasma. Simultaneously,
there is no material, which can sustain such high temperatures and therefore the
plasma has to be confined to prevent a direct contact with the reactor chamber
surface.

The currently most promising fusion power plant concept is the tokamak,
where the high-temperature plasmas are confined by magnetic fields inside a
vacuum chamber. Tokamak consists of the vacuum chamber containing plasma
in the shape of the torus, the central solenoid, which drives a current in a plasma,
the toroidal and the poloidal magnetic field coils. The magnetic field formed by
the coils together with the plasma current driven in the plasma form a twisted
helical magnetic field inside the vacuum chamber. The resulting magnetic field
secures a charged particles confinement and it balances the kinetic pressure of a
hot plasma. The plasma pressure is constant on the magnetic surfaces. Figure 1.1
shows a scheme of the main tokamak plasma components and a formed magnetic
field.

The toroidal magnetic field drops with the radial distance from the tokamak
center. Therefore there are introduced terms a high field side (HFS), which
corresponds to the region closer to the central solenoid, and a low field side
(LFS), which represents the outer side of the tokamak chamber. The helicity
of the resulting magnetic field lines is mostly influenced by the plasma current
profile and by the toroidal magnetic field. The average value of the magnetic field
helicity for each magnetic flux surface is represented by the safety factor q, given
by the equation (1.2) [3], p. 112.

q(r) = rBΦ(r)
R0BΘ(r) , (1.2)

where r is a major radius of the magnetic flux surface, BΦ(r) is the poloidal
magnetic field, caused by the driven plasma current and the poloidal field coils,
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Figure 1.1: A basic tokamak scheme. The toroidal magnetic field coils form
a magnetic field in the pure toroidal direction. The plasma current, which is
a secondary winding of the central solenoid, creates a poloidal magnetic field
together with the poloidal magnetic field coils. A magnetic field compensates
plasma outward forces. The surfaces, where the plasma pressure is constant are
magnetic surfaces and their shape is represented by the yellow surfaces. The
resulting magnetic field lines have a shape of helix, which are wound around the
torus [4], p. 28.

R0 is the tokamak major radius and BΘ(r) is the toroidal magnetic field. The
lower q is the more twisted field lines are.

The plasma energy is not perfectly confined and there are various channels
of the energy losses from the plasma such as the radiation losses or the thermal
conduction losses. The quality of the plasma energy confinement by the formed
magnetic field is represented by the energy confinement time τE, defined by the
following equation [4], p. 18:

τE = W

Pin − dW
dt

, (1.3)

where W is a stored kinetic plasma energy and Pin is an input net heating
power income. Databases of the measured energy confinement times were created
based on the experiments realized on various tokamaks, which allows a formu-
lation of the energy confinement scaling laws in purpose to extrapolate τE for
future devices.

The break-even condition, when fusion reactions are producing at least as
much power as it is lost by various channels from the plasma, is represented by
the Lawson criterion [4], p. 18:

neTeτE > 1.5 × 1021 keV s m−3 , (1.4)

where ne is the electron plasma density and Te is the electron plasma temper-
ature.
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1.1 Particles motion and transport
The motions of charged particles in the tokamak magnetic field are superpositions
of gyro-motions and guiding center motions. Gyro-motion is represented by the
Larmor radius and the cyclotron frequency. They are defined in the following
equations:

ΩC = QB

m
, (1.5)

rL = mv⊥

QB
, (1.6)

where Q is the particle charge, B is a magnetic field, m is the particle mass
and v⊥ is the particle velocity component perpendicular to the magnetic field B.

There are two main types of the guiding center motion based on the plasma
particle initial position and the initial ratio of the particle velocity parallel to the
magnetic field so-called pitch.

• Passing particles. Guiding center trajectories are circle-like in the hori-
zontal and also in the vertical plane. These particles are passing through
the all tokamak poloidal positions and they do not change direction of their
velocity component parallel with the magnetic field in the non-collisional
conditions. They can be co-passing and counter-passing, moving in the
direction of the plasma current and in the opposite direction, respectively.

• Trapped particles. As the toroidal magnetic field decreases from the
tokamak axis, the twisted magnetic field lines pass through a different mag-
nitudes of the magnetic field. Therefore the guiding center trajectory is a
consequence of the mirror effect along the helical magnetic field lines. If
the particle pitch, is not in the ’loss cone’, the guiding center is oscillating
between two turning points of the magnetic field lines. These trajectories
are called ’banana trajectories’ and some of them also ’potato trajectories’
due to their typical shapes.

Besides the particles motion driven by the tokamak magnetic field, the par-
ticles undergo random collisions. The random walk process secures a plasma
transport even in the perpendicular direction in respect to the magnetic field
lines. Three characteristic types of the transport in the tokamaks with a different
definition of the characteristic random walk step are distinguished [5], p. 75–90:

• Classical transport characteristic random walk step is defined by the par-
ticle Larmor radius. This transport is derived for a homogeneous magnetic
field, which is not an exact case of the tokamaks. Therefore the classi-
cal diffusion coefficients predicts better confinement than it is measured by
orders.

• Neoclassical transport considers the mirror effect of the twisted magnetic
field lines, causing banana orbits. The banana width is significantly bigger
than the Larmor radius, therefore the neoclassical transport is faster than
the classical one. Nevertheless, the experimentally observed transport in
the plasma is even faster. However, some specific modes of the operation
lead to the neoclassical transport.
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• Anomalous transport is driven by the turbulence and it is observed in
the experiments. It is faster than the classical or the neoclassical transport.

The transport inside the tokamak plasma is also influenced by presence of the
magneto-hydrodynamic modes (MHD), which can degrade the confinement.

1.2 Plasma current terms
The plasma current IP in the tokamak is essential for formation of the poloidal
magnetic field and has to be direct current (DC). The plasma current in the toka-
maks consists of the inductively driven current, so-called bootstrap current and
current driven by additional systems. The bootstrap current is a consequence of
the Coulomb friction between passing and trapped particles [6] and it is propor-
tional to the plasma pressure gradient. It can drive a significant amount of the
total plasma current. The additional current drive systems are listed in the fol-
lowing chapter, as most of them are simultaneously used as the additional heating
systems.
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2. Additional plasma heating and
current drive
Tokamak plasma is heated by the plasma current. This joule heating is usually
referred to as ohmic heating. However, it is possible to reach maximum plasma
temperatures of only T ∼ 3 keV by the ohmic heating due to the decrease of
plasma resistivity R with plasma temperature T [2], p. 537–540.

R ∼ T− 3
2 (2.1)

The inductively driven plasma current is generated by increasing the current
of the poloidal coils, mainly the central solenoid, which cannot grow to infin-
ity. Therefore it cannot be applied in the steady-state operation. Part of the
plasma current is driven non-inductively without any additional system by the
bootstrap current. However, it is impossible to drive the plasma current by
the bootstrap current exclusively [7], p. 209–210. Therefore the development of
additional plasma heating techniques and current drive systems was deemed nec-
essary. The additional heating/current drive systems should manage to heat up
the plasma to the desired temperatures and replace the inductive plasma cur-
rent drive. There are two different principles used, neutral beam injection and
radio-frequency heating.

2.1 Radio-frequency heating
Radio-frequency heating (RF) accelerates the plasma particles by a RF wave
propagating through the plasma. Based on the plasma parameters, there are
several natural frequencies that are adsorbed by the plasma. Based on this fre-
quencies we describe several categories of useful RF heating implementations for
the plasma heating and the current drive. All RF heating systems have similar ba-
sic scheme: a high power wave source, a transmission line with minimized power
losses and an antenna effectively launching the wave into the plasma. Nowadays,
there are three leading types of RF heating /current drive systems:

• electron cyclotron resonance, used effectively for both the electron cyclotron
resonance heating (ECRH) and the electron cyclotron current drive (ECCD)

• lower hybrid resonance, which is mainly used for the lower hybrid current
drive (LHCD)

• ion cyclotron resonance heating (ICRH)

The following subsections will give only brief overview of these methods based on
[2, 3, 4].

2.1.1 Electron cyclotron resonance heating and current
drive

The electron cyclotron resonance heating (ECRH) and current drive (ECCD) is
based on a resonant energy transfer to the plasma electrons from the RF waves
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with frequency close to the plasma electron cyclotron frequency, given by the
magnetic field. Suitable frequencies for various tokamaks are listed in the table
2.1. The only kind of a source with a suitable power in the frequency ranges is a
gyrotron.

tokamak name TCV DIII-D AUGD JT-60U ITER
frequency [GHz] 82.7/110 110 105/140 110 170

Table 2.1: Overview of the used gyrotron frequencies for the electron cyclotron
heating and current drive at chosen tokamaks [4], p. 727.

The advantage of ECRH and ECCD is its localization. The wave power
is effectively absorbed only around the intersection of the RF wave path and
the corresponding resonant magnetic surface. The localized heating is effective
at controlling and suppression of formed magnetic islands and another plasma
instabilities if combined with proper aiming and feedback capabilities. ECRH
helps to avoid impurity accumulation in the plasma core by increasing the outward
diffusion of heavy impurities. The weakness of ECRH is the fact that the RF
waves cannot propagate through plasmas with densities above the cut-off density
given by the RF waves frequency. This problem can be overcome by using 2nd or
higher harmonic RF waves for the plasma heating.

2.1.2 Ion cyclotron resonance heating
Ion cyclotron resonance heating (ICRH) uses RF waves with frequencies in range
from 30 MHz to 120 MHz [4], p. 612, which are produced by vacuum tetrodes.
The RF waves propagate in the plasmas with densities above a lower cut-off
density. Therefore the antennas have to be placed at the edge of plasmas, in the
region where the plasma density will certainly be above the lower cut-off density.
If the antenna is out of the plasma or inside low plasma density region, the wave
coupling is ineffective. This is an evident problem for the steady state operation,
because permanent exposition of the antenna to the plasma will speed up antenna
damage. The coupling between 1st harmonic wave in the single ion species plasma
is weak. Therefore the 2nd harmonic or a resonance with other plasma species
are used (so called minority heating). The minority heating efficiency increases
with the minority ion concentration up to the critical value [3], p. 277.

2.1.3 Lower hybrid current drive
Lower hybrid current drive (LHCD) utilizes RF waves with frequencies in between
ion and electron cyclotron frequencies, usually from 2.5 GHz to 8 GHz [4], p. 612,
which can be generated by klystrons. In the past, the lower hybrid waves were
tested for ion heating. But, it was found that the lower hybrid waves are the
most effective additional non-inductive current drive. The LHCD power is usually
absorbed in the off-axis region. However, the lower hybrid current drive have a
similar problem as the ion cyclotron resonance heating, the antenna has to be
placed at the edge of a plasma to avoid wave reflection back into the antenna.
Successful experiments with tests of lower-hybrid antennas were performed also
at IPP CAS, Prague [8, 9].
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2.2 Neutral beam injection
Neutral beam injection (NBI) heating is based on injection of fast neutrals into
the plasma. The injected neutrals have energies significantly higher than the
plasma temperatures T . The fast neutrals injected into a plasma are ionized by
various collisions and the newly formed fast ions transfer their energy to the bulk
plasma particles by Coulomb collisions. The newly formed fast ions have the same
velocity as the original fast neutrals. The NBI fast ions can drive an additional
plasma current. This current is partially shielded by bulk plasma electrons as
they collide with the fast ions [4], p. 554–560.

Beam attenuation in the plasma is discussed extensively in the subsection
2.2.1. Formation of the neutral beam itself is described in the subsection 2.2.2.

2.2.1 Interaction of fast neutrals with a plasma
The tokamak magnetic fields do not have any impact on neutral particles un-
like charged particles. Therefore the fast injected neutrals, mostly deuterium or
hydrogen atoms, travel in straight lines independent of magnetic field lines until
they are ionized by collisions. Possible collisions leading to the ionization of fast
neutrals for a case of the deuterium fast neutrals and the deuterium plasma are
listed in the table 2.2.

resonant charge-exchange D0
NBI + D+

plasma → D+
NBI + D0

plasma
charge-exchange with impurities D0

NBI + X+
plasma → D+

NBI + X0
plasma

ionization by ions D0
NBI + D+

plasma → D+
NBI + D+

plasma + e
ionization by impurities D0

NBI + X+
plasma → D+

NBI + X+
plasma + e

ionization by electrons D0
NBI + e → D+

NBI + 2e

Table 2.2: List of possible ionization collisions between injected fast atoms, deu-
terium in this case, and deuterium plasma particles [4], p. 537.

The collisions between plasma particles and fast neutrals can cause also exci-
tation of the fast neutrals. The excited fast neutrals can undergo same types of
collisions as listed in the table 2.2, but usually with higher cross-sections than in
the ground state. The ionization considering intermediate excitation is called a
multi-step ionization and its impact increases with the kinetic energy of the NBI
particles [10]. The resulting NBI beam intensity I attenuation along its trajectory
x, assuming single species beam, is described by the following equation:

dI
dx = −neσtotI , (2.2)

where ne is the electron plasma density and σtot is the total stopping cross-
section, which is a sum of all cross-sections of reactions mentioned in the table
2.2, including multi-step ionization. Generally, the total stopping cross-section
is decreasing with the neutral energy, which means that faster neutrals have a
longer mean free path through the plasma. Therefore the optimal NBI energy
differs with the requested NBI trajectory length through the plasma column and
the plasma density.
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The neutral beams can be injected into the plasma from various directions.
NBIs injection axis are mostly situated at the tokamak plasma midplane (Z = 0)
or under small angle with respect to it in the vertical plane. There are three
main orientation groups in the horizontal plane: tangential co-current, tangential
counter-current and radial. By the terms co-current and the counter-current the
injection direction with respect to the plasma current IP is meant. Tangential
orientation is usually used for heating NBIs and radial injection for diagnostic
one. Heating NBIs are usually oriented tangentially and co-current due to the
fact that fast ions originating from the injected neutrals are better confined, since
their velocity is mainly parallel with the toroidal magnetic field. On the other
hand the advantage of more radial beam orientation is a shorter requested mean
free path of the beam particles across the plasma, which eliminates required NBI
nominal energy.

When the fast neutrals are ionized and they become fast ions, they are guided
by the magnetic field and they are slowed down via Coulomb collisions with
plasma particles. The interaction of formed fast ions with the bulk plasma is
discussed in the chapter 3.

2.2.2 Neutral beam formation
Beam of fast neutrals is formed by neutralization of accelerated ions. The ions,
which are accelerated, can be positive or negative. As the NBIs on the COMPASS
tokamak are based on the positive ions, a brief description of the neutral beam
formation based on the positive ions, usually hydrogen isotopes, is given. A neu-
tral beam injector consists of these main parts: an ion source, acceleration grids,
a neutralizer and a bending magnet. A shorter description of the components
follows below.

• Ion source is filled by working gas and a plasma discharge is ignited in it
to produce a sufficient amount of ions. The most common working gases are
hydrogen or deuterium. Helium and tritium are used in special applications.
The requested ions are atomic H+ or D+. However the discharge in the
hydrogen gas produces also molecular ions such as H+

2 , H+
3 and H2O+ or

D+
2 , D+

3 and D2O+. The type of the plasma discharge inside the ion source
has an impact on the ratio and the total amount of formed ions. Currently,
the most common discharges types are the radio frequency (RF) discharge
and the arc discharge. Their differences are discussed in [11] and [4], p. 575–
579. NBIs installed on the COMPASS tokamak employs the RF discharge.

• Acceleration grids are usually systems of three or four grids. They are re-
sponsible for the extraction of sufficient number of ions from the ion source,
the uniform acceleration and the properer focusing of the extracted beams.
There are small holes drilled in the grids in the way to keep grids trans-
parency as high as possible. Each hole extracts and accelerates a small
beam called a beamlet. All beamlets are directed into the beam focus. The
resulting beam is a sum of all small beamlets. The grids size, the beam
focus and the beamlet divergence define a profile of the resulting beam.

• Neutralizer is a region, where the accelerated ions are neutralized. The
neutralization is usually secured by the collisions of the accelerated ions
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with the gas target in the case of the NBI based on the positive ions. The
gas target is usually the same gas as the working gas in the ion source.
A part of the newly formed fast neutrals is re-ionized as they collide again
with the gas inside the neutralizer. The neutralized fraction of the original
accelerated ions for a collisionally thick gas target, so-called neutralization
efficiency fneut, depends on the change-exchange cross section σCX and the
ionization cross section σi, as defined in the equation (2.3) [2], p. 548.

fneut = σCX

σi + σCX
, (2.3)

This neutralization efficiency is decreasing with the nominal NBI energy
EB for positive ion based beams as can be seen in the figure 2.1. Therefore
NBIs based on positive ions are usually used only for beam energies up to
∼ 100 keV. Negative ion based NBIs are used if the required NBI energy is
higher than ∼ 100 keV, because of the better neutralization efficiency.

Figure 2.1: Neutralization efficiency of the positive ions and negative ions based
beams in respect to the mono-energetic beam energy per Amu for hydrogen iso-
topes. Image reprinted from [2], p. 548.

The molecular ions are also accelerated and enter the neutralizer. As they
collide with the neutralizer gas target they dissociate. The produced atomic
fast ions are neutralized by the charge-exchange collisions with the neutral
gas. The fast neutrals originating in molecular ions have a fraction of their
original energy, EB/2, EB/3, EB/10 in case of the deuterium working gas.
The gas which propagates outside the neutralizer is pumped out at the
output of neutralizer by vacuum pumps with a high pumping speed to
prevent its diffusion into the connecting port and the tokamak chamber.

• Bending magnet deflects the remaining fast ions out of the formed beam
into a positive ion dump and a negative ion dump. If the fast ions would
remain in the injected beam, they would be deflected by the tokamak mag-
netic field on the unshielded surfaces. This can lead to the damage to the
tokamak.
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The connection between the NBI output and the tokamak port is so-called
beam duct. A beam dump is installed at the opposite side of the beam duct inlet
to prevent the damage to the tokamak chamber by the fast neutrals which passed
through the plasma without any interaction. However the beam dump installation
is not a mandatory, if there are other ways how to prevent an exposition of the
tokamak surfaces to the fast neutrals.

A calorimeter is placed into the neutral beam trajectory in the case when
beam conditioning is requested. A schematic diagram of NBI is depicted in the
figure 2.2.

Figure 2.2: A diagram of the neutral beam injector. The working gas is ionized
inside the ion source. Both atomic and molecular ions are formed. The ions are
accelerated by grids and they are neutralized by collisions with the gas target
inside the neutralizer. The molecular ions dissociate into atoms with a fractional
energy. The remaining gas is pumped out by cryopumps in the case of the COM-
PASS NBIs. The bending magnet deflects remaining charged particles out of the
formed beam into dumps. The spectrometer is commonly used for analysis of
NBI parameters and its viewing angle is ∼ 45◦ in the case of the COMPASS
NBIs. Image reprinted from [12].

The resulting beam parameters differs with the produced power. Despite the
focus of the ion optical system is fixed, the divergence of beamlets varies. The
beamlet divergence scales with a parameter called perveance, which depends on
the NBI extracted current Ibeam and the acceleration voltage Ubeam.

perveance = Ibeam

U
3/2
beam

(2.4)
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3. Fast ions interaction with a
bulk plasma
There are different sources of fast ions with energies several times higher than the
plasma temperature: fusion reactions, radio-frequency heating (RF) and neutral
beam injection (NBI). The fast ions are slowed down by the Coulomb collisions
with the plasma and they transfer their energy in the bulk plasma particles.
It leads usually to the increase of plasma temperature and rotation, which has
various consequences on the plasma parameters. Moreover, high velocities of fast
ions magnify some phenomena related to the shape of the ion trajectories in the
tokamak magnetic field, which could be usually neglected in case of the bulk
plasma ions.

Therefore this chapter firstly focuses on the description of fast ions trajecto-
ries. It is followed by the description, how the fast ions are slowed down or lost.
Than the impact of the fast ions or the NBI neutrals presence inside the plasma
on the global plasma parameters and particular MHD instabilities is discussed.

3.1 Fast ions trajectories
Fast ions trajectories follow general rules of the charged particles motion in a
magnetic field. The fast ions motion consists from a gyro-motion, defined by the
Larmor radius and the cyclotron frequency in the equations (1.5), (1.6), and a
guiding center motion. The guiding center motion follows strictly the magnetic
field lines in the case of straight homogeneous magnetic field without collisions.
If the magnetic field lines are curved or if the magnetic field is inhomogeneous,
various guiding center drifts are present. The curvature and the gradient of the
tokamak magnetic fields cause a vertical drift, which leads to the particle guiding-
center motion across the magnetic flux surfaces, and it is defined in the following
equation:

vd⃗ = −
v2 + v2

∥

2ΩCR
z⃗ , (3.1)

where vd⃗ is the vertical drift velocity, v is the particle velocity, ΩC is the cyclotron
frequency and R is the major radius [7], p. 131. The vertical drift is downward for
positive ions and upward for negative ions and electrons. The expected change
separation by the opposite drift direction is prevented by the helical shape of the
tokamak magnetic field lines. As the particle energy increases, the magnitude
of the vertical drift increase. Therefore it is important especially for the fast
particles guiding center motion.

Additionally, fast ions as the other plasma particles can be passing or trapped
due to the mirror effect caused by the twisted magnetic field lines. Based on the
shape of the fast ions guiding center trajectories, four main types of the guiding
center orbits are distinguished: passing, stagnation, potato and banana orbits.
Examples of poloidal/torodidal projections of such trajectories are shown in the
figure 3.1.
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Figure 3.1: Examples of possible fast ions orbits in the tokamak magnetic field
(toroidal/poloidal projection). Trajectory of the passing particle is designated by
A, the stagnation particle by B, the potato orbit by C and the banana orbit by
D. HFS stands for the high field side of the tokamak and LFS stands for the low
field side of the tokamak. Reprinted from [7], p.134

The passing particle trajectories traverse closely adjacent magnetic surfaces
and therefore they can be approximated by a single magnetic surface. Stagnation
particles trajectories are a special kind of the passing trajectories. The main
difference is that the stagnation particles do not move across magnetic axis despite
they are circle-like in the cross section. This is caused by a significant vertical drift
leading into trajectory passing through magnetic surfaces. Potato and banana
orbits are trajectories of trapped particles and at least part of each of them is
located at the low field side. The main difference is that potato orbits have one
of the midplane (Z = 0) crossing point at the high field side. Fast ions banana
and potato orbits are wider than for bulk plasma ions because their widths are
proportional to the Larmor radius, [7] p. 130.

The trajectory type, the fast ion follows, depends on the fast ions initial veloc-
ity and direction. In case of the NBI ions, their initial velocity and direction are
given by the NBI injection direction and the penetration depth of NBI neutrals,
which is given by the ionization cross section of the fast neutrals along the NBI
path.

If the fast ions initial velocity is in the plasma current direction (co-current),
the banana orbits initially drive ions towards the high field side, deeper into the
plasma. If the ions initial velocity is in the opposite direction to the plasma
current (counter-current), the banana orbits initially drive ions into the low field
side, closer to the tokamak wall. The same phenomena is valid also for the co-
current and counter-current passing particles. This difference between co- and
counter-current fast ions is a consequence of the vertical drift, defined in the
equation (3.1). Therefore there are additional losses of the fast ions that are
formed close to the plasma edge in case of the counter-current injection of NBI.
Since getting more outward from the plasma might lead to collisions with tokamak
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structures. The trajectories of the particles with the same starting position but
opposite directions of the velocity in respect to the plasma current for both,
banana and passing orbits, are shown in the figure 3.2.

Figure 3.2: Passing (left) and banana (right) orbits of the co-current (green)
and counter-current (red) ions. A dashed line represents the flux surface of the
original particle position (grey marker). The co-current ions are driven inside the
original flux surface and counter current vice versa. Reprinted from [2], p. 480
and 486, adjusted for the ions case.

3.2 Fast ions slowing down
NBI fast ions are slowed down by Coulomb collisions with the bulk plasma. The
initial velocity of fast ions is identical to the primary NBI neutral velocity vB.
The NBI fast ions velocity vB is between the velocity of the bulk plasma ions vi
and the velocity of the bulk plasma electrons ve.

vi ≪ vB ≪ ve (3.2)

Therefore the NBI fast ions can transfer their energy via Coulomb collisions
into both, the bulk plasma ions and electrons. Total NBI heating power P of
bulk plasma is then a sum of the power transferred to plasma electrons Pe and
to ions Pi:

P = Pe + Pi = 2m1/2
e mBADEB

3(2π)1/2T
3/2
e

+ m
5/2
B AD

22/3miEB
, (3.3)

where
AD = nee

4lnΛ
2πϵ2

0m
2
B

(3.4)

and ϵ0 is the vacuum permittivity, e is the elementary charge, me and mi are
electron and ion masses, mB is a mass of NBI fast ions, ne is an electron plasma
density, Te is a plasma electron temperature, lnΛ is the Coulomb logarithm and
EB is an actual energy of NBI fast ions [3], p. 246–247. The ratio of power
transmitted into the electrons and into ions (Pe/Pi) increases with the energy of
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the fast ions. Pe and Pi are equal if the fast ion energy reaches the critical value
of EC:

EC = 14.8 AB

A
2/3
i
Te , (3.5)

where AB and Ai are atomic masses of NBI and plasma ions.
If the energy of the NBI fast neutrals is higher than the critical energy EC,

formed fast ions are initially more likely to transfer their energy into plasma elec-
trons than plasma ions. The deflection of fast ions from its original direction
due to collisions with electrons is negligible, because their difference in masses
me ≪ mB. As the fast ion energy drops towards the critical energy EC, they start
to collide more likely with plasma ions instead with electrons. The fast ions are
scattered from their original direction by ion-ion collisions, because mi ∼ mB. Fi-
nally, the fast ion pitch, the fraction of the parallel velocity component in respect
to the local magnetic field lines, becomes purely random. The thermalization
process of the fast ions is finished, when the fast ions energy is comparable with
the bulk plasma ions.

The rate of fast ions slowing down is characterised by the fast ions slowing
down time τs:

τs = τse

3 ln
(︄

1 +
(︃
EB

EC

)︃3/2)︄
, (3.6)

where EB is the initial NBI fast ions energy and τse is the slowing down time of
the fast ions on the plasma electrons [3], p. 246–249, defined as:

τse = 3 (2π)1/2 T 3/2
e

m
1/2
e mBAD

∼ T 3/2
e
ne

. (3.7)

If we consider the deuterium beam injection with the beam energy EB =
40 keV into the deuterium plasma with the electron temperature Te = 1 keV and
the electron density ne = 2–10 × 1019 m−3, which are typical core plasma values
for the COMPASS tokamak discharges, the critical energy EC = 18.6 keV and
the slowing down time τs = 10–50 ms.

3.3 Fast ions losses
Despite optimizations of NBI energy, orientation, beam geometry and other pa-
rameters, there is always a part of the NBI injected neutrals and the NBI fast
ions lost by various channels, which are listed below.

• Shine-through losses represent neutrals from the NBI which were not
ionized. They simply pass through a plasma and end up on the a tokamak
wall. The losses are considerable when the plasma is collisionally thin, which
means that the beam trajectory across the plasma is shorter or comparable
with the ionization mean free path of the beam neutrals.

• Orbit losses are caused by fast ions trajectories ending on the tokamak
wall. Even guiding center trajectories passing only close to a tokamak wall
can lead to the fast ions loss if their Larmor radius is wider than the distance
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between the guiding center trajectory and the tokamak wall. The losses of
the fast ions, which are lost via the orbit losses before the fast ions finish
their first orbit, are called first orbit losses.

• Charge-exchange losses are a consequence of collisions between fast ions
and background neutrals. They lead to the re-neutralization of fast ions, so
they do not follow magnetic field anymore and can end up on the tokamak
wall. A part of the re-neutralized fast ions is not lost as the fast neutrals
can be ionized again by a next collision with the plasma particles before
the fast neutrals escape the plasma.

• Ripple losses are caused by the loss cone of the magnetic mirror effect
due to the finite number of toroidal coils and they are special kind of the
orbit losses. The toroidal field between toroidal coils is weaker than in the
close vicinity of the coils. As the ratio between the highest and the lowest
magnetic field at specific position, i.e. radius R and height z, decreases, the
ripple becomes negligible. The ripple losses are localized at the low field
side plasma edge.

• MHD induced losses are a consequence of the fast ions interaction with
so-called magneto-hydrodynamic (MHD) instabilities. The MHD instabil-
ities impact fast ions by various channels, based on the MHD instability
kind. They can cause direct expulsion of the fast ions from the plasma, an
additional slowing down or a redistribution of fast ions.

The amount of the lost NBI power depends on the beam energy, the beam
orientation with respect to the tokamak and the plasma current direction and
on plasma parameters, especially the plasma density or the neutrals density,
which are responsible for the charge-exchange losses. The shine through losses
are negligible for collisionally thick plasmas. The orbit losses depend on the NBI
ionization profile, as it defines initial conditions for fast ions. If the beam particles
are mainly ionized at the plasma edge, they follow guiding center trajectories
ending on or passing close to the tokamak wall more likely. The orbit losses also
depend on the orientation of initial fast ions velocity with respect to the plasma
current, as seen in the figure 3.2. When a fast neutral with a toroidal velocity
component oriented parallel with the plasma current is ionized, the resulting fast
ion is on an outer part of its banana orbit and will subsequently move deeper
into the plasma. On the other hand, if a fast neutral with antiparallel direction
is ionized in the same location, the resulting fast ion is on the inner part of
its banana orbit, therefore it will be subsequently guided towards the tokamak
wall, increasing the probability of open trajectory or fast ion loss due to its large
Larmor radius. The CX losses are mainly influenced by the background neutral
density, which is decreasing towards the plasma core. Therefore, fast ions born
closer to a plasma edge are lost more likely.
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3.4 Impact of the neutral beam injection on the
global plasma parameters

The primary goal of using NBIs is to heat a plasma and drive an additional
plasma current. However, NBI heating also affects other plasma parameters.
The overview of the expected impacts of NBI on the global plasma parameters
follows in this section.

3.4.1 Halo neutrals
NBI injection is responsible for a modification of the local thermal neutral density.
NBI neutrals undergo charge-exchange collisions (CX) with plasma ions which be-
come neutrals, but with the energy distribution of the original bulk plasma ions.
As the mean-free path of the neutrals decreases with their decreasing energy, the
newly formed neutrals undergo another collisions including CX with plasma ions
very likely. Through consequent collisions, a cloud of thermal neutrals around
NBI is formed. These neutrals are called the halo neutrals. Beam-based diag-
nostic such as charge-exchange recombination spectroscopy and beam emission
spectroscopy [13], fast ion Dα spectroscopy [14], active neutral particle analysis
[15] take advantage of the presence of these halo neutrals. On the other hand,
the halo neutrals can cause local increase of the fast ions charge-exchange losses.

3.4.2 Kinetic profiles and energy confinement time
The impact of the NBI heating on the plasma kinetic profiles, such as plasma
density or temperatures, and energy confinement time depends on the NBI de-
position and plasma transport. However the plasma transport can be affected
by the presence of the NBI fast ions. If the plasma temperature is increased,
the chaotic thermal motion of the plasma particles also grows up, which leads to
additional transport and consequently increase of the plasma energy and particle
losses. Therefore the plasma confinement degrades with the total input plasma
heating Pin, including additional plasma heating by NBI. This is reflected in the
energy confinement time τE scalings, which predict τE ∼ Pα

in with α in range from
−0.7 up to −0.3 as can be seen later for example in equations (6.10), (6.12) or
(6.13).

If the NBI energy EB is optimal for the plasma density, the NBI energy is
deposited mainly in the plasma core. However if the NBI deposition profile is
localized out of the plasma core, it can cause flattening of the kinetic profiles,
such as plasma density or temperatures, between plasma core and NBI deposition
location [2], p. 469–472.

3.4.3 Plasma rotation
The NBI is injected in one direction with respect to the plasma, transferring
an additional momentum. The additional momentum spins up the plasma to
significant rotation velocities in comparison with an intrinsic spinning plasma.
Cross sections of collisions between NBI particles and plasma particles depend
on their relative speed. As the plasma rotates in the same direction as the NBI
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is injected, the relative collisional energy drops and consequently collisional cross
sections are modified [16].

3.4.4 Neutron yield
In the future, the main source of neutrons will be the fusion reaction of the high-
energy tail of Maxwellian distributed bulk plasma ions. The neutrons originating
in this reaction are called the thermonuclear neutrons. They are significant only
for the biggest tokamaks, where the ion temperature and confinement are suffi-
cient. Nowadays, the main source of neutrons in tokamaks is a collision between
bulk plasma ions and NBI fast ions, they are called beam-target neutrons. An-
other source of neutrons is a collision between NBI particles, so called beam-beam
neutrons, which production increases with NBI’s ions density. In case of the
medium sized tokamaks, such as the COMPASS tokamak, we can expect, that
the beam-target neutrons are dominant and their yield is given by the following
formula:

sbeam−target = nenfi⟨σDDvcol⟩ , (3.8)

where sbeam−target is the neutron yield, ne is the plasma density, nfi is the fast ion
density, σDD is the cross section for the fusion reaction between two deuterium
atoms, DD reaction, as deuterium is the mostly used working gas for the tokamak
experiments nowadays, and vcol is the collisional velocity between the bulk plasma
ions and NBI fast ions. The fusion cross-sections for DD and DT reactions are
in the figure 3.3.

Figure 3.3: The fusion cross-section for DD and DT reaction as function of the
beam energy [4], p. 22. The COMPASS specific NBI energies are highlighted by
black lines.

NBIs power is partially transferred into a plasma as its additional momentum,
as discussed above. The additional plasma rotation is in the same direction as the
NBI injection direction. Therefore, the relative collisional velocity is reduced. If
the relative collisional energy drops, the DD cross section is also reduced, as can be
seen on the fusion cross section in figure 3.3. Therefore, the highest neutron yield
is achieved during so-called balance injection, when NBIs are injected in both
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the co- and counter-current orientation with such powers that their additional
momentum delivered to the plasma cancel out [17].

3.5 Impact of NBI fast ions on the MHD insta-
bilities

So-called MHD instabilities are derived from magneto-hydrodynamic equations
(MHD), which describe plasma behaviour. They are driven by two quantities:
plasma pressure and plasma current. Pressure driven instabilities are unstable
due to a pressure gradient limit. Current driven instabilities are unstable as a
consequence of the parallel current component limit in respect to the magnetic
field. The overview of MHD instabilities is given in [18]. NBI heating affects most
of them, because it drives an additional plasma current and increases plasma pres-
sure as a consequence of plasma temperature increase. There are also instabilities
directly driven by fast ions inside plasmas. Following subsections discuss more
into detail only the sawtooth instability and edge localized modes, because their
experimental observations on the COMPASS tokamak are analyzed in chapter 7.

3.5.1 Sawtooth instability
The so-called sawtooth crash is connected with a destabilized internal kink mode
(mode numbers m,n = 1), which is a current driven core localized mode, defined
with the safety factor q = 1 [18]. As central heating is applied, the core plasma is
hotter, which leads into peaking of the plasma current (R ∼ T−3/2

e ) and increase
of the pressure gradient. When the plasma current is peaked enough, q becomes
< 1 and the kink mode can become unstable and the sawtooth crash occurs.
During the crash, a part of the hotter plasma is ejected from the central part
delimited by an inverse radius rinv, where q < 1. This causes the flattening of the
peaked temperature and density profiles, which means a drop inside rinv and an
increase outside. This sudden redistribution is well visible on temporal evolution
of the temperature and density localized signals with a typical sawtooth shape.
After the crash, the plasma current profile is also flattened, which means that the
shear of the magnetic field lines is abruptly changed, as reconnection happens.
An overview of the sawtooth behavior is given in [19].

The presence of fast ions inside and around the kink mode can have both
stabilizing and destabilizing effect. There are two phenomena affecting the saw-
tooth stability, which are driven by the NBI fast ions. The first is the plasma
rotation, which generally stabilizes the sawtooth instability. If the plasma ve-
locity increases as the NBI heating is applied, the sawtooth instability is more
stable. However, the resulting impact of the NBI heating on the plasma velocity
and consequently on the sawtooth instability depends on the NBI injection di-
rection and the direction of the intrinsic plasma rotation, as the resulting plasma
velocity can be lower than the intrinsic one. The stabilizing effect by the plasma
rotation is dominant for highly rotating plasmas.

The second phenomena affecting the sawtooth instability is opposite effect
of ∇B drift on co- and counter-passing fast ions born in the vicinity of q = 1
surface. The co-passing fast ions are moving inside q = 1 surface mainly in the
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so-called favourable curvature region and they are contributing to the kink mode
stabilization. Because the ∇B drift has an opposite effect for counter-passing fast
ions guiding center motion, as shown in the figure 3.2, they are moving inside
q = 1 surface at the adverse so-called unfavourable region and leads to the kink
mode destabilization [20]. The drifts of particles in a vicinity of q = 1 surface and
the favourable and the unfavourable curvature regions are shown in figure 3.4.

Figure 3.4: The ∇B drift causes that the co-passing and counter-passing fast
ions in the vicinity of the q = 1 magnetic surface move inside the q = 1 surface
mainly at the high field side (HFS) and low field side (LFS) respectively. If the
fast ions move inside the q = 1 magnetic surface at the high field side (favourable
curvature region) they stabilize the kink-mode and vice versa for the low field
side (adverse curvature region) [21, 22].

3.5.2 Edge localized modes
Edge localized modes (ELMs) accompany the high confinement mode of plasma,
so-called H-mode. The main characteristic of the H-mode is a region located close
to the last closed flux surface (the separatrix), where the sheared perpendicular
plasma rotation is driven by E × B forces. The rotation suppresses turbulences
leading to the local neoclassical transport and consequently steep gradient in a
plasma pressure and a high bootstrap current. This region is called a pedestal.
Thanks to the steep gradients, the H-mode confines plasma energy about two
times better than a standard plasma mode, called L-mode (low confinement
mode).

As mentioned in the introduction of this section, the MHD stability is limited
by the pressure gradient or the parallel current. The pedestal region can exceed
both of these limits. When the MHD stability limits are surpassed, the burst
of heat flux towards plasma wall occurs, pedestal gradients drop below MHD
limits and start to grow again. These bursts are edge localized modes, ELMs.
Because ELMs can be caused by different MHD instabilities, they have different
behaviour. Based on the experimental observations, there are two main kinds of
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ELMs: Type I and Type III. The observable quantity to distinguish these types is
dfELM/dPsep norm, where fELM is ELM frequency and Psep norm is a power passing
through the separatrix normed to the separatrix surface. If the ELMs frequency
decreases with the normed power through the separatrix, dfELM/dPsep norm is
negative, the ELMs are considered to be Type III and vice versa for Type I
ELMs.

• Type I ELMs are big ELMs caused by the pressure gradient limitation.
Because they are limited by a pressure gradient, despite increasing Psep norm
they reach similar pressure gradient limit. Therefore a lost plasma en-
ergy per ELM is almost constant and the ELM frequency fELM grows with
Psep norm.

• Type III ELMs are thought to be caused by passing the pedestal current
limit. As their frequency fELM drops with Psep norm, their limiting pressure
gradient increases and also realized energy per ELM.

In general, the released energy per ELM is higher for Type I ELMs, there-
fore the aim is to avoid them, because they can cause damage to plasma facing
components. On the other hand, ELMs flush the fusion ash (helium) and plasma
impurities across the pedestal, which prevents the impurity accumulation in the
plasma and its consequent radiation collapse. Therefore the research is focused
on an H-mode scenario development with small and frequent ELMs and a high
plasma energy content or another advanced scenarios without any sudden plasma
bursts and simultaneously with a sufficient impurity transport. More detailed de-
scription of ELMs mechanism and experimental results is given in [23, 24].

A use of the additional plasma heating leads to the increase of Psep norm and
consequently has an impact on the ELMs frequency. Simultaneously, the ELMs
affect the fast ions content in the vicinity of the sepatratrix [25] and can affect
the fast ions velocity [26].

3.6 Fast ions diagnostics
The presence of the fast ions is measured by various diagnostics. The oldest one
is the neutral particle analyzer (NPA), which detects energy and mass resolved
fluxes of the fast neutrals escaping plasma. The fast neutrals are products of the
charge-exchange reactions of fast ions and neutrals, usually background or halo
neutrals.

Another particle-based diagnostic is the fast ion loss detector (FILD), which
detects plasma fast ions directly. FILD head is inserted into the edge region of
the plasma and the fast ions can enter a small slit. The FILD head shape secures
that only fast ions enter the slit. There is a detector mesh inside the FILD head,
which counts incident particles. The position on the FILD detector correspond
to the fast ions pitch-energy space [27].

The last broadly used fast ions diagnostic is a fast ion D-α (FIDA). FIDA
observes a diagnostic beam with several view lines, which serves as an additional
neutral source for the charge-exchange, and measures light in a vicinity of the
D-α line. As the plasma fast ions collide with beam neutrals, halo or background
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neutrals, some of them are excited and the excitation energy is almost immedi-
ately radiated as a D-α photon. However, the wavelength is Doppler-shifted, as
it is radiated by a fast neutral. Therefore, there is a branch of the measured D-
α, which wavelength shift from the original line corresponds to the pitch-energy
space of the original fast ions, and the branch intensity is proportional to the fast
ions local density [14].

As two of three usually used fast ions diagnostics are based on the charge-
exchange reaction, I have been also working on the background neutral density
detection. The background neutral density is one of the inputs for the synthetic
diagnostics, which are essential for the further analysis of FIDA and NPA.
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4. Tokamak COMPASS and its
additional heating system
Tokamak COMPASS was originally constructed and operated by UKAEA at Cul-
ham, UK. It was moved to IPP, CAS, CR in 2007. The tokamak COMPASS has
the same magnetic configuration as the ITER tokamak and it is 1:10 propor-
tionally smaller in a size. Therefore it is a perfect testing device for the ITER
tokamak [28, 29]. The overview of basic COMPASS parameters is given in the
table 4.1.

Major radius R 0.56 m
Minor radius a 0.23 m

Maximum plasma current IP 400 kA
Toroidal magnetic field on axis Bt 0.9–2.1 T

Maximum puls duration ∼ 1 s

Table 4.1: The tokamak COMPASS basic parameters [29].

The following section 4.1 introduces the tokamak COMPASS diagnostics sys-
tems, which are exploited for this thesis. The section 4.2 describes the neutral
beam heating system installed on the COMPASS tokamak.

4.1 COMPASS diagnostics
The tokamak COMPASS is equipped by a wide range of diagnostics [30]. Diag-
nostics exploited for this thesis are listed below:

• Magnetic diagnostics provide inputs for the EFIT equilibrium recon-
struction and the plasma current IP measurements. The EFIT solves the
Grad-Shafranov equation (4.1) and it simultaneously employs a boundary
condition, that a kinetic plasma pressure on the separatrix is zero [31, 32].

R2∇
(︄

∇ψ
R2

)︄
= −µ0R

2 dp
dψ − j

dj
dψ , (4.1)

where R is the tokamak major radius, ψ is the magnetic flux, µ0 is the
vacuum permeability, p is the plasma pressure and j is the plasma current
density.
The outputs of the Grad-Shafranov equation solution are profiles of the
toroidal current density and the plasma pressure gradient profiles as func-
tions of the magnetic fluxes and a map of the magnetic fluxes. The condi-
tion pseparatrix = 0 allows to determine pressure profile and consequently the
stored energy in the plasma WEFIT. The EFIT reconstruction employed on
the COMPASS does not include any correction on the centrifugal pressure
caused by the plasma rotation or correction to the NBI fast ions presence
[33].
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• Soft X-rays (SXR) are mainly produced by a bremsstrahlung radiation
and are also emitted by plasma impurities. Three pinhole cameras with
2×35 and 1×20 channels are installed on the COMPASS tokamak for the
tomographic reconstruction of the plasma radiation. The cameras detect
photons in energy range 1–13 keV with a time resolution 3µs, which allows
detection of MHD instabilities evolution such as the sawtooth instability
[34].

• Thomson scattering radiation of electrons is triggered by a laser passing
through the plasma. Electron temperature Te and density ne profiles are de-
termined from intensities of the scattered spectral lines and their FWHMs.
There are four Nd:YAG lasers, each with 30 Hz repetition rate, and two
collection objectives installed on the COMPASS tokamak. One objective
with 24 view-lines is dedicated to a plasma core and second one with 30
view-lines is directed at the plasma edge. [35, 36].

• Interferometer measures the line integrated density ⟨ne⟩, which is inferred
from the phase shift difference of microwaves passing through the plasma
with respect to reference waves. The COMPASS interferometer is unique
by its two similar wavelengths adjustment [37].

• Radiometer detects frequencies in a range of the electron cyclotron emis-
sion (ECE) by 16 channels. Magnitudes of signals are proportional to local
electron temperatures. Usually the radiometer collects directly ECE waves,
however COMPASS operates often with over-dense plasmas. Despite that,
the local electron temperatures can be derived from the radiometer signals
thanks to the EBW-X-O conversion [38, 39, 40].

• Neutron detection is provided by a couple of unshielded NaI(Tl) scintil-
lation detectors, a composite ZnS(Ag) scintillation detector shielded by 10
cm of lead and by a 3He detector with a count rate 33 counts/s [30, 41].
Data in this thesis were measured by the ZnS(Ag) detector.

• Neutral particle analyzer (NPA) measures energy spectra of escaping
neutral atoms from the plasma, mainly hydrogen and deuterium. NPA col-
lects thermal or super-thermal atom fluxes. Currently, the NPA is the only
diagnostic on the COMPASS providing information about ion temperatures
or fast ion behaviour. Therefore it is a crucial diagnostic for NBI impact
studies and it is described more into the detail in the following subsection.

4.1.1 Neutral particle analyzer
Neutral particle analyzer (NPA) collects atoms ejected from the plasma, which
are products of the charge-exchange collisions of the plasma ions and neutrals
presented in the bulk plasma. The neutrals entering the NPA entrance slit are
ionized by collisions with nitrogen gas inside a stripping cell. Formed ions are
sorted by an electric and a magnetic field into channeltrons, which are 24 in total
(12 for hydrogen, 12 for deuterium) in case of ACORD-24, which is installed on
the COMPASS tokamak. Scheme of the ACORD-24 is depicted in the figure 4.1.
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Figure 4.1: Scheme of the neutral particle analyzer ACORD-24 installed on the
COMPASS tokamak. Charged particles are deflected from the incident flux of
upcoming particles (1) by the electric field (2). Remaining neutrals are ionized
while passing through the stripping cell filled by nitrogen (3). Formed fast ions
are sorted by the magnetic field (4) and the electric field (5). Finally, sorted ions
hit the array of the detectors (6) according to their mass and energy. Reprinted
from [42].

The ratio of measured energies by the NPA is given by its geometry, however
the variability of the sorting fields allows us to tune measured energy ranges.
ACORD-24 is capable to measure hydrogen atoms in the energy range from
0.25 keV to 70 keV and deuterium from 0.3 keV to 50 keV with a time resolution
from 1000µs down to 50µs [43, 44].

Despite the fusion plasmas are considered as the fully ionized, there are neu-
trals in the entire volume of a tokamak plasma with energies in the energy range
of the ACORD-24. Their origin is as follows. Working gas molecules, mostly
hydrogen isotopes, are injected into a tokamak chamber by a gas puff or they
are desorbed from tokamak chamber walls, as the walls are heated up during
the discharge. As soon as molecules reach the plasma edge, they are dissoci-
ated. The formed cold atoms with temperatures ∼ 2 eV [45, 46] can undergo
charge-exchange (CX) collisions with plasma ions with energies given by local ion
temperatures. The products of the CX collisions are atoms with almost same
energy distribution as the original plasma ions and thus their temperatures are
several orders of magnitude higher than those of the original neutrals. The faster
atoms are, the longer mean free paths through the plasma they have. Therefore
the CX products can reach even the plasma core. The multi-step CX collisions
supply the neutrals into the bulk plasma. This process is depicted in the figure
4.2. Other sources of neutrals inside the COMPASS plasma are ion-electron re-
combination, which can be omitted for plasma densities below 1020m−3 [46], NBI
injection, a source of the high-energetic neutrals and consequent halo neutrals in
a vicinity of NBI plasma trajectory, or the pellet injection, which is used only for
the specific COMPASS experiments [47].

The bulk plasma neutrals propagate independently on the tokamak magnetic
field and therefore they can easily escape plasma. The escaping neutrals are
detected by the neutral particle analyzer, which measures line integrated escaping
neutral fluxes. The measured flux depends on profiles along the plasma NPA
sight line of the background neutral density, the plasma ions distribution and the
neutral flux attenuation caused by re-ionization collisions of neutrals with plasma
particles. The measured neutral flux is expressed by the equation (4.2). The term
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Figure 4.2: Scheme of a formation of background neutrals. Injected or desorbed
molecules of the working gas D2 (blue arrows) dissociate. Formed atoms (brown
arrows) have low energies and therefore short mean free paths. When they un-
dergo charge-exchange collision with the plasma ions (red swirls), they form faster
atoms with longer mean free path (green arrows). The newly formed fast neutrals
undergo multiple CX collisions and produce fast neutrals with same energies as
the plasma ions have. The other source of the background neutrals is recombina-
tion collisions of plasma ions and electrons (cyan arrow). Image reprinted from
[48].

integrated along the NPA line of sight is called emissivity, as it is expressed in
the equation (4.3).

Γ(En) = A
∫︂ L

0
n0⟨σv⟩CXni(En, p, l)

(︄∫︂ l

0

1
λatt(En, l)

dx
)︄

dl , (4.2)

defining the emissivity as

Γ(En) =
∫︂ L

0
emissivity(En, p, l)dl , (4.3)

where En is the measured energy of n-th channel, A is the geometrical factor
including a size of an NPA aperture and an opening angle, L is the length of
the NPA view-line, ⟨σv⟩CX is the CX collision rate, ni(En, p, l) is the density of
ions with velocity vectors directed towards the NPA, p is the fraction of the ion
velocity vector along the magnetic field lines so called pitch, λatt(En, l) represents
the re-ionization rate of the formed neutral flux and l describes the path along
the NPA view-line. The emissivity function median position along NPA view line
moves towards a plasma core with the measured energy. There are two reasons
for this phenomena. More energetic ions entering CX collisions are more likely
populated in the plasma core as the ion temperature is usually highest in the
plasma core. A second reason is that the faster neutrals are the less probable
their re-ionization is. Therefore the emissivity of each measured neutral flux is
different based on the neutrals energy.

As the NPA signal depends on several plasma parameters, it’s analysis can be
used to infer different plasma quantities, which are listed below.
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• Ion temperature is determined from the slope of the measured energy
spectra in the logarithmic scale, when thermal energy range is set. If we
assume that the majority of detected neutrals comes from the plasma core,
the collected neutrals have the same energy distribution function as the core
ions. However, these condition are barely fulfilled and a correction between
the determined ion temperature Ti CX and the real core ion temperature
Ti 0 has to be done [49, 43]. The ion temperature determination by this
approach is discussed more into detail in the section 6.3.1.

• Background neutral density profile can be obtained from the NPA
data, if all other quantities in the equation (4.2) are known [50] and the
developed method is described in the chapter 8.

• H/D mix ratio can be derived from the ratio of hydrogen and deuterium
neutral fluxes with the same energy [51].

• Fast ions behaviour translates into high-energy neutral fluxes.

For more detailed analysis of the measured fluxes, it is possible to employ
synthetic diagnostics such as FIDASIM [52] or DOUBLE [51] .

4.2 NBI on the COMPASS tokamak
The COMPASS tokamak was equipped by ECRH during its operation in the UK.
However, this system was not relocated to Prague. The neutral beam injection
(NBI) was selected as an additional heating system for COMPASS operation in
Prague. Two identical NBI systems were purchased from the Budker Institute of
Nuclear Physics, RU [53], each with a power up to 400 kW in produced neutrals.
The nominal beam energy is 40 keV which is obtained by a system of four accel-
eration grids with voltages 40 keV, 32 keV, −500 V and 0 V. Overview of the main
COMPASS NBI parameters is given in the table 4.2 and its scheme is depicted
in the figure 4.3.

maximum beam power in neutrals 2 × 400 kW
maximum beam current 12 A
maximum beam energy 40 keV

beam duration < 300 ms
operational gasses H, D, He

neutralization efficiency ∼ 85% for D
focus 1.86 m

width in focus ∼ 40 mm
grid diameter 167 mm

holes in each grid 887
grid hole diameter ∼ 4 mm

Table 4.2: Base parameters of NBIs on the COMPASS tokamak [53, 54].

Both beams are injected tangentially, usually co-current. The geometrical
focus of the NBI grids is aimed into the narrowest part of the beam duct to
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Figure 4.3: Scheme of the COMPASS NBI unit. 1: ion source, 2: vacuum tank,
3: cryopanels, 4: cryocooler head, 5: bending magnet, 6: movable calorimeter, 7:
connection to the tokamak, 8: positive ion dump, 9: injector carriage support.
Reprinted from [53].

eliminated a beam scraping in the beam duct, as shown in the figure 4.4. The
beam duct size is eliminated by the space between the COMPASS toroidal coils.

Figure 4.4: Connection of NBIs with the COMPASS vacuum chamber (left) and
a detail of the beam duct (right). Thick red lines represent simplified geometry
of the duct used for an estimation of the beam losses.

To predict losses caused by a relatively wide beam width in respect to the nar-
row beam duct, a simple beam model based on measured beam parameters was
employed. The beam parameters are derived from the Doppler shifted Dα lines
measured by the spectrometer, thermocouples installed in the beam calorimeter
and beam electrical quantities, such as the beam current Ibeam and the accel-
eration voltage Ubeam. The following subsections introduce an employed beam
model, the beam diagnostics and than the derived power losses in the beam duct.
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4.2.1 Beam model
The neutral beams can be described by two different sets of parameters. The less
accurate but more simple is a single Gauss beam representation. This model is
used to simulate beam inside a plasma, which is far enough from the last beam
grid. However, as shown later in this section, we can use this approximation
only for a limited range of beam settings. The second approach is to describe a
beam using multiple Gaussian beamlets emitted by the grid holes, which is more
accurate model. The beamlet approach is described and than the parameters of
a single Gaussian beam approach are derived from it. The scheme of a single
Gaussian beam and beamlets parameters is depicted in the figure 4.5.

Figure 4.5: A scheme of a single Gaussian beam and beamlets parameters. Beam-
let model is described by a grid system geometrical focus Fgrid, the last grid radius
Rgrid and a beamlet divergence. Single Gaussian model is represented by an ef-
fective beam focus Feff , an effective beam waist radius Weff and an effective beam
divergence. The waist is the narrowest part of the beam.

There are 887 identical Gaussian beamlets extracted from the last NBI grid
holes (z = 0) used in the model. The diameter of each hole is ∼ 4 mm. Fol-
lowing equations (4.4), (4.5) and (4.6) describe a general Gaussian beam and are
employed for both models.

Wz(z) = rb

⌜⃓⃓⎷1 +
(︄

(z − f)tan ξ0

rb

)︄2

(4.4)

I(r, z) =
(︂
πNgridW

2
z

)︂−1
exp

[︄
−
(︃
r

Wz

)︃2
]︄

(4.5)

2π
∫︂ ∑︂

Ngrid

In(r, z)dr = 1 (4.6)

The Wz is the 1/e beam/beamlet width in a distance z from the last grid, rb
is the beam/beamlet width in its focus f , which is grid focus Fgrid in the case of
the single beam model and the holes position (z = 0) in the case of the beamlet
model, ξ0 is the beam/beamlet divergence, I is a beam intensity, Ngrid is a number
of the grid holes in case of beamlet model and one for the single beam model and
r is a distance from a beam/beamlet axis. The intensity of the single beamlet is
normalized so that the total beam intensity is one.

The grid used in the beamlet model is planar and all beamlets are aimed into
the grid focus Fgrid. The grids are in the reality a spherical segments, but its
curvature can be neglected. The model grid and the real one are compared in the
figure 4.6.
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Figure 4.6: A grid used for calculations (left) and a photo of the real one (right)
[55].

Examples of several NBI profiles based on the beamlet model for the different
beamlet divergences ξ0 in various distances from the last grid are shown in the
figure 4.7. As far as the resulting NBI profile is sufficiently Gaussian, NBI can
be described by the single beam model. Therefore NBI profiles derived by the
beamlet model are fitted by a single Gaussian shape and effective parameters,
employed in the single beam model, are determined. The determined effective
single beam parameters as a function of the beamlet divergence ξ0 are plotted in
the figure 4.8.

Figure 4.7: NBI profiles for the different beamlet divergences ξ0 and in the differ-
ent distances from the last grid are a result of all beamlets contributions (solid
lines). The beamlet model profiles are fitted with the single Gaussian (dashed
lines). The single Gaussian model fits nicely for the highest beamlet divergence
(left), however it is accurate only in the vicinity of the grid focus (grid dis-
tance = 1.86 m) in the case of the lowest beamlet divergence. The x-axis on
the right panel has different range than two others, as the beam is significantly
narrower.

As the beamlet divergence ξ0 increases, the NBI profiles are more Gaussian-
like, see the figure 4.8, but simultaneously the effective parameters are deviating
from the NBI ion optical parameters, see the figure 4.8. The total beam effective
waist radius Weff and divergence grow and the effective focus Feff moves closer
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Figure 4.8: Effective NBI parameters characterizing NBI as a single Gaussian
beam as a function of the beamlet divergence, which is the beamlet model pa-
rameter. The effective parameters of the single beam model are obtained by the
fitting outputs of the beamlet model.

to the last grid. Simultaneously the beam is becoming wider in the area of the
narrow beam duct.

4.2.2 NBI diagnostics
The parameters of NBI are monitored by a spectrometer, which observes a set of
the Doppler shifted Dα lines. Its location is depicted in the figures 2.2 and 4.4.
The Doppler shifted Dα lines provide information about the beam composition,
the neutralization efficiency and the beamlet divergence [12]. The neutralization
efficiency can be also determined from the calorimeter thermocouples.

Doppler shifted spectra

A part of the fast neutrals produced by NBI is excited and it emits light, including
Dα lines. Extracted neutrals move with a few discrete energies, 40 keV, 20 keV,
13.3 keV and 4 keV in case of COMPASS NBIs, due to the different kinds of
accelerated and consequently dissociated ions (D+, D+

2 , D+
3 , D2O+). Their high

speeds lead into significant Doppler shifts of the emitted light, which is described
by the following equation:

∆λD = λ0
vb

c
cosΘ0 , (4.7)

where ∆λD is a line Doppler shift, λ0 is the wavelength of the original unshifted
line, vb is the velocity of the certain energy beam component, c is the speed of
light and Θ0 is an observation angle with respect to the velocity vector, which
is ∼ 45◦ in case of the COMPASS tokamak, as shown in the figure 2.2. The
light, including the shifted lines, is collected by the high-resolution spectrometer
observing the beam by the window shown in the figure 4.4. An example of the
collected spectra is shown in figure the 4.9.

The concentration of the extracted ions by the acceleration grids is directly
proportional to the corresponding Doppler shifted line intensity. Therefore it

33



Figure 4.9: An example of the measured NBI spectra. There are unshifted Dα and
Hα lines and four Doppler shifted Dα lines, which are emitted by fast neutrals
of the different beam energy components. The spectrum is measured by the
spectrometer installed in the beam duct under ∼ 45◦ with respect to the NBI
axis. Black points represent measured data, red curve is the total fit by several
Gaussians and green lines are individual Gaussians.

is possible to determine the extracted ions rations as defined in the following
equations:

nD+
2

nD+
= c2

IE/2

IE
,

nD+
3

nD+
= c3

IE/3

IE
,

nD2O+

nD+
= c10IE/10

IE
, (4.8)

where nD+ , nD+
2

, nD+
3

and nD2O+ are concentrations of extracted ions by the
NBI grids, IE, IE/2, IE/3 and IE/10 are Doppler shifted lines intensities and c2,
c3, c10 are constants derived from neutralization, excitation, radiation and the
dissociation, in case of the molecular ions, cross sections. Since the extracted ion
ratios are known, the total measured beam current can be divided between each
ions species. Subsequently, the power carried by the each energy component (PE,
PE/2, PE/3, PE/10) is calculated as a product of the corresponding ions current, the
corresponding neutralization efficiency and the energy of the given component.
The total beam power carried by the produced fast neutrals Ptot is a sum of power
contributions of all beam energy components.

Divergences of beamlets formed by the NBI grid holes are derived from the
Doppler shifted line widths, again separately for each beam energy component.
Detailed description of the data processing used on the COMPASS is given in
my master thesis [56] and partially published in [12], which follows [57, 58] for
beam species composition, using cross sections from [59, 60], and [61] is followed
for a beamlet divergence. To derive the beamlet divergence following equations
are used:

ξi =

⌜⃓⃓⎷ δ2
i − δ2

s
∆λ2

Di
tg2Θ0

−
R2

grid

F 2
grid

−
T∥i

Eitg2Θ0
i = E,E/2, E/3, E/10 , (4.9)

where ξi is the beamlet divergence in 1/e beam width, δi is 1/e Doppler shifted line
width, δs is the spectrometer instrumental 1/e broadening (FWHM = 0.06,nm
for spectrometer used on the COMPASS tokamak), ∆λD is the line Doppler shift,
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Rgrid is the NBI grid radius, Fgrid is the NBI ion optical focus, T∥i
is the parallel

temperature of the accelerated neutrals with an energy Ei and Θ0 is the observing
angle (∼ 45◦ in our case).

The parameters derived by this method for NBI1 are published in [12], how-
ever the NBI1 measurements do not cover all possible NBI1 power range. The
dependencies of NBI2 parameters on the product of the beam acceleration voltage
and the extracted beam current UbeamIbeam are in the figures 4.10, 4.11 and 4.12.
All measurements were obtained with the nominal beam voltage Ubeam = 40 keV
during a wide range of the COMPASS experiments. Usually a single spectrum
per a single NBI injection is collected. A variation of data points for one value of
the extracted beam power UbeamIbeam is given by different NBI conditions during
operation such as status of the ion source and the grids surfaces and fraction of
heavy particles.

Figure 4.10: Dependence of the extracted ions concentrations on the extracted
beam power UbeamIbeam for NBI2.

Figure 4.11: Dependence of the NBI2 beamlet divergences ξi on the extracted
beam UbeamIbeam. The beamlet divergence for an energy component E/10 is ∼ 4◦

with data points spread ±1◦ without significant dependence.
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Figure 4.12: Dependence of the total produced NBI2 powers carried by fast
neutrals on the extracted beam power UbeamIbeam carried by ions.

The concentration of D+ ions increases with the extracted beam power carried
by ions UbeamIbeam and it is mainly balanced with the drop of the D+

3 ions con-
centration, as seen in the figure 4.10. It is given by the increase of the applied RF
power into the ion source discharges, which leads to the more efficient molecule
dissociation before their acceleration inside the ion source.

The beamlet divergences ξi of E, E/2 and E/3 components reduce with the
extracted beam power UbeamIbeam, as seen in the figure 4.11. It is in the agreement
with the grid system design, which was optimized for the beam current Ibeam ∼
10 A and the beam voltage Ubeam = 40 keV [53]. Unfortunately, the additional
line broadening caused by the beamlet divergence itself for the highest values of
the extracted beam power UbeamIbeam is in range of the method inaccuracy and
therefore it is indistinguishable. The general decreasing trend is important for
NBI transition through the narrow beam dump as is shown in the section 4.2.3.
The beamlet divergence of E/10 component is significantly higher, but does not
play a role as the PE/10 is negligible.

Despite different trends of powers carried by fast neutrals for each energy
component, their sum Ptot is linearly increasing with the extracted beam power
carried by ions UbeamIbeam with the factor 0.85, which is the total NBI neutral-
ization efficiency fneut.

Calorimeter thermocouples

The total neutralization NBI efficiency fneut can be also determined from tem-
perature measurements of eight thermocouples installed inside the calorimeter as
depicted in the figure 4.13. The integral over time of the thermocouple signal is
directly proportional to the applied heating power. However, the proportionality
factor depends on many parameters and vary over time how the thermocouples
material degrades. Despite that the neutralization efficiency can be determined
from a ratio of the thermocouples measurements for a pair of the NBI injections
with switched on and switched off bending magnet. When the bending magnet
is switched on, the calorimeter is heated only by a power of produced neutrals.
While the bending magnet is switched off, the calorimeter is heated by the all
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extracted ions from the ion source. The neutralization efficiencies derived from
two pairs of the NBI2 injections are shown in the table 4.3.

Figure 4.13: Calorimeter side view (left) and front view (right) with the thermo-
couples locations T1–T8.

UbeamIbeam ∼ 360 kW ∼ 400 kW
beam duration 120 ms 20 ms
T1 97.5 % 83.7 %
T2 92.2 % 87.6 %
T3 93.7 % 80.9 %
T4 86.7 % 92.8 %
T5 98.8 % 80.7 %
T6 94.8 % 86.2 %
T7 95.2 % 93.7 %
T8 100 % 100 %
average 94.0 % 86.5 %

Table 4.3: Neutralization efficiency for two different NBI2 settings derived from
calorimeter thermocouples measurements.

The thermocouples measurements are slightly higher than the resulting 85 %
determined by the spectroscopic measurements. However, a difference between
individual thermocouples measurements is significant. As this method requires a
pair of identical NBI injections and it does not bring any advantages in compar-
ison with the spectroscopic measurements, it is rarely used.

4.2.3 Power losses in the beam duct
NBIs are injected into the COMPASS tokamak through the narrow beam ducts,
as seen in the figure 4.4. The total beam power produced in neutrals Ptot is
reduced by a power lost inside the beam duct Pduct before it is injected into the
tokamak as the auxiliary heating power PAUX. There are two common channels
of the beam power losses in the beam duct. First, the NBI neutrals can be re-
ionized by collisions with the residual gas inside the beam duct and the formed
ions are deflected by the tokamak magnetic field. Second, it is the NBI scraping
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due to the narrow beam duct, which can be estimated by a geometrical beam
model. Both of these effects are discussed below.

Re-ionization NBI losses

As the beam neutrals are passing through the beam duct, they can be ionized
as they collide with the residual gas coming from the tokamak chamber. The
re-ionization losses are important only if the mean free path of the beam neutrals
in the beam duct is comparable or shorter than the beam duct length. The
estimation of the beam neutrals mean free path inside the beam duct is as follows.
The ionization cross-section σi for the studied range of NBI neutrals energies is
σi ∼ 1–2 × 10−20 m2, the pressure of the residual gas pgass inside the beam duct
is ∼ 10−3 Pa and its temperature Tgas is assumed to be the room temperature.
The gas pressure is measured by the pressure gauge located nearby the NBI duct
and it measures a pressure inside the tokamak chamber. As NBI is equipped by
own vacuum pumps, the tokamak pressure is considered as the upper limit. The
estimation of re-ionization mean free path is given in the following equation:

λ = (ngasσi)−1 = kBTgass

pgassσi
= 202–405 m , (4.10)

where ngas is the beam duct residual gas density and kB is the Boltzmann constant.
The re-ionization under these conditions causes the NBI losses lower than 1 %
per 1 m. Even if the residual gas pressure was one order higher, 10−2 Pa, the lost
power would increase up to 5 % per 1 m. Therefore the re-ionization losses are no
considered as a part of the beam duct losses as they are negligible in case of the
COMPASS tokamak.

Beam duct scraping losses

The effect of the narrow beam duct is assessed by the geometrical beam model
described in the section 4.2.1 and by the simplified beam duct geometry for the
COMPASS tokamak beam duct. The beam duct is represented by three cylinders,
highlighted in the figure 4.4. The passing fraction of NBI varies with the beamlet
divergence ξ0. The examples of the NBI profiles cross-section are shown in the
figure 4.14.

The effective beam parameters evolution with the beamlet divergence ξ0 seen
in the figure 4.8 is well visible on the beam vertical cross sections. As the beamlet
divergence ξ0 increases the position of the NBI waist, the narrowest beam location
with the effective radius Weff , moves towards the last grid, i.e. the effective beam
focus Feff shortens. Consequently the beam is becoming wider in the region of
the beam duct which leads to degradation of the passing beam power fraction
through the beam duct. The dependence of the beam passing fraction through
the beam duct on the beamlet divergence ξ0 based on the beamlet and the single
Gaussian beam model is in the figure 4.15.

The single beam model, which is more simple, matches well the results of
the more accurate beamlet model. The beam lost fraction is negligible for the
beamlet diverges ξ0 < 0.6◦.

If the measured beamlet divergence depicted in the figure 4.11, is combined
with the NBI passing fraction through the COMPASS narrow beam duct in the
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Figure 4.14: Vertical beam cross sections of the NBI installed on the COMPASS
tokamak based on the beamlet model, defined by the equations (4.4), (4.5) and
(4.6), for different beamlet divergences ξ0 and the passing power through the
cylinders represented by black lines. The orange crosses represent the beam ion
grid focus Fgrid. As the beamlet divergence ξ0 increases the beam becomes wider
and the passing fraction of the beam power through the beam duct is reduced.

Figure 4.15: Beam passing fraction through the COMPASS narrow beam duct,
which is causing the beam scraping, versus the beamlet divergence ξ0 for the
NBIs installed on the COMPASS tokamak. The dashed red line is based on the
beamlet model and the the green solid line is based on the single beam model
exploiting the effective beam parameters shown in the figure 4.8.

figure 4.15, the passing fraction of the each beam energy component is deduced.
By multiplying the passing fractions with the produced powers in each energy
component shown in the figure 4.12, the auxiliary heating entering the COMPASS
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tokamak PAUX is determined. The passing fractions separately for each energy
component are shown in the figure 4.16 and the passing powers, including the
power entering the tokamak chamber, i.e. the auxiliary heating power PAUX , are
depicted in the figure 4.17.

Figure 4.16: The passing beam fraction for each beam energy component and
the total power fraction entering the tokamak chamber PAUX/Ptot. The E/10
component is not considered as there is almost no power in it and its beamlet
divergence is pretty high. In the panel for all components, the violet dots repre-
sents mean values of neighbouring points and the violet line is a fit used in the
following chapters.

The total NBI power lost due to the narrow beam duct is ∼ 50 % in the
worst case and improves with the total produced NBI power Ptot. As the Doppler
shifted spectra measurements are not available each time, it is not possible to
derive the beam passing fraction for each individual NBI injection. Therefore it
is beneficial to derive a general formula for the total passing fraction dependence,
the violet solid line in the figure 4.16. It is fitted by modified hyperbolic tangent
function, which is sufficiently variable. The fit is following:

fpass = 0.5
[︄

exp(x) + f exp(−x)
exp(x) + exp(−x) + 1

]︄
, (4.11)

where

x = c(Ptot − p) , f = a+ bPtot , Ptot = 0.85UbeamIbeam , (4.12)

c = 0.0258 , p = 320 , a = −1.286 , b = 0.00558. (4.13)
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Figure 4.17: Passing power through the narrow beam duct based on the measured
NBI beamlet divergences ξ0 from the figure 4.11 and the calculated beam passing
fraction dependence on the beamlet divergence ξ0 from the figure 4.16. The solid
black line represents a case of no losses in the beam duct, total power produced
in the fast neutrals Ptot, and violet dashed line represents total power entering
the COMPASS tokamak chamber PAUX.

To conclude, the NBI auxiliary heating power entering the COMPASS cham-
ber PAUX is derived from the measured Doppler shifted beam spectra and from
the derived passing fraction dependence, which is shown in the figure 4.15. If the
Doppler spectra are not available, it is possible to employ the determined formula
for the passing fraction fpass introduced in the equation (4.11) which requires the
beam acceleration voltage Ubeam and the extracted beam current Ibeam as the
inputs. The re-ionization losses of fast neutrals in the beam duct are omitted as
they are negligible in comparison with the beam scraping losses.
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5. Campaigns and simulations
dedicated to the NBI
characterization
Several thousands of NBI-assisted discharges were performed during the COM-
PASS tokamak operation. Dedicated campaigns operated in the low confinement
modes (L-modes) were set up to assess the basic characterisation of the impact
of the NBI heating on the plasma. The L-mode is more suitable for the basic
characterization as there is a lack of pedestal or L-H transition effects, which can
cause ambiguous data interpretation. The vast majority of these discharges was
carried out with the NBI injector 2 (NBI2) and several similar discharges were
also carried out with the NBI injector 1 (NBI1), depicted in the figure 4.4. Basic
dependencies that were intended to be observed, among those the dependencies
on the line-averaged plasma density ⟨ne⟩, on the toroidal magnetic field Bt, on
the plasma shape and size, depicted in the figure 5.1, and the plasma current IP
including co- and counter- injection. The dedicated NBI characterization cam-
paign in the high confinement mode (H-mode) has never been done, but many
H-modes with the NBI heating were realized within other campaigns.The NBI
L-modes scans parameters realized on the COMPASS to characterize the NBI
impact on the plasma are listed in the table 5.1.

scan type varied par. constant par.
Co-current, NBI2 only experiments:

Basic ⟨ne⟩ = 2–8 × 1019 m−3 IP = 180 kA
(power and density) Ibeam = 6, 8, 10, 12 A Bt = 1.15 T
Current IP = 140–220 kA ⟨ne⟩ = 4 × 1019 m−3

Ibeam = 8 A
Bt = 1.15 T

Magnetic field Bt = 1–1.35 T IP = 180 kA
Ibeam = 10 A
⟨ne⟩ = 4 × 1019 m−3

Shape figure 5.1 IP = 180 kA
⟨ne⟩ = 2–8 × 1019 m−3 Bt = 1.15 T
Ibeam = 6, 10 A (8 A)

Counter-current, NBI2 only experiments:
Basic ⟨ne⟩ = 2–8 × 1019 m−3 IP = 180 kA

Ibeam = 8, 10 A (6, 12 A) Bt = 1.15 T
Current IP = 140–220 A ⟨ne⟩ = 4 × 1019 m−3

Ibeam = 8, 10 A Bt = 1.15 T

Table 5.1: An overview of the NBI characterization L-modes parameters.

An example of the NBI assisted L-mode discharge from the NBI dedicated
campaign is shown in figure 5.2. As NBI is switched on, both the plasma stored
energy derived from the EFIT reconstruction WEFIT and the edge Dα radiation
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Figure 5.1: Different plasma shapes used in the dedicated L-mode discharges for
the NBI characterisation. The shapes have different position of the center (RC,
zC) and triangularity κ and they are referred by their number n = 1–4 in the
following chapters. The grey line represents the first wall boundary.

increase, neutrons are produced, while values of other plasma parameters con-
trolled by a feedback, such as the plasma current IP or the line-averaged plasma
density < ne >, remain unchanged.

Figure 5.2: An example of basic plasma parameters of an NBI-assisted L-mode.
The NBI heated part of the discharge is highlighted by a shaded background.
The discharge #11030 is a part of the Basic Co-current scan.

The power balance analysis in the section 6.1 focuses on this transient part
of discharges shortly after NBI is switched on. After a few tens of ms, plasma
parameters settle on new stable values. The stage of the discharge with constant
plasma parameters is so-called flat-top and the majority of the analysis presented
in the following chapters 6 and 7 exploits the flat-top stages of discharges.

Different stages of the tokamak discharge are necessary for proper assessment
of the NBI heating effect on various phenomena. The requested discharge stages
for the various studies in following chapters 6 and 7 are summarized in the ta-
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ble 5.2.

NBI assisted Ohmic only
L-mode H-mode L-mode H-mode

power balance NBI switch on × × ×
kinetic profiles flat-top flat-top flat-top flat-top
energy confinement time flat-top flat-top flat-top flat-top
sawtooth flat-top × flat-top ×
ELMs × flat-top × flat-top

Table 5.2: An overview of the requested discharge stage for the different analysis
held in the chapters 6 and 7.

Results in the chapter 6 are compared with published simulations performed
in FAFNER [62], RISK and METIS [63]. The RISK and METIS simulations are
based on the measured COMPASS NBI-assisted discharges parameters, which
were a part of the NBI2 co-current basic scan in the table 5.1. Basic plasma
parameters of these performed simulations are listed in the table 5.3.

discharge
number ⟨ne⟩ [1019 m−3] Bt [T] Ip [kA] PAUX [kW] injection

direction
FAFNER

- 4 1.2 200 2x300 co-/counter-
- 8 1.2 200 2x300 co-/counter-

RISK/METIS
11031 5 1.15 180 300 co-
11033 9 1.15 180 300 co-
11034 2 1.15 180 300 co-

Table 5.3: Overview of the FAFNER [62], RISK and METIS [63] simulations
parameters, which are later compared with the experimental data. The discharges
#11031, #11033 and #11034 are a part of the Basic Co-current scan.
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6. Global plasma parameters
during NBI heated discharges
The main purpose of the neutral beam injection (NBI) on the COMPASS tokamak
is an additional heating of the plasma. The higher total kinetic energy of plasma
and presence of the fast ions, which are consequences of the NBI heating, have
observable effects on many global plasma parameters. Additionally, there are
fusion collisions producing neutrons if the deuterium beams are injected into
deuterium plasmas.

The section 6.1 studies so-called power balance, which represents a balance of
the plasma power sources and sinks. Assuming that the all plasma power sources
and losses, excluding an additional heating term, are known, it is possible to de-
termine a delivered additional heating power. The determined additional heating
power is compared with the injected auxiliary power derived in the subsection
4.2.3.

Once the auxiliary heating power of the injected neutrals determined in the
section 4.2.3 is confirmed by the power balance results the energy confinement
times τE of NBI heated discharges are derived, as presented in the section 6.2.
This allows to study the impact of the NBI heating on the energy confinement
time τE.

In the section 6.3 the impact of the NBI heating on the kinetic profiles, the
plasma electron and ion temperatures and the plasma density profiles, is assessed.

The last section 6.4 of the chapter discusses briefly measured neutron yield,
which is a consequence of the fusion reactions, mainly between NBI fast ions and
bulk plasma ions.

6.1 Plasma power balance
In the tokamak plasmas, there are several channels of the power losses. These
losses has to be balanced by the power sources in order to achieve a steady state
operation. The common power sources are the ohmic heating, the additional
plasma heating and the fusion products heating. If the power sinks and sources
(excluding auxiliary heating) are determined it is possible to derive the auxiliary
heating power, which is delivered in the plasma.

The NBI auxiliary heating power, which enters the tokamak chamber is de-
termined in the section 4.2.3 for the case of the COMPASS tokamak. Since, the
additional heating powers derived from the power balance are independent on the
used parameters in the section 4.2.3, therefore it is possible to confirm indepen-
dently the power passing fraction equation (4.11) with the results of the power
balance analysis.

There are various losses of the NBI power as NBI is produced and delivered
into the tokamak chamber and as NBI particles transfer their energy into the
plasma particles. Therefore only a fraction of the power carried by the extracted
ions from the NBI ion source actually ends up heating up the plasma. The
different NBI loss terms are schematically shown in the figure 6.1.

The procedure of the NBI power delivery into the plasma with the particular
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Figure 6.1: Scheme of different quantities related to the additional heating by
neutral beam injection. The total power of accelerated ions by the NBI grid
system Pion, a product of the beam acceleration voltage Ubeam and ion current
extracted by the grids Ibeam, is lowered by the fast ions neutralization fneut to
the total power in the fast neutrals Ptot. The beam is partially scraped in the
beam duct and the passing fraction fpass enters the tokamak chamber as the real
auxiliary heating power PAUX. The injected fast neutrals are ionized fion and
only a part of the NBI fast ions inside a plasma Pfi transfer their energy into bulk
plasma particles via Coulomb collisions fheat and actually heat the plasma with
the power Pheat. The NBI power PNBI is a value, which is possible to derive with
the below presented power balance analysis.

efficiencies of the power transmission mechanisms illustrated in the figure 6.1 is as
follows. Ions are accelerated inside the neutral beam injector by a system of grids.
The power carried by accelerated ions Pion is the product of applied acceleration
voltage Ubeam and measured extracted current of fast ions Ibeam. The extracted
ions are neutralized inside the neutralizer with the neutralization efficiency fneut
and the total power carried by produced neutrals is Ptot. The calculation of
Ptot using the measured NBI Doppler shifted Dα lines is described in the section
4.2.2. As fast neutrals are injected into the tokamak chamber from neutral beam
injector, they have to pass through the narrow port called beam duct, where the
beam is partially scraped and the delivered auxiliary heating power PAUX is a
fraction of the original Ptot. The efficiency of beam passing through the beam
duct fpass is derived in the section 4.2.3.

As the fast neutrals enter plasma volume, they collide with plasma particles,
which leads to their ionization. However a part of the fast neutrals pass through
the plasma without being ionized. This losses are called shine-through. The
overall NBI ionization efficiency inside the plasma is represented by fion. The
fast NBI neutrals in the plasma become the fast ions once they are ionized.
These fast ions inside the plasma are slowed down by the Coulomb collision and
they heat up the plasma Pheat. Before the fast ions fully transfer their energy
to the bulk plasma particles, they can be lost by various channels such as the
charge-exchange collisions with plasma background neutrals or the unfavorable
trajectories guiding fast ions into the tokamak wall as described more into the
detail in the section 3.3. The NBI power PNBI is a value, which is possible to
derive with the below presented power balance and its value is somewhere between
Pfi and Pheat. The difference is explained later on.

Once the NBI is switched on, the fast ions are present in the plasma and they
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are transferring their energy into the bulk plasma particles. The fast ions presence
and the additional heating power appears as an increase of the total measured
stored energy in the plasma. The balance between plasma power sources and
sinks is described by the power balance equation (6.1) for a case of the NBI
heated discharges,

Pext + PNBI = Psep + Prad + Pshape + Pcur + dW
dt , substituting (6.1)

Pshape = IP
IPdL

dt , (6.2)

Pcur = IP
LdIP

dt , (6.3)

where Pext represents an external ohmic heating power, consequence of the driven
plasma current, PNBI includes NBI additional heating power. The power terms
Pext and PNBI are plasma power sources. The power lost from a plasma is de-
scribed by terms Psep, which is a power lost by particles and heat crossing border
of well-confined region (separatrix) in the plasma, and Prad, which is the radi-
ated power. The remaining terms are consequences of changes inside a plasma
itself. Pcur is a ”power used to build up the magnetic field energy by changes of
plasma current” and Pshape is a ”contribution of the plasma shape and current
profile changes to the magnetic field energy content” [32]. The powers Pshape
and Pcur depend on a plasma current IP and a plasma inductance L and their
time derivatives. The last term of the equation (6.1) is the time derivative of the
plasma stored energy W , which is determined by the EFIT reconstruction. The
terms Pext, Pcur and Pshape are based on the magnetic measurements. Thus, for
simplification, let’s introduce the magnetic power Pmag, which will simplify the
equation (6.1):

Pmag = Pext − (Pcur + Pshape) . (6.4)

Detailed description of the aforementioned terms of the power balance equation
(6.1) and how they are determined for the COMPASS tokamak is given in [64].

All terms of the equation (6.1), excluding PNBI and Psep, are measured on
the COMPASS tokamak. An example of their measured time traces is shown in
the figure 6.2. To determine the NBI power PNBI it is necessary to eliminate the
term Psep in the equation (6.1), which is not measured. To do so, it is assumed
that the losses through the separatrix Psep remain unchanged shortly after NBI is
switched on. If this assumption is valid, it is possible to derive the power through
the separatrix Psep in the discharge stage shortly before NBI is switched on, named
as the NBI-off stage, and to use its value for the power balance equation when
the NBI is switched on. However, the power through the separatrix Psep starts
to modify after a short period when the NBI is ongoing and this assumption is
not valid anymore. Therefore the peak value of the PNBI after NBI is switched on
corresponds to its real value. NBI-on name stands for this peak value position.

To determine the NBI power as precise as possible, the suitable discharges are
selected with the following criteria. First, there has to be at least a short flat-top
just before NBI is started, which excludes all time derivatives in the power balance
equation for the NBI-off stage and allows to use time averaged terms. Second,
the experiments where other transients, such as L-H transition, were ongoing
simultaneously with the NBI start or the H-mode discharges are excluded. In
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Figure 6.2: Measured terms of the equation (6.1) are shown by grey and green
lines (with applied low-pass filters), determined dWEFIT/dt employing low-pass
Butterworth filter is shown by the red line and vertical orange lines represent
NBI start and stop for the discharge #11035.

case of such discharges, it would not be possible to distinguish an impact of the
NBI heating from the transition phenomena or H-mode modification. Thanks to
the additional discharges restrictions and mentioned assumptions, the NBI power
PNBI determination simplifies into the following equation (6.5).

PNBI =
(︄
Prad + dWEFIT

dt − Pmag

)︄
NBI−on

− (Prad − Pmag)NBI−off (6.5)

The term dWEFIT/dt for NBI-on stage is a dominant term, as can be seen in
the figure 6.2. The EFIT energy is based on the total kinetic plasma pressure,
the pressure of all charged particles inside the separatrix of the plasma, including
fast ions. Since the power through the separatrix Psep is derived before NBI
is switched on, it does not cover the instantaneous NBI losses, such as shine
through or fast orbit and charge-exchange ions losses. Therefore, the determined
NBI power PNBI by the suggested method is not the auxiliary heating power of
the injected neutrals PAUX, but it is a power of the NBI fast ions, which are
confined inside the plasma. In comparison with the other NBI power terms in
the figure 6.1, the derived NBI power from the power balance PNBI is lower than
the power of all ionized fast neutrals inside the plasma Pfi because the fast orbit
and charge-exchange ions losses are included and simultaneously it is higher than
the heating power transferred into the bulk plasma Pheat because the additional
losses, which occur during fast ions slowing down, are not included in PNBI.

The sawtooth oscillations are often visible on the EFIT energy WEFIT for the
examined discharges. The oscillation of the EFIT energyWEFIT leads to enormous
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noise of the time derivative dWEFIT/dt as seen in the figure 6.2. Therefore, the
signal has to be filtered to improve the output quality. As the peak value of the
EFIT energy time derivative, after NBI is switched on, is detected in the time
range comparable with the sawtooth oscillations period, the filtering of the EFIT
energy WEFIT is not trivial and it is discussed more in the following section.

6.1.1 Power balance data processing
The EFIT energy WEFIT noise consists of a random noise and a periodic variation,
which is a consequence of the so-called sawtooth instability introduced in the sec-
tion 3.5.1. The sawtooth period, which varies in a range ∼ 1–4 ms, is comparable
with a characteristic time of the dWEFIT/dt when the NBI is switched on. The
dependence of a ratio of the plasma energy variations σWEFIT for the NBI-off
stage, shortly before NBI is switched on, and the total plasma energy increases
caused by the NBI heating ∆WEFIT on the sawtooth frequency Tsaw derived for
the NBI-off discharge stage is shown in the figure 6.3.

Figure 6.3: A dependence of a ratio of the signal variation σWEFIT caused by the
sawtooth oscillations and a random signal noise for the NBI-off discharge stage
and the total plasma energy increase caused by NBI ∆WEFIT on the sawtooth
period Tsaw during NBI-off stage. The color corresponds to the total NBI power
Ptot.

The comparable time scale of the sawtooth period and analyzed phenomena
makes data analysis nontrivial. Therefore it is needed to make an error analysis of
the possible filters on the testing data set. It is needed to suppress the sawtooth
in the WEFIT and simultaneously eliminate an impact of the data filtering on the
WEFIT grow caused by the NBI heating.

Two possible filters are considered: low-pass Butterworth filter [65] and Savit-
zky-Golay filter [66]. The main advantage of the Butterworth filter is its flat
frequency response. On the other hand, the Savitzky-Golay filter has low peak
degradation, i.e. it can filter-out small signal variation and simultaneously keep
more significant fast signal changes. The Savitzky-Golay filter parameters are
a number of the considered data-points, so-called filter window width, and the
polynomial order. The filter window width is varied and the polynomial order
is set to 3, which allows to use a window width ranging from 3. The low-pass
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Butterworth filter parameters are a filtration frequency, which is varied, and an
order of the filter, which is set to 20. The higher the filter order is the steeper
the signal drop at the filtering frequency is.

As it is mentioned above, the sawtooth period is comparable with the time
characteristic time of the dWEFIT/dt. Therefore the applied filtering method can
easily lead to additional systematic error of determined quantities. This possi-
ble systematic errors has to be investigated. Here, the testing signals, similar to
WEFIT, with well known parameters are employed. The testing signals consist
of original function g, the sawtooth wave with period Tsaw and different phase
shifts in respect to the ramp starts, and an additional random noise. The origi-
nal function g with known maximum of the time derivative max(dg/dt), named
as the peak height hpeak in the following text, time position of this maximum
∆tmax, named a peak time shift, and total increase ∆g represents unnoise EFIT
energy signal. Examples of the testing signals including the noise and the original
function time gradients are shown in the figure 6.4.

Figure 6.4: Testing function g with a random noise and a sawtooth wave (left)
and its original time gradients (right). The arrow in the left part illustrates a
total increase of the function g, ∆g. The vertical arrow in the right represents
a desired maximum gradient value max (dg/dt), named as the peak height hpeak,
and ∆tmax is its position with respect to the NBI start, named a peak time shift,
shown by the horizontal arrow on the right. The peak time shift ∆tmax is a
variable parameter of the testing functions in range 1–3.5 ms and the function is
normalized in the way that the total increases of the testing function ∆g remain
same. The testing functions are referred as Fast (black), Middle (red) and Slow
(green).

The testing function, including all considered noises, is analyzed by the low-
pass Butterworth frequency filter and by the Savitzky-Golay filter and resulting
peak height hpeak and the peak time shift ∆tmax are compared with the known
values of the original testing functions g. The results for the low-pass Butterworth
frequency filter are shown in the figure 6.5 and the results for the Savitzky-Golay
filter are shown in the figure 6.6.

The ratio of the detected and the original gradient peak height hpeak is sensitive
to the peak time shift ∆tmax of the original function g, i.e. if the Slow, the Middle
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Figure 6.5: Low-pass Butterworth frequency filter: The ratio of the original and
detected peak height hpeak (left) and the peak time shift from the testing function
grow start g ∆tmax (right) as a function of the low-pass filtering frequency. The
horizontal lines on the right stand for the values of the original testing functions.
Each color corresponds to the original testing function in figure 6.4, different line
styles represent various saw period (solid: 1 ms, dashed: 2 ms, dotted: 3 ms).
The lines with the same color and line style are calculated for the different phase
shift of the sawtooth waves.

Figure 6.6: Savitzky-Golay filter: TThe ratio of the original and detected peak
height hpeak (left) and the peak time shift from the testing function grow start
g ∆tmax (right) as a function of the filtering window width. The horizontal lines
in the right represent the values of the original testing functions. Each color
corresponds to the original testing function in figure 6.4, different line styles
stand for various saw period (solid: 1 ms, dashed: 2 ms, dotted: 3 ms). The lines
with the same color and line style are calculated for the different phase shift of
the sawtooth waves.

or the Fast testing function g is considered, for both examined filtering methods.
As the peak time shift ∆tmax is hard to detect with necessary precision, the
chosen filtering method should have same results, independent on the chosen
testing function. This is not fulfilled for the low-frequency in case of the low-pass
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Butterworth filter or wide window filtering in case of the Savitzky-Golay filter
where the ratio of the detected and the original gradient peak height hpeak is well
defined, but it differs for the different testing functions g. Therefore a target is to
find the filtering method with the ratio of the detected and the original gradient
peak height hpeak close to unity. Simultaneously, it should fulfil a low spread
given by the sawtooth wave phase shift, which is expected to be random, and
the chosen filtering method should give similar results independently on the peak
time shift ∆tmax, i.e. similar for the Fast, Middle and Slow testing function g.
The best window length in case of the Savitzky-Golay filter from this point of
view is 4, where the most of the lines are in the range of ∼ 0.9–1.1 excluding the
sawtooth waves with the longest period, as seen in the left panel of the figure
6.6. The filter window 3 is sufficient for the shortest sawtooth waves. The low-
pass Butterworth frequency filter fulfill these conditions for filtering frequency
ffilt ∼ 0.45 kHz, excluding the longest sawteeth period as well, as seen in the left
panel of the figure 6.5.

To analyze the possible derived outputs by two different methods more into
detail, the ratio of the detected and the original gradient peak height hpeak is
determined for a range of the sawtooth period Tsaw from 1 ms up to 4 ms and also
various sawtooth wave amplitude and relative noise magnitude σg/∆g in respect
to the total grow of the testing function g. To eliminate issues with the sawtooth
wave with the long period the applied filtering algorithms are following:

• Low-pass Butterworth frequency filter:

ffilt =

⎧⎨⎩0.45 kHz if 92.5%T−1
saw ≤ 0.45 kHz,

92.5%T−1
saw otherwise .

(6.6)

• Savitzky-Golay filter:

filter window width =

⎧⎨⎩3 if Tsaw ≤ 1.5 ms,
4 otherwise .

(6.7)

Following figures, the figure 6.7 and the figure 6.8, show the ratio of the
detected and the original gradient peak height hpeak and its standard deviations,
which are derived by varying the sawtooth phase shifts, for all three testing
functions g.

The Savitzky-Golay filter exhibits the sufficiently low deviation from the orig-
inal gradient peaks height hpeak only for a small sector of the pre-selected dis-
charges to process, which are represented by the markers. If the discharges with
the parameters outside the coloured area in the upper row in the figure 6.8 are
processed by the Savitzky-Golay filter the detected peak values are overestimated
by more than 15 %.

On the other hand, the filter analysis shows that the low-pass Butterworth
frequency filter application as described above leads to the deviation from the
original gradient peak height hpeak below 5 % for most of the pre-selected dis-
charges. Only in the case of the Fast testing function g with long sawtooth
period Tsaw and Slow testing function g with high noise level of the testing func-
tion σg/∆g, the derived values of the gradient peak height hpeak deviate by 10
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Figure 6.7: The low-pass Butterworth frequency filter analysis. The graphs are
paired in columns. The horizontal axes are the sawtooth periods Tsaw and the
vertical axes are the relative noise magnitudes σg/∆g of the testing function g.
The ratios of the detected and original gradient peak height hpeak are in the upper
row and their standard deviations derived from signals with different sawtooth
phase shifts are shown in the bottom row. The left pair uses the Slow testing
function g, the middle row uses the Middle testing function g and the right one
uses the Fast testing function g. The markers are the same as in the figure 6.3
and they represent parameters of the pre-selected discharges for the power balance
analysis. The solid and dashed lines highlight areas with the deviation up to 5 %
and 10 % from original original gradient peak height hpeak respectively.

%. The standard deviation of the ration of the detected and original gradient
peak heigh hpeak is below 5 % if the noise level of the testing function σg/∆g is
less than 0.07. Therefore the low-pass Butterworth frequency is selected as the
filter for the EFIT energy WEFIT data processing. The simplified selection of the
total error of the detected gradient peak heigh hpeak used for the EFIT energy
WEFIT analysis is summed up in the table 6.1. The discharges with the sawtooth
periods Tsaw longer than 3 ms or with the noise level σg/∆g higher than 0.12 are
excluded from the analysis.

σg/∆g < 0.07 > 0.07
Tsaw < 2.5 ms 10% 15%
Tsaw > 2.5 ms 15% 20%

Table 6.1: Overview of the requested WEFIT signal parameters for NBI L-modes
characterization.

Summarizing the analysis with two different filtering methods applied on the
testing signals, the low-pass Butterworth frequency filter is chosen as the more
suitable one. The filtering frequency equals to 0.45 kHz, if the sawtooth frequency
is higher than 92.5 % of 0.45 kHz, i.e. the sawtooth period is lower than 2.4 ms,
otherwise the 92.% of the sawtooth frequency is used. The algorithm of the
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Figure 6.8: Savitzky-Golay filter analysis. The graphs are paired in columns.
The graphs are paired in columns. The horizontal axes are the sawtooth periods
Tsaw and the vertical axes are the relative noise magnitudes σg/∆g of the testing
function g. The ratios of the detected and original gradient peak height hpeak
are in the upper row and their standard deviations derived from signals with
different sawtooth phase shifts are shown in the bottom row. The left pair uses
the Slow testing function g, the middle row uses the Middle testing function g
and the right one uses the Fast testing function g. The markers are the same as
in the figure 6.3 and they represent parameters of the pre-selected discharges for
the power balance analysis. The solid and dashed lines highlight areas with the
deviation up to 5 % and 10 % from original original gradient peak height hpeak
respectively. The white areas are out of the selected range of the color scales.

filtering frequency selection is summed up in the equation (6.6). The EFIT data
are suitable for the data analysis only if the sawtooth period is lower than 3 ms
and if the total relative noise level σg/∆g of the EFIT energy WEFIT before
NBI start is lower than 0.12. The last condition is that the peak time shift
from the NBI start ∆tmax of the EFIT energy WEFIT has to be in the range of the
testing functions. This is examined by the EFIT energy filtering with the low-pass
Butterworth filter with the low filtering frequency < 0.3 kHz, where the detected
peak time shift ∆tmax varies a little with the sawtooth phase and the sawtooth
period, seen on the testing functions in the figure 6.5. The peak time shift ∆tmax
variation with the low filtering frequency for the measured EFIT energy WEFIT
of the pre-selected discharges is compared with the testing functions values in the
figure 6.9.

Most of the EFIT peak time shifts ∆tmax are in the range of the testing
signals, as seen in the figure 6.9. The discharges, which are below the fast testing
function, are excluded from the power balance analysis.

The remaining terms in the equation (6.5), Pmag and Prad, should be deter-
mined in the same time of discharge as the gradient peak value dWEFIT/dt. The
origin peak time shift ∆tmax has apparent values for different filtering frequen-
cies, as seen in the figure 6.5. Therefore it is necessary to find out the additional
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Figure 6.9: The peak time shift ∆tmax of the pre-selected discharges (left, bright
solid lines) and of the testing signals (green, red, black lines, same as in the figure
6.5) as a function of the applied low-pass Butterworth frequency and correspond-
ing histograms of the peak time shift ∆tmax for two different filtering frequencies
0.18 kHz and 0.3 kHz (right). A majority of the apparent peak time shift ∆tmax
of the measured EFIT energy for the pre-selected discharges are in the range of
the used testing signals.

time shift, which is done as follows. Firstly the apparent peak time shift ∆tmax is
examined for the testing functions and based on its behaviour the process how to
determine the additional time shift of the peak time shift ∆tmax for the measured
EFIT energies is defined. The figure 6.10 shows a dependence of the apparent
peak time shift ∆tmax for the testing functions g and corresponding uncertainties
while different filtering frequencies, 0.2 kHz, 0.25 kHz and 0.3 kHz, are applied.

As the apparent peak time shift ∆tmax is directly proportional to its original
values the reverse proportionality is applied to determine the original value from
the apparent one when the measured data are processed. The original value of the
peak time shift ∆tmax is determined from three apparent values of the peak time
shift ∆tmax, which are derived with the different filtering frequencies, 0.2 kHz,
0.25 kHz and 0.3 kHz. The NBI-on values of the magnetic power Pmag and the
radiated power Prad are derived in the time of the determined original peak time
shift from the NBI start ∆tmax with expected uncertainty of the original peak time
shift ∆tmax, the black dashed line in the left part of the figure 6.10. The NBI-off
values of the magnetic power Pmag and the radiated power Prad are evaluated as
mean values in the time range 1–5 ms before NBI is switched on. An example of
the origin peak time shift ∆tmax and time traces of the magnetic power Pmag and
the radiated power Prad close to the NBI start are shown in the figure 6.11.

Because we need the additional filtering of the Pmag and Prad, as is shown in
the figure 6.11, and simultaneously their NBI-on values are derived in the time
range of the peak time shift ∆tmax uncertainty, the additional error to the PNBI
is estimated to be ∼ 20 kW.

To conclude this subsection, based on the analysis of the testing signals, the
low-pass Butterworth frequency filter is selected for the EFIT energy gradient
analysis. The selection of the filtering frequency is described in the equation
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Figure 6.10: Origin and apparent peak time shift ∆tmax derived from testing
functions g for three different low-pass filtering frequencies (left) and the corre-
sponding uncertainties σ(∆tmax) for the apparent ∆tmax and for the original ∆tmax
if the original would be derived from the apparent values based on their linear
dependence (right) employing the reverse proportionality from the left panel.
The apparent peak time shift ∆tmax uncertainties are derived from the testing
functions with different sawtooth phases shifts and periods. The colored dashed
lines in the right correspond to the average σ values of the origin peak time shift
∆tmax. The black dashed line is used as the time range for determination if the
NBI-on values of the magnetic power Pmag and the radiated power Prad.

(6.6). The analyzed discharges has to fulfill following conditions:

• Sawtooth period Tsaw just before the NBI start has to be lower than 3 ms.

• The standard deviation of the total noise signal before the NBI start, where
it would be constant in the ideal case, has to be lower than 12 % of the
total EFIT energy increase caused by the additional NBI heating.

• The time shift of the EFIT energy gradient maximum in respect to the NBI
start derived from filtered signal ∆tmax, called peak time shift, should fit
into the range of this quantity for the testing functions, as shown in the
figure 6.9.

The total error of derived PNBI consists from the errors presented in the table 6.1,
which comes from dWEFIT/dt, and an additional 20 kW, which is the consequence
of the determination of the magnetic power Pmag and the radiated power Prad.

6.1.2 Power balance results
The delivered NBI heating power into the plasma PNBI, derived with the equa-
tion (6.5) based on the power balance equation (6.1), depends on the beam losses
before the fast neutrals enter the tokamak chamber itself and also on the losses
inside a plasma, introduced in the section 3.3, which depend on plasma parame-
ters. Therefore, the NBI heating power PNBI dependencies on various parameters
are discussed in this section.
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Figure 6.11: Derived origin peak time shift ∆tmax for the EFIT plasma energy
with three different filtering frequencies (left), the magnetic power time trace
Pmag (middle) and the radiation time trace Prad (right) around the NBI start.
The red line highlight the NBI start, the green lines correspond the origin peak
time shift ∆tmax and its range is represented by black lines. As the magnetic
power Pmag (middle) and the radiated power Prad are noisy, they are filtered and
the NBI-off/-on differences, highlighted by arrows, are derived from these filtered
values. Pmag is filtered by the low-pass Butterworth filter with filtering frequency
0.1 kHz and Prad is filtered by Savitzky-Golay with the 3rd polynomial order and
window width = 15.

Impact of the initial beam duct conditions

The neutral beam is passing through the narrow beam duct before it enters
the COMPASS tokamak chamber. The NBI scraping losses in the beam duct
are discussed in the section 4.2.3. Excluding NBI scraping losses, there can be
additional losses of the NBI power inside the beam duct, when the beam duct
surfaces are in the poor condition regarding the dust and sorbed gas. This is
recognized in the evolution of the delivered NBI power PNBI for a few subsequent
NBI1 discharges with same plasma parameters and NBI settings shown in the
figure 6.12. These discharges were performed after a longer period without the
use of NBI. The enhancement of the delivered NBI power PNBI after the first NBI
shot is clearly visible.

Each opening of the tokamak vessel requires subsequent conditioning of the
inner surface, which is subjected to atmospheric pressure during this time. Ad-
sorbed gasses along with dust particles are released via heating the metallic walls
including connection ports in a process called baking. Afterwards, the tokamak
itself undergoes one or more days of a so-called restart. The restart is a series
of standard discharges, which lead to the release of the dust and remaining gas
absorbed inside the tokamak first wall. The similar process, performing of a few
initialization NBI shoots, is requested for the beam duct. The NBI fast neutrals
heat up the beam duct surfaces and realise the sorbed gas and dust particles.
The abnormal residual gas density inside the beam duct within this process leads
to the additional beam attenuation before reaching a tokamak chamber. This
effect is only temporal and it vanishes after a few discharges. It seems, that in
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Figure 6.12: Detected NBI heating power PNBI (left) and plasma stored energy
WEFIT (right) for the consequent discharges after a longer period without NBI
use. All discharges were realized with same plasmas and NBI1 settings. The
slower increase of the WEFIT in case of the discharge #19031 leads to the lower
detected PNBI.

the presented case one discharge was sufficient, as the following discharges have
already comparable EFIT plasma energy WEFIT increase and derived NBI power
PNBI.

Impact of the NBI scraping, the initial NBI power and the plasma
density

Another effect, that lowers the delivered NBI power into the tokamak chamber,
caused by the beam duct is the scraping of the beam as it passes through. Here,
the NBI powers PNBI derived by the power balance analysis of L-mode discharges,
heated by NBI2, from the Basic Co-current, the Shape Co-current scans defined
in the table 5.1 are studied. Additionally, the NBI powers PNBI delivered by
NBI1 into plasmas with similar plasma parameters, as the discharges performed
in the NBI2 scans, are presented. The measurement results are compared with
the available outputs of the simulations, introduced in the table 5.3.

First, the dependence of the NBI power PNBI on the total produced NBI power
Ptot carried by the fast neutrals is investigated. The left panel of the figure 6.13
shows dependence of the ratio of the NBI heating power and the total produced
NBI power PNBI/Ptot on the total produced NBI power Ptot. The right panel of
the figure 6.13 shows the ratio of PNBI/Ptot from the left panel (coloured markers)
divided by the determined passing fraction fpass = PAUX/Ptot (dashed line) from
the section 4.2.3. The ratio is actually PNBI/PAUX, which is a fraction of the
NBI power and the power carried by the NBI neutrals, which enter the tokamak
chamber.

The fraction of NBI power PNBI/Ptot detected in the plasma by the power
balance is increasing with the total NBI power Ptot, similarly as the total heating
power passing through the narrow NBI duct PAUX/Ptot derived in the subsection
4.2.3. This is a confirmation, that there are additional NBI power losses caused
by the scraping inside the beam duct and that the predicted passing fraction
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Figure 6.13: Ratios of the additional heating power identified inside the plasma
and the total power held by formed NBI fast neutrals PNBI/Ptot are depicted
by dots (NBI1) and crosses (NBI2) with predicted passing fraction through the
narrow beam duct PAUX/Ptot (the figure 6.13) in the left part (grey crosses and
dashed line). The ratio of coloured markers with the predicted dashed line is
shown in the right, which should correspond to a ratio PNBI/PAUX. Hollow tri-
angles represents results of the METIS simulations, but actually for Pheat/Ptot
(left) and Pheat/PAUX (right). The markers are coloured in scale of a plasma
line-averaged density ⟨ne⟩.

fpass = PAUX/Ptot in the equation (4.11) is in agreement with the independent
power balance results. Moreover, PNBI/PAUX is almost constant with the total
produced NBI power Ptot within error bars for each NBI injector. It seems that
the losses caused by the scraping inside the beam duct are slightly overestimated
in the lowest Ptot case, ∼ 200 kW.

The power delivered into a plasma from NBI1 is systematically lower than
for NBI2. There can be different causes of this behaviour, for example different
beamlet divergences, slight misalignment of the NBI1 or imprecise beam focusing.
Therefore, the auxiliary heating power PAUX for NBI1 is determined for the fol-
lowing sections from the calculated passing fraction through a beam duct for NBI2
(dashed line in the figure 6.13) and it is reduced by an additional 71 − 54 = 17 %
of the total neutral power Ptot.

The figure 6.14 shows a dependence on the plasma line-averaged density ⟨ne⟩
of the ratios of the derived NBI power PNBI and the total produced NBI power
Ptot and the NBI auxiliary power PAUX respectively.

It seems that there is no strong dependence of the ratio of the NBI power de-
rived by the power balance and the auxiliary heating power entering the tokamak
chamber PNBI/PAUX on the plasma line-averaged density ⟨ne⟩. This means, that
there are no significant shine-through losses at the lowest densities of the studied
range.

Before the simulation results are compared with the power balance results, it
is necessary to stress that the power balance provides information about slightly
different quantity than the simulations. The NBI neutrals entering the tokamak
chamber deliver the auxiliary heating power PAUX. Part of this power is lost via
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Figure 6.14: Plasma line-averaged density ⟨ne⟩ dependence of a portion of the
derived NBI power in respect to the total power in produced neutrals PNBI/Ptot
with corresponding expected passing fraction PAUX/Ptot as derived in the figure
6.13 is shown in the left part. Dependence of derived PNBI/PAUX on plasma den-
sity ne (coloured markers) is compared in the right part with various simulations
results (hollow markers) introduced in the table 5.3, which more precisely stand
for Pheat/PAUX. Colours corresponds to the total NBI power Ptot.

the shine-through losses and the power in all ionized NBI neutrals is Pfi. Part of
these fast ions is lost almost immediately via the first orbit losses and the charge-
exchange losses. The remaining fast ions can heat up the plasma. However, there
are still some fast ions losses ongoing during the process of the energy transfer
between the fast ions and the bulk plasma particles. The successfully transferred
power into the bulk plasma ions is the NBI heating power Pheat. Therefore the
lost power from the fast ions power Pfi, that is not transferred into the bulk
plasma consists from the fast ions losses, which occurs almost immediately after
the NBI neutrals are ionized, and from the fast ions losses, which occurs later on,
during the slowing down time process.

The NBI power PNBI, which is a result of the power balance analysis, is derived
in the time shortly after the NBI is switched on ∼ 1–3 ms. Therefore the derived
power from the power balance PNBI differs from the all fast ions power Pfi only by
the almost immediate fast ions losses, but it still includes the power, which is lost
later-on during the fast ions slowing down. Contrary, the simulations provides
the power, which heats up the plasma Pheat. Therefore the difference between the
power derived with the power balance analysis PNBI and the NBI heating power
Pheat, provided by simulations, is the power lost during the fast ions slowing down.
However, as can be seen in the figure 6.13, right part, the values of PNBI/PAUX
and Pheat/PAUX for METIS simulations are comparable. This means that most
of the fast ions losses occur via the almost immediate loss channels and that the
power derived from the power balance PNBI is almost the same as the NBI heating
power Pheat.

A plasma density dependence of fractions of the NBI power derived by the
power balance PNBI and the total power of the NBI produced neutrals Ptot or
the auxilliary heating power PAUX in the figure 6.14 seems to be weak, if any.
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The simulation predictions of the fraction of the transferred heating power from
the auxiliary heating power Pheat/PAUX are unclear as RISK expects more sig-
nificant losses for the lowest densities ∼ 2 × 1019 m−3, METIS exhibits slight
power absorption improvement for the lowest densities and FAFNER indicates
enhancement of the power absorption with an increasing plasma density.

Impact of the plasma shape and size

Figures 6.13, 6.14 show results of discharges from the Shape scan defined in the
table 5.1 for the various plasma shapes and sizes, which are depicted in the figure
5.1. The lack of the dependence of the NBI power PNBI on the plasma shapes
from the figure 5.1 is seen also in the figure 6.15.

Figure 6.15: The detected NBI power PNBI for different plasma shapes and sizes
as a function of the total NBI produced power Ptot with the predicted values,
based on the figure 6.13 and depicted by a dashed line, (left) and the close-up on
the power ∼ 350 kW (right). It seems there is no significant difference caused by
various plasma shapes and sizes.

Difference between co- and counter-injection

The NBI power orbit losses can significantly increase in case of the NBI counter-
injection due to the different co- and counter-passing vertical drift consequences
on the particles guiding center motion, as illustrated in the figure 3.4 and dis-
cussed in the section 3.3. The effect of the different fast ions orbit losses is
important when the fast ions are formed at the low field side, close to the plasma
edge. Therefore, as the NBI fast neutrals are more likely being ionized closer to
the plasma edge at the low field side for higher or extremely low plasma densi-
ties ne, we can expect more significant dependence on the plasma density for the
counter-injection than in case of the co-injection.

The co- and counter- NBI injections are realized by a reversal of the plasma
current Ip on the COMPASS tokamak. The comparison of the Co-current and
Counter-current NBI2 heated Basic scans, defined in the table 5.1, and FAFNER
simulations is presented in the figure 6.16.
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Figure 6.16: The NBI power PNBI derived by the power balance as a function of
the plasma line-averaged density ⟨ne⟩ for co- and counter-injection (left) and its
relative value in respect to the auxiliary heating power PAUX (right) for measured
data (coloured markers) and FAFNER simulations representing Pheat/PAUX (hol-
low markers). There is a range of the plasma line-averaged densities ⟨ne⟩ with
the enhanced power absorption PNBI/PAUX for the counter-injection.

The counter-injection has ∼ 30 % higher NBI power losses than otherwise
identical discharges with co-injection. This behaviour is also indicated by the
FAFNER simulations, which provide information about the NBI heating power
Pheat. The simulations predict opposite trends with the plasma line-averaged
density ⟨ne⟩ for co- and counter-injection. However, this is not clearly confirmed
by the power balance results, as the expected changes are in the range of the
measurements error-bars.

But, it seems there is an optimal plasma line-averaged density ∼ 4–5 ×
1019 m−3 for counter-injection, where the absorbed power ratio is systematically
higher. This can be caused by the fact that fast neutrals are in this case ion-
ized deep enough in the plasma and the effect caused by the low field side edge
ionization is suppressed.

Impact of the magnetic field and the plasma current

The last studied parameter that influences the absorbed and lost NBI power in
the plasma is the impact of the fast ion Larmor radius and the banana orbit
width. The fast ions orbits are affected by the toroidal magnetic field Bt and the
plasma current IP. They are having an impact mainly on the Larmor radius of
fast ions rL ∼ 1/Bt, their banana orbit widths ∼ qrL, where q is the safety factor
∼ 1/IP, and the helicity of the resulting magnetic field lines. Therefore the sets
of the discharges investigating the influence of the toroidal magnetic field Bt and
the plasma current IP on the NBI power inside the plasma PNBI were realized.
The results are shown in the figure 6.17.

It seems that in the studied range of the toroidal magnetic field Bt and the
plasma current IP, the impact of the fast ions trajectories variation is not signifi-
cant. However, the difference between NBI1 and NBI2 is still well visible and it is
comparable with the figure 6.13 left panel. The density chosen for the discharges
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Figure 6.17: Fractions of the NBI power PNBI derived by the power balance and
the NBI power entering the tokamak chamber PAUX as a function of the toroidal
magnetic field Bt (left) for NBI1 (dots) and NBI2 (crosses) and as a function of
the plasma current IP (right) for co- and counter-injection. The dashed lines in
the left panel corresponds to the ratios PNBI/PAUX derived in the figure 6.13 for
the NBI1 and NBI2.

in which the plasma current dependence of PNBI/PAUX was observed is close to
the optimal density identified for the counter-injection (see above text dedicated
to the co- and counter-injection differences or the figure 6.16). Therefore the co-
and counter-injected discharges end up with similar values of PNBI/PAUX in the
figure 6.17.

Conclusion

There are two important outputs of the power balance analysis. The predicted
beam scraping, the equation (4.11), is in an agreement with the measurements
determined by the power balance analysis, as can be seen in the figure 6.13. There
is a slight disagreement only for the lowest NBI powers. Therefore the scraping
power losses derived in equation (4.11), that enumerates the fraction of the NBI
power passing through a given narrow NBI port, is used in the following analysis
to determine PAUX.

The unexpected result is, that the NBI1 provides ∼ 17 % less power into the
tokamak than NBI2, as seen in the figures 6.13 and 6.17. There can be various
causes of this, such as a misalignment of NBI1, inaccuracy in the ion optics,
which can lead to an unfocused beam, or a wider beam due to higher beamlet
divergence. This difference in the delivered power into the COMPASS tokamak
between NBI1 and NBI2 is taken into account when PAUX is calculated in the
following parts of the thesis.

There are no significant trends with varied toroidal fileds Bt, plasma currents
IP, plasma shapes or plasma densities ne in case of the co-injection. It seems
there is an optimal window for the range of plasma line-averaged densities for the
counter-injection ∼ 4-5 × 1019 m−3 with an enhanced NBI power deposited in a
plasma PNBI.
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6.2 Energy confinement time
The energy confinement time τE is one of the parameters of the triple product
in the Lawson equation (1.4), which defines the threshold for fusion ignition.
The energy confinement time τE describes the power loss rate of the total power
applied into a plasma. It is often used as a reference value for comparison of the
various fusion devices.

Due to many parameters affecting plasma transport, it is practically impossi-
ble to determine an analytical formula for the energy confinement time τE based
on the tokamak basic physics principles. Therefore there are attempts to de-
rive energy confinement time scalings based on the measured confinement times
databases. It is important for the design of new machines, such as ITER. Here
the widely used energy confinement times scalings for L-modes and H-modes are
compared with energy confinement times measured on the COMPASS tokamak.
Part of the below discussed analysis of the energy confinement time for the COM-
PASS tokamak was presented in [67].

The energy confinement time τE is evaluated based on the equation (1.3)
from the total stored energy W in the plasma and the total input heating power
delivered into plasma Pin. The terms are derived in the case of the COMPASS
tokamak as follows. The total stored energy W is determined by the EFIT
reconstructionWEFIT. The plasma heating power Pin is equal to the ohmic heating
power Pext in case of the ohmic discharges or to a sum of the ohmic heating
power Pext and the NBI auxiliary heating power PAUX in case of the NBI-heated
discharges. The auxiliary heating power PAUX is derived from the equation (4.11)
and it is lowered by an additional 17 % for NBI1 injector, as it seems there are
systematically additional losses based on the conclusion in the section 6.1.

L-mode energy confinement time scalings

The first examined energy confinement time scaling is the so-called neo-Alcator
scaling. On the Alcator tokamak it was observed that the energy confinement
times are linearly growing with the line-integrated plasma densities ⟨ne⟩. Later,
it was discovered, that this linear increase saturates at a certain value and does
not increase anymore for even higher plasma densities. This limiting plasma
density is so-called saturation density nsat. The shortcuts for linear regime and
saturated regime are LOC (linear ohmic confinement) and SOC (saturated ohmic
confinement) respectively. These original observations were done for L-mode
discharges. Later on, it was found that there are different phenomena ongoing
while transition between LOC and SOC. Despite that LOC and SOC regimes
are well known, it is not still fully explained what is causing the transition. The
currently known phenomena related to the LOC-SOC transition are summed up
in [68].

The definitions of the neo-Alcator scaling [5], p. 285 and saturation density
[3], p. 181 are following:

τAlc(s) = 0.103 q0.5⟨ne20⟩a1.04R2.04 , (6.8)

nsat(m−3) = 0.06 × 1020IPRA
0.5κ−1a−2.5 , (6.9)
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where q is the safety factor. The safety factor at magnetic surface ρ = 0.95 q95
is usually used. ⟨ne20⟩ is the line-integrated plasma density in 1020 m−3, a and R
are the plasma minor and major radius in meters, IP stands for a plasma current
in MA, A is an atomic mass of a major plasma species and κ is the plasma
elongation.

The measured energy confinement times are obtained from the EFIT energy
WEFIT, from the ohmic heating power Pext, which exhibits high noise level as seen
in the figure 6.2, and from the NBI auxiliary heating power PAUX. To eliminate
impact of the inputs noise level and time derivatives in the energy confinement
time determination, equation (1.3), only discharge stages at least 15ms long in
the steady stage of the discharge are considered. Despite that, the resulting
uncertainty of the energy confinement time τE is high and therefore their error-
bars are not displayed in all figures in this section.

The comparison of the COMPASS data with neo-Alcator scaling had been
already published, when COMPASS was operated in the Culham Laboratory
[69], UK. A comparison of the previously measured energy confinement times
with currently measured is shown in the figure 6.18.

Figure 6.18: The energy confinement time τE dependence on the line-integrated
plasma density ⟨ne⟩ for various operation modes (L-modes, ELMy H-modes and
ELM-free H-modes, with/without NBI heating). The data points and neo-Alcator
scaling, LOC and SOC parts, from [69] are plotted by grey markers and the grey
line respectively. The data points measured during COMPASS operation at IPP,
CAS are depicted by coloured symbols.

The energy confinement times τE measured during the COMPASS opera-
tion at IPP, CAS have comparable values with the previous measurements done
during the UK COMPASS operation. The energy confinement times τE are sys-
tematically above the line, that corresponds to the neo-Alcator scaling for the
COMPASS tokamak.

When NBI auxiliary heating has become available for the fusion research,
it was found that the energy confinement times τE degrades with an applied
additional heating power. Therefore, the new confinement time scaling, which
includes the additional heating power, was introduced, so-called Kaye-Goldston
energy confinement time scaling [5], p. 286. It consists from a thermal part,
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which is represented by the neo-Alcator scaling, and from an auxiliary heating
part, which is represented by τAUX. This scaling is valid for L-mode discharges.

τK−G =
(︄

1
τ 2

Alc
+ 1
τ 2

AUX

)︄−1/2

(6.10)

τAUX(s) = 0.037κ0.5IPP
−0.5
in a−0.37R1.75 (6.11)

Where Pin is a total plasma heating power in MW.
Later on, there were more data available and newer energy confinement times

scalings were published. Here one more scaling for L-modes, which is widely used,
is introduced. It was developed for the ITER energy confinement time prediction
and is called ITER89-P [3], p. 740.

τ ITER89−P
E (s) = 0.048I0.85

P R1.2a0.3κ0.5⟨ne20⟩0.1B0.2
t A0.5P−0.5

in (6.12)
Where Bt is a toroidal magnetic field on a plasma axis.
The above mentioned scalings can be compared with the measured values on

the COMPASS. Moreover, it is possible to clarify the heating power dependence
as in the COMPASS experimental database are available L-mode experiments
with the additional NBI heating, where two flat-top stages with and also without
NBI heating are achieved, while other plasma parameters are kept constant. A
dependence of the ratio of the measured energy confinement times τE with and
without (ON/OFF) NBI on the ratio of the heating powers Pin with and without
(ON/OFF) NBI are shown in the figure 6.19.

Figure 6.19: The ration of the energy confinement times τE measured during the
NBI-on and NBI-off flat-top stages of the discharge in respect to the ratio of the
total heating powers Pin for the corresponding discharge stages. Each point is
derived based on the NBI on/off stages of single discharge, which should eliminate
impact of the discharge specific parameters. Other plasma parameters are kept
constant during both, NBI on/off, discharge stages.

The data obtained in the NBI heated L-mode discharges on the Compass toka-
mak nicely follows the expected x−0.5 trend. A comparison of the experimental
confinement times and those based on the introduced L-mode scalings is shown
in the figure 6.20.
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Figure 6.20: A comparison of the experimental and scaling-based, the equations
(6.12), (6.10), energy confinement times τE for a set of the flat-top ohmic (black
crosses) and NBI-heated (coloured dots) L-modes. The ohmic discharges are
displayed only for ITER89-P scaling, as the Kayen-Goldston scaling was primarily
derived for the auxiliary heated discharges. The colour of the dots corresponds
to the fraction of the auxiliary heating PAUX and the ohmic heating power Pext.

The NBI heated discharges nicely follow both scalings. On the other hand,
there is a group of the ohmic L-modes, which exhibit slightly better energy con-
finement times than predicted. It is again nicely seen that as the portion of the
auxiliary heating increases, the energy confinement time drops.

H-mode energy confinement time scalings

Once the H-mode has been discovered, there were attempts to find out confine-
ment time scalings also for the H-modes. Actually, an increased energy confine-
ment time τE is one of the basic H-mode feature, as the H-mode stands for a high
confinement mode. It was shown that the H-mode can reach up to two times
higher energy confinement times, as it would be in case of L-mode with the same
plasma parameters. In this section, the COMPASS H-mode energy confinement
times τE are compared with widely used H-mode energy confinement time scal-
ing, called IPB98(y,2) [3], p. 740, [4], p. 131, introduced in the equation (6.13).
This scaling is valid for the H-modes accompanied with the edge localized modes
(ELMs). The H-mode and ELMs are introduced in the section 3.5.2.

τ
IPB98(y,2)
E (s) = 0.145I0.93

P R1.39a0.58κ0.78
a ⟨ne20⟩0.41B0.15

t A0.19P−0.69
in , (6.13)

where κa is a ratio of the area of the plasma cross-section inside the separatrix A
and the circle area with the major radius a:

κa = A

πa2 . (6.14)

A comparison of the measured confinement times τE with IPB98(y,2) scaling
is shown in the figure 6.21.
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Figure 6.21: A comparison of the experimental and scaling-based H-modes energy
confinement times τE for ohmic (crosses) and NBI-heated (dots) discharges. Color
corresponds to a ratio of the auxiliary heating power PAUX and the ohmic heating
power Pext.

The COMPASS ELMy H-modes seem to have quite low energy confinement
times when compared with the H-mode scaling IPB98(y,2). The lower H-mode
confinement quality is usually given by presence of ELMs, which eject plasma par-
ticles and energy out of the confined region. The magnitude of the confinement
degradation caused by the ELMs vary with the ELMs kind, frequency and mag-
nitude. The discharges with a higher fraction of the auxiliary heating are closer
to the confinement scaling, than the ohmic heated only or with low fraction of
the auxiliary heating.

conclusion

The energy confinement times measured during COMPASS operation at IPP,
CAS are in the same range as the measured one during its previous operation
in the Culham Laboratory and they are both above values expected by the neo-
Alcator scaling as seen in the figure 6.18. The predicted drop of the energy
confinement times with the increased heating power τE ∼ P−0.5

in was confirmed
in the figure 6.19. Generally, the measured energy confinement times during L-
modes and ELMy H-modes are close to the expected values by scaling laws as
seen in figures 6.20 and 6.21.

6.3 Kinetic profiles
The main goal of the auxiliary plasma heating is to enhance plasma temperatures,
mainly in the plasma core. Fast ions in plasmas transfer their energy into both
bulk plasma particles, ions and electrons. The portion of the power deposited
into ions and electrons depends on the critical energy EC defined by the equation
(3.5). The kinetic energy of the fast ions is transferred into the plasma as the
bulk plasma thermal energy, but also as the additional plasma momentum, i.e.
modifying the plasma rotation. The injected neutrals are also an additional
plasma fueling, which can cause an increase of the plasma density. This chapter
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focuses on the impact of the NBI heating on the plasma temperatures and density
and shape of their profiles. The impact of the NBI heating on the plasma rotation
is omitted, as it is not routinely measured quantity on the COMPASS tokamak.

The electron temperature and density profiles are measured on the COMPASS
tokamak by the Thomson scattering system (TS) equipped with four lasers. The
repetition rate of each TS laser is 30 kHz. Therefore there are only a few TS
profiles measured during studied flat-top stages. To increase a number of the
averaged points, ten innermost core TS points are used, which values match
well within their error-bars, as the electron temperature and density profiles at
COMPASS are rather flat. A low number of the measured TS time points, usually
2 or 3 in the analyzed stages of discharges, introduces an additional error into
results as the Thomson system is asynchronous with the sawtooth instability.
The sawtooth causes variation in the core electron temperature by ∼ 200 eV and
in the core electron density ∼ 0.5 × 1019 m−3, as is shown later in the section 7.1.
This is considered as the additional error of the derived values.

The second available diagnostic on the COMPASS tokamak, which detects
electron temperature profiles, is the radiometer, which measures the electron
cyclotron emission (ECE). The studied set of the discharges are in over-dense
regime for the standard ECE measurements, but here the relative changes of
the core electron temperature are derived thanks to the waves conversion EBW-
X-O [40]. The advantage of ECE is the fact, that it has high time resolution
and therefore by long period averaging the sawtooth additional error vanishes.
However, the signal is disappearing for high plasma densities.

Ion temperature and plasma rotation is nowadays usually measured by charge-
exchange recombination spectroscopy (CXRS) on other tokamaks. Unfortunately,
this system was not available on the COMPASS tokamak for studied set of dis-
charges. Therefore the neutral particle analyzer (NPA) data are used to determine
plasma ion temperatures by an older method. A short overview of the basics of
this diagnostic is given in subsection 4.1.

The following subsection contains details about the NPA ion temperature
determination and it is followed by the subsection dedicated to the natural de-
pendence of the plasma temperatures on the plasma densities for ohmic L-modes.
Then, the impact of the additional heating source location on the kinetic profiles
shapes is discussed. The variation of the core values of the plasma temperatures
and density is presented for L-mode discharges performed on the COMPASS
tokamak that utilize the NBI2 injector co- and counter-injected and NBI1 in-
jector co-injected. The systematic studies of the NBI impact on the H-mode
discharges were not done. Examples of the kinetic profiles during NBI-heated
H-mode discharges are shown later in the section 7.2.

6.3.1 Ion temperature from the neutral particle analyzer
Neutral particle analyzers measure energy spectra of neutral particles escaping
from tokamak plasmas Γ. The basics of the neutral particle analyzer itself are
described in the subsection 4.1.1. If the neutral particle analyzer operates in
the low energy range, called also thermal, with measured energy range between
hundreds of eV and a few keV, it collects neutrals, which are products of the
charge-exchange collision of the plasma thermal ions and background neutrals.
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The escaping neutrals have the same energy distribution as the original thermal
ions. If we assume that the measured escaping neutrals birth place is well localized
in the plasma core and simultaneously that plasmas are transparent for neutrals
within the measured energy range, means that we can neglect variation of all
terms in the equation (4.2). The dependence of the measured flux on the ion
temperature Ti is then simplified accordingly:

Γ(En) ∼
√︂
En exp

(︃
−En

Ti

)︃
, (6.15)

where En is the energy of the counted neutrals by NPA and Ti should equal
the core ion temperature Ti(0). However, the assumption that all terms in the
equation (4.2) can be considered as constants is barely fulfilled, as the measured
fluxes origin location, the emissivity function in the equation (4.3), usually differs
with the energy of the measured flux as seen in [49] for the COMPASS tokamak
or in [48] for the ASDEX Upgrade tokamak. The ion temperature derived from
the slope of the log(Γ(En)/

√
En) is usually labeled as TCX, as it is based on the

neutrals, which are products of the charge-exchange collisions. Using the code
DOUBLE [51], which is a synthetic NPA diagnostic, and predefined ion tempera-
ture profiles, it was shown that despite the invalidity of the assumptions leading
to the simplified equation (6.15), TCX derived from the synthetic diagnostic data
deviates from the core ion temperatures Ti(0) by ∼ 100 eV [49] for the examined
core plasma density range 2–10 × 1019 m−3. As this deviation mainly depends on
the plasma density, we can expect that the relative changes of TCX are same as
the relative changes of Ti(0) for discharges with constant density.

It was also shown in [49], that a magnitude of the difference between the
determined ion temperature and the real core ion temperature ∆(TCX, Ti(0)) de-
pends on the energy range of the NPA data used for the calculation of the flux
energy spectra. Examples of the measured energy spectra and of the determined
ion temperature TCX for various energy ranges are shown in the figure 6.22.

The fluxes measured by NPA for plasmas without NBI operation (green dots)
are above noise level, represented by the grey dotted lines in left panel of the
figure 6.22, up to energy ∼ 2500–3500 eV. Noise levels, the grey dotted lines, are
determined by the low count rate, 1 3 or 5 counts per measured time window, of
the measured fluxes. For lower densities, up to ∼ 4 × 1019 m−3, the determined
ion temperatures TCX of ohmic L-modes for the Estop in the range ∼ 2500–3500 eV
of analyzed energy spectra have comparable values as seen in the right panel of
the figure 6.22. Once the higher energy channels with a low count rate are also
used in the evaluation of the ion temperature TCX the resulting ion temperature
TCX is increasing. On the other hand, the ion temperature TCX dependence on
the considered energy range for high density discharges is observed even if Estop
is low. This is given by the fact that dense plasmas in case of the COMPASS
tokamak are not transparent for the escaping neutrals and the birth location,
i.e. the emissivity, of the measured neutrals by NPA strongly varies with their
energies as shown in [49]. Generally, the emissivity moves outwards with the
increasing plasma density or the decreasing measured flux energy.

NPAs are also installed on other tokamaks, so we can draw on the experience
obtain on these machines. For example on the TCV tokamak, which has simi-
lar dimensions and operational parameters as the COMPASS tokamak, uses the
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Figure 6.22: left: The measured neutral fluxes Γ for L-mode discharge #11037 in
NBI-off (green) and NBI-on (red) discharge stages. The dotted lines represents
flux corresponding to the count rate 1, 3 and 5 particles per one measured time
window, which was in this case 80µs, to highlight the low count rate signals.
Right: Ion temperature for various L-modes determined from the slope of the
NBI-off fluxes for various energy ranges. The slope of log(Γ(En)/

√
En) is taken

from the lowest energy channel up to the channel with an energy Estop on the
x-axis. A color represents the line-integrated plasma density ⟨ne⟩.

measured flux energies in the range ∼ 2–8× of the expected core ion temperature
Ti(0) for the ion temperature determination [70]. That would be in the case of
the core ion temperature Ti(0) = 400 eV a range 800–3200 eV. The determined ion
temperature TCX of ohmic L-modes in the figure 6.22 is constant for lower plasma
densities when it is evaluated from fluxes in the energy range up to ∼ 2500 eV.
The increase of the derived TCX is caused by the low count rate of the higher en-
ergy channels signals (green dots in the left panel in the figure 6.22). Considering
this fact, the conclusions in [49] and the above mentioned recommendation from
the TCV tokamak, the considered energy range for TCX determination is chosen
to be from 800 eV up to 2500 eV for the ohmic L-modes.

While NBI is in operation and shortly after, there is a population of the non-
maxwellian fast ions in the plasma. The presence of these fast ions in the plasma
leads to the formation of the fast neutral fluxes escaping plasma, which contribute
to the measured NPA flux Γ, as seen on the difference between NBI-on and NBI-off
fluxes in the left panel of the figure 6.22. To eliminate the fast neutrals impact
on the derived ion temperature TCX the energy range for NPA fluxes that are
used in determining the ion temperature TCX is shrunken to be from 800 eV up to
2000 eV for the NBI-heated stage of discharges. To improve the ion temperature
values quality the flat-top stages are analyzed, which allow to sum up the counts
during long time periods. The resulting Ti0 error consists of the aforementioned
∼ 100 eV deviation estimated from TCX and a a flux fitting error. The flux fitting
error considers the uncertainty of energy range of each NPA channel combined
with the uncertainty of the flux count given by the Poisson distributed count rate.

There was another possible correction of the NPA ion temperature TCX to
derive the core ion temperature Ti(0) evaluated for the COMPASS tokamak NPA,
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ACORD-24 [43]. The dependence of the ratio of the core ion temperature and the
evaluated ion temperature Ti(0)/TCX was determined using DOUBLE simulation
with parabolic shapes of plasma temperatures and density. Resulting temperature
ratio as an output of this method is shown in the figure 6.23. It can be clearly
seen that for sufficiently low plasma densities the evaluated TCX closely matches
the core ion temperature Ti0.

Figure 6.23: Expected ratio of the ion temperature derived from the NPA flux
slope TCX and the core ion temperature Ti0 as a function of the line-integrated
density ⟨ne⟩ for the COMPASS NPA. Image reprinted from [43].

6.3.2 Ohmic L-mode temperature
The energy exchange between different species of plasma particles is given by
their collisionality, which is proportional to the particle species density. As the
driven plasma current heats up mainly electrons, which than transfer their energy
to the plasma ions, it is possible to observe different temperatures for different
species, if the energy exchange is not sufficient. The core electron and the core
ion temperatures with respect to the plasma densities for ohmic phases of the
L-mode discharges, where IP = 180 kA, Bt = 1.15 T, are shown in the figure
6.24.

As can be seen in figure 6.24 the NPA ion temperature TCX and the core ion
temperatures Ti(0), based on the correction in the figure 6.23, do not significantly
vary with the plasma line-averaged density ⟨ne⟩. On the other hand, the observed
core electron temperatures Te(0) are ∼ 2–3× higher then the measured core ion
temperatures TCX, Ti(0) for the lowest plasma line-averaged densities ⟨ne⟩. This
difference gets smaller with increasing the plasma line-averaged density ⟨ne⟩. The
electron temperature is crucial for the fast ions slowing down, as it defines the
critical energy EC, which is given by the equation (3.5). Fast ions are dominantly
slowed down on bulk plasma electrons until they reach to the critical energy
EC. After this they are more likely to be slowed down on the bulk plasma ions.
Therefore, the electron temperature directly determines the expected ratio of the
transferred power into the plasma ions and electrons from the fast ions. Based on
the observed drop of the core electron temperatures with the plasma line-averaged
densities, as seen in the figure 6.24, we can expect that the bulk electron heating
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Figure 6.24: The core electron temperatures Te(0) (blue dots), the NPA ion
temperatures TCX (red dots) and the corrected core ion temperatures Ti(0) (green
crosses), defined by the figure 6.23, as a function of the line-averaged density
⟨ne⟩ for the ohmic stage of the L-modes. The right axis, valid for the blue
dots only, shows corresponding values of the critical energy EC, which is directly
proportional to the electron temperature Te(0), and it is defined in the equation
(3.5).

by the fast ions will be lower for the higher plasma densities and vice versa for
the bulk ions heating.

6.3.3 Kinetic profile flattening
Generally, additional plasma heating can cause kinetic profiles, such as the plasma
temperatures and the plasma density, flattening if the absorption is well localized
in a small region of the plasma magnetic surfaces outside the plasma core [2].
Consequently, the profile is flat between plasma core up to the additional heating
location and drops towards edges. This could theoretically occur when the plasma
density is too high for NBI core deposition. The NBIs for the COMPASS were
constructed with energy 40 keV, which should be optimal for densities ∼ 4–5 ×
1019 m−3. Examples of the electron density and temperature profiles, which are
available for the COMPASS tokamak, for various plasma densities for NBI2 L-
mode experiments with Bt = 1.15 T and IP = 180 kA and different NBI heating
power are depicted in the figure 6.25.

As it can be seen, we do not observe evidence of additional profiles flattening.
It means that NBI fast ions are well distributed within the plasma. The drop of
the electron temperature for the ohmic stage of the discharges with the increase
of the plasma density is observed again. It can be also seen that at the lowest
plasma density, there is a slight grow of the plasma density during NBI phase,
despite the fact that we have been using density feedback during these discharges.
Simultaneously, there is a drop of the core electron temperature in this case, which
can be caused by the general drop of the electron temperature with the plasma
density, by the lowering of the energy confinement time, see the figure 6.19, with
the applied heating power or as an artefact of the sawtooth oscillations, as seen
in the figure 7.1. It is evident, that the total electron heating is weak, as can be
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Figure 6.25: The electron densities and temperatures for various plasma densities,
increasing from left to right side. Each profile is an averaged profile over the flat-
top stage of the NBI-off/-on stage of one discharge. The red dots represent the
profiles during the flat-top phases with the additional NBI heating and black dots
stand for the flat-top phases of same discharges but ohmic discharge stages. There
is no evident additional profiles flattening during the NBI phase. The additional
fueling is noticeable only for the lowest plasma density during NBI-on phase.

seen on the NBI-on and NBI-off electron temperature changes. The impact of
the NBI heating on the core temperatures and density values is discussed more
in the following section.

6.3.4 Change of the core temperatures and densities dur-
ing L-mode due to NBI heating

Here the relative changes of the core ion and the core electron temperatures and
the line-averaged density for various sets of the NBI assisted L-mode discharges
introduced in the chapter 5 and analyzed in the section 6.1, are shown. Before
the relative changes study itself an example of the time traces of the Thomson
scattering data and the NPA data are shown in the figure 6.26.

As the ohmic core electron temperature, and consequently the critical energy
EC, which determines the ration of the bulk ions and electrons heating, varies
with the plasma density, as seen in the figure 6.24, it can be expected that the
heating of the ions and electrons will evolve also with the plasma density. The
relative changes of the electron and the ion temperatures and the line-averaged
plasma densities as a consequence of the additional NBI heating for the Basic
Co-current and the Shape L-mode scans, as defined in the table 5.1, are depicted
in the figure 6.27.

It seems there is no significant difference in the temperatures or densities
increases between studied plasma shapes in the figure 6.27. The plasma densi-
ties grow is well observed only for the lowest plasma densities, ∼ 2 × 1019 m−3.
There are two reasons for the plasma density increases due to the NBI. The direct
additional plasma fuelling by NBI particles and indirect NBI fuelling. Indirect
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Figure 6.26: a) The NPA ion temperature (green) including error bars (blue)
and the total power Ptot produced by NBI2 (orange), b) and f) the electron
temperature and density for various Ψ normalized positions measured by the
Thomson scattering, c), d) and f) the NPA counts for the various NPA energy
channels. The oscillations on the NPA fluxes and ion temperature, mostly visible
during NBI heated stage, are correlated with the sawtooth instability in the
plasma core, which is discussed later in the section 7.1. The sawtooth crashes
are highlighted by the grey vertical lines. The black vertical lines represents NBI
start and stop.

Figure 6.27: Relative increases of the core ion temperatures Ti(0) (a), the core
electron temperatures Te(0) (b), from Thomson measurements only, and the line-
averaged plasma densities ⟨ne⟩ (c) due to the NBI heating as a function of the
on/off mean line-averaged plasma density ⟨ne⟩ for various plasma positions and
shapes (figure 5.1). The markers color corresponds to the applied NBI auxiliary
heating power PAUX.

fuelling encompasses particles from the tokamak walls that are additionally des-
orbed from tokamak walls and plasma facing components (PFC) as a consequence
of the higher power losses through the separatrix Psep while NBI is ongoing. The
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additional fuelling due to NBI is usually, at higher densities, balanced by a den-
sity feedback that lowers the primary gas puff. However, at the lowest densities,
the gas puff is already low or even completely off before NBI starts. Therefore
even if the gas puff is fully stopped during NBI phases, the additional fueling due
to NBI leads to the plasma density growth.

Regarding the core ion temperature Ti(0), we can see that with the increas-
ing applied NBI auxiliary heating power PAUX, the core ion temperature grows.
However, the efficiency of the bulk ion heating degrades with the plasma line-
averaged density ⟨ne⟩. This is a result of the lower electron temperature and
consequently the lower critical energy EC, defined by the equation (3.5), for high
plasma line-averaged densities ⟨ne⟩, as seen in the figure 6.24. The lower critical
energy EC is for a given energy of NBI, the less total NBI power is transferred
into the bulk plasma ions and more into the plasma electrons.

On the other hand, the influence of the NBI heating on the core electron
temperature Te(0) is not as clear as in the case of the core ion temperature Ti(0).
This is partially due to the oscillations caused by the sawtooth instability, which
brings a high additional noise into the measured data. An example of the electron
temperature profiles with respect to the sawtooth crashes is depicted in the figure
7.1. This problem is not present for the ECE measurements, since the diagnostic
method has higher temporal resolution and therefore it is possible to determine
the averaged electron temperature changes, i.e. the sawtooth oscilations do not
play a role. Despite the plasma densities are above the critical density for the
direct ECE measurements, the relative electron temperature changes are available
due to the EBW-X-O wave conversion [40]. The results for the Basic Co-current
scan are shown in the figure 6.28.

Figure 6.28: Density dependence of the relative changes of the core ion and the
core electron temperatures during NBI-on and NBI-off stages of discharges from
the Basic Co-current scan. Shown are data measured by the neutral particle
analyzer (Ti(0)), the Thomson scattering system (Te(0) TS) and the radiometer,
measuring the electron cyclotron emission, (Te(0) ECE), reprinted from [40], mea-
sured in discharges of the Basic Co-current scan shown for various NBI auxiliary
powers (PAUX).

It can be seen that the observed core electron temperature Te(0) increase as the
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consequence of the NBI heating is comparable in TS and ECE data for the lower
NBI powers. There is a different trend in case of the ECE data for the highest
NBI power, but they are still within the TS data points error-bars. Generally, it
seems that the electron temperature Te(0) increase more for the higher plasma
densities. This is also a consequence, that the starting electron temperature is
lower at higher plasma densities, as seen on the figure 6.24. A change of the energy
confinement quality can also play a role, as the energy confinement time degrades
with the applied heating power, as discussed in the section 6.2. Additionally, the
plasma density increase in case of the lowest studied densities ∼ 2 × 1019 m−3 can
cause lowering of the core electron temperature Te(0), which is seen in the figure
6.25, as in the case of the ohmic core electron temperature, shown in the figure
6.24.

Besides the plasma line-averaged density ⟨ne⟩ and the plasma shape, the
plasma current IP dependence of the temperatures and density changes can be
studied, as there measured data available. Figures 6.29 and 6.30 show compar-
isons of co- and counter- injections with respect to the plasma density ⟨ne⟩ and
the plasma current IP.

Figure 6.29: Relative increases of the ion temperatures Ti, electron temperatures
Te (from Thomson scattering measurements only) and line-averaged plasma den-
sities ⟨ne⟩ due to NBI heating as a function of the line-averaged plasma den-
sity ⟨ne⟩, average value of the NBI-on and NBI-off discharge stages, for co- and
counter-injection The markers color corresponds to the applied NBI auxiliary
heating power PAUX.

As there are only 5 measured discharges available for the counter-current
case and 4 of them have been performed with the similar line-averaged density
⟨ne⟩ ∼ 4 × 1019 m−3 it is hard to make any conclusion. Therefore the following
statements are only preliminary. A trend of the core ion temperature Ti(0) in-
crease with respect to the line-averaged density ⟨ne⟩ is not as clear in the case of
the counter-current injection as in the case of the co-current injection. It seems
that the increase of the core ion temperature Ti(0) is lower for the counter-current
discharges than for the co-current discharges. The core electron temperature Te(0)
increase is pretty low for the counter-current injection. Regarding the plasma
line-averaged density ⟨ne⟩, there are no changes. This is a consequence of the
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Figure 6.30: Relative increases of the ion temperatures Ti, electron temperatures
Te (from Thomson scattering measurements only) and line-averaged plasma den-
sities ⟨ne⟩ as a consequence of the NBI heating with respect to the plasma current
IP.

density feedback, discussed already for the co-current case. The plasma current
magnitude IP does not have a noticeable impact on the temperatures or density
increases in the case of the co-current injection. The ion temperature increase
is lower for the IP ∼ 180 kA in the case of the counter-injection. Otherwise the
impact on plasma parameters for counter-current injection is similar as for the
co-current injection.

It is possible to compare the observed increases of the core temperatures with
the expected trends of the NBI power transferred into ions Pi and electrons Pe
based on the simulations, which are introduced in the table 5.3. The results of
the simulations are shown in the figure 6.31.

In absolute values, the simulations are strongly inconsistent between each
other. Despite that, each predicts a drop of the ion heating with the increase of
plasma density and simultaneous electron heating enhancement. These are the
same trends as observed on the temperatures increase in the figures 6.27 and 6.28.
The only exception is the evolution of the electron temperature increase measured
by ECE for the highest NBI power, as it is seen in figure 6.28. The FAFNER
simulations, which studied difference between co- and counter-injection, show
significant ion heating reduction for counter-injection for both studied densities
and reduction of the electron heating for higher density. The reduction of the
ion heating for the counter-injection is in the agreement with the lower core
ion temperature Ti(0) increase in the figure 6.29. However the difference in the
increases between co- and counter-injection for the core electron temperatures
Te(0) are not well seen. Here, it has to be stressed, that the simulations provides
information about the portion of the transferred NBI auxilliary heating power into
ions Pi and electrons Pe. Generally, the additional heating power should lead to
the increase of the corresponding temperature. But as the increased temperature
of the plasma species leads to the changes in the energy confinement or presence
and behaviour of the various plasma instabilities, the increase of the transferred
power into plasma ions or electrons do not each time lead to the proportional
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Figure 6.31: NBI auxiliary heating power PAUX transferred into the plasma ions
Pi and electrons Pe expected by various simulations. The simulated plasmas basic
parameters are summed up in the table 5.3.

increase of the ion or electron temperature.

6.4 Neutron yield
During injection of a deuterium NBI into a deuterium tokamak plasma on the
COMPASS tokamak significant neutron production is observed. Most of the
neutrons in COMPASS tokamak discharges are produced in the so called beam-
target collisions where fast ions originating from the NBI heating fuse with the
bulk plasma ions. Therefore, the actual neutron yield is directly proportional to
the plasma density ne, to the fast ion density nfi and the DD fusion collision rate
⟨σDDvb⟩ in the case of the beam-target collisions, based on the equation (3.8).

An example of observed neutron yield temporal evolution during an L-mode
discharge is shown in figure 6.32. It can be clearly seen that despite the basic
plasma parameters and NBI power were kept constant, the neutron yield de-
clines from the initial level. In the following paragraphs an explanation of this
phenomenon is laid out.

As the plasma density is kept constant, a drop of the neutron yield has to be
caused by a reduction of the fast ions density or fusion cross section. A significant
part of the neutron drop can be explained by a drop of the collisional velocity
between the plasma ions and the NBI passing fast ions, as the NBI transfers
an additional torque into the plasma [71], which causes toroidal rotation of the
plasma in the NBI injection direction. The direct measurements of the plasma
toroidal rotation on the COMPASS are not available, however we can estimate
a range of the toroidal rotation speed from the similar machines, like the TCV
tokamak, where they measured a toroidal rotation speed caused by NBI ∼ 150
km/s [72]. A rough estimate of the DD fusion cross section drop can be done easily
by a reduction of the NBI passing fast particles original speed by an expected
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Figure 6.32: Example of the temporal evolution of the neutron yield. Neutron
yield is reduced ∼ 30 % while other plasma parameters such as plasma density,
plasma current, magnetic field are kept constant.

toroidal rotation speed. Results of this simple analysis are shown in figure 6.33.

Figure 6.33: Collisional energy drop due to the additional plasma rotation (left)
and a consequent reduction of the DD cross section (right) from the figure 3.3 for
each NBI energy component.

The additional plasma rotation impact on the DD cross section seems as the
likely explanation of the neutron drop. The most important is a drop of the DD
cross section for the full energy component 40 keV, which has the highest absolute
value of the DD cross section, which is depicted in the figure 3.3. The increase of
the toroidal plasma rotation can decreases the effective collisional energy between
the NBI fast ions and the bulk plasma ions by several keV and consequently it
decrease the DD collision cross section by tens of percents as seen in the figure
6.33. However this hypothesis has to confirmed by a detailed modelling when
information about the plasma rotation will be available.

The rest of this section discusses variation of the measured neutron yields at
the end of the NBI injection, when it settles down and does not drop anymore.
The first studied dependence is on the plasma line-averaged density ⟨ne⟩, shown
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in the figure 6.34, because the equation (3.8) predicts a linear dependence of the
neutron yield on the plasma density.

Figure 6.34: The neutron yield dependence on the plasma density for NBI2 as-
sisted L-mode discharges, the Basic Co-current and the Shape scans in the table
5.1 for the low (85 kW) and the high (327 kW) NBI auxiliary heating power PAUX.

It seems that the neutron yield barely changes with the plasma line-averaged
density ⟨ne⟩ or plasma size and shape. The independence of the measured neutron
yield on the plasma line-averaged density ⟨ne⟩ is caused by the indirect propor-
tionality of the fast ions slowing down time τs on the plasma density as introduced
in the equations (3.6), (3.7). The slowing down time τs density dependence leads
to the simultaneous decrease of the fast ion density nfi in the equation (3.8).
Therefore, the expected increase of the neutron yield with the plasma density,
from the equation (3.8), is balanced by the shortening of the fast ions slowing
down time τs and it results to almost no density dependence of the neutron yields.

The another examined term in the equation (3.8) is the fast ion density in the
plasma nfi, which should be directly proportional to the NBI auxiliary heating
PAUX. The dependence of the neutron yields on the PAUX is shown in the figure
6.35.

There is a nice linear dependence of the neutron yield on the NBI2 auxiliary
heating power PAUX with no significant differences for the various plasma shapes.
However, it seems that there is a slight deviation of the NBI1-assisted L-modes
for higher PAUX. It can be a consequence of the rough estimate of the additional
NBI1 scraping losses, based on the figure 6.14, which can actually vary with the
NBI parameters. However, there is only one measured point and therefore it is
not possible to improve the NBI1 passing fraction correction.

The other available data set is for a comparison of the co- and counter-
injection, which is shown in the figure 6.36.

The neutron yield is significantly reduced in the case of the counter-injection.
It is reduced by a factor ∼ 1.5–2.3. There is a weak improvement of the neutron
yield with the increasing plasma current IP, but it varies within the error bars.

The last studied dependence of the neutron yield is on the toroidal magnetic
field Bt, which is depicted in the figure 6.37. The discharges with a lower magnetic
field tend to switch to the H-modes, but unstable ones. Therefore they are labeled
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Figure 6.35: The dependence of the neutron yield on the NBI auxiliary heating
power PAUX for NBI2-only L-mode discharges with various plasma shapes (left),
for the Basic Co-current and Shape scans in the table 5.1, and comparison of
the NBI2, from the left panel, and NBI1-assisted L-mode discharges with same
plasma parameters as NBI2-assisted discharges (right). The colors corresponds
to the plasma line-averaged density ⟨ne⟩.

Figure 6.36: Neutron yield dependence on the NBI auxiliary heating power PAUX
with colors corresponding to the plasma line-averaged density ⟨ne⟩ for the Co-
and Counter-current scans in the table 5.1 (left) and neutron yield dependence
on the plasma current IP with colors corresponding to the NBI auxiliary heating
power PAUX for the Current scans (Co- and Counter-current) in the table 5.1
(right).

as short H-modes in the figure.
The neutron yields increase with the toroidal magnetic field Bt, seen in the

left panel of the figure 6.37. The possible explanation is an enhancement of the
fast ions confinement, which leads to the increase of the fast ions density nfi in
the equation (3.8). The improvement of the energy confinement can be seen on
the increase of the stored plasma energy WEFIT with the toroidal magnetic field
Bt, seen in the right panel of the figure 6.37.
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Figure 6.37: Neutron yields as function of the toroidal magnetic field (left) and the
EFIT energies temporal evolution during NBI heated phases of the corresponding
discharges.

To conclude, the neutron yield varies with the NBI auxiliary heating power
PAUX linearly in the first approximation and also with the magnetic field Bt.
There are two phenomena with opposing impacts on the neutron production
that scale with the plasma density. The neutron yield should linearly increases
with the plasma density, but simultaneously the fast ions slowing down time
shortens with the plasma density and therefore the fast ions density is reduced
with the plasma density. These two opposite effects are balanced and it leads
to the independence of the neutron yield on the plasma density. There is a
strong reduction of the neutron yield for the NBI counter-injection in comparison
with the NBI co-injection. But there is no dependence on the plasma current
magnitude. The neutron yield enhances with the toroidal magnetic field.

Regarding the temporal evolution, it is commonly observed, that the neutron
yield degrades from the initial value during the ongoing single NBI pulse , despite
the plasma parameters are kept constant. This effect could be explained by
the additional plasma rotation in the same direction as NBI injection, which
reduces the relative collisional energy between NBI fast ions and the target plasma
particles. The reduction of the relative collisional energy causes lowering of the
DD fusion reaction cross section. However, a role of the plasma rotation in the
neutron yield has to be confirmed by the appropriate simulations.
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7. Impact of NBI heating on
MHD instabilities
The possible impact of the NBI fast ions on the magneto-hydrodynamic (MHD)
instabilities is introduced in the section 3.5. In this chapter, the changes of
the MHD instabilities measured parameters are discussed. There are two MHD
instabilities examined, which are often observed on the COMPASS tokamak: the
sawtooth instability and the edge localized modes (ELMs).

7.1 Sawtooth instability
The basic mechanism of the sawtooth crashes is described in section 3.5.1. It is
a core localized instability, which is characterised with a sudden hot core plasma
ejection during so-called sawtooth crash. This is well visible on the plasma density
and electron temperature profiles. An example of the plasma electron temper-
ature Te and the plasma density ne profiles with respect to the sawtooth crash
with the active NBI2 are shown in the figure 7.1.

Figure 7.1: The plasma electron temperature Te and density ne profiles sorted
in respect to the sawtooth crashes for an NBI-heated L-mode flat-top stage of a
discharge.

The core plasma temperature after the sawtooth crash slowly recovers and
as the crash occur, it suddenly drops. On the other hand, the temperature
evolution in more outer region Z ∼ 0.15 m is the opposite, it slowly drops and
than suddenly increases, when the sawtooth crash occur. The radius, where the
temporal evolution of the electron temperature is becoming opposite, is called
the inverse radius. The sawtooth instability is well observed with the Soft X-
ray (SXR) measurements, which are sensitive to the electron temperature. SXR
signals are used for the sawtooth crash detection and the diagnostic is introduced
in the section 4.1. An example of the SXR signal of the channels crossing plasma
core for NBI assisted discharge is shown in the figure 7.2. The sawtooth period
is detected from sawtooth crash times.
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Figure 7.2: An example of the Soft X-ray signal measured on the COMPASS,
which is in this case a sum of three channels crossing the plasma core. The
vertical blue lines represents detected sawtooth crashes, which are well visible on
the filtered data (green) of the raw signal (grey). The vertical red lines highlight
NBI start and stop.

The SXR signal has the typical shape of a sawtooth wave, the slow increase
and the sudden drop in the presented case of the core SXR or vice versa, if the
SXR view line does not cross the plasma region inside the inverse radius. The NBI
heating is usually causing an increase of the sawtooth instability amplitude and
also a prolongation of the sawtooth period. However, under certain conditions,
the NBI heating can also result in a destabilization of the sawtooth instability,
which causes an earlier sawtooth crash. The total effect of NBI on the sawtooth
period is driven by various phenomena, as it is briefly discussed in the section
3.5.1. The NBI injection orientation in respect to the plasma current and a mag-
nitude of the additional heating power play a role. An example of the temporal
evolution of the sawtooth period measured during NBI-assisted discharges, which
differ only in the orientation of the plasma current IP and toroidal magnetic field
Bt are presented in the figure 7.3.

As can be seen the NBI heating is causing sawtooth period Tsaw prolongation in
case of the co-current injection, independently of the toroidal field Bt orientation.
Contrary, the counter-injected NBI leads to the sawtooth period Tsaw shortening
and it is pretty unstable in time. This is caused by the opposite effect of the co-
current and counter-current passing fast ions in the vicinity of the q = 1 surface
on the sawtooth stability, as it is illustrated in the figure 3.4.

The sawtooth period dependence on the NBI power and injection direction
was studied on various tokamaks. The results from the JET [73], EAST [74],
TEXTOR[75] and MAST [76] tokamaks are shown in the figure 7.4 and measure-
ments from the COMPASS tokamak are presented in the figure 7.5.

The sawtooth period is prolonged in the case of the co-injection and it in-
creases with the applied NBI auxiliary heating power PAUX on the COMPASS as
well as on the other tokamaks. It is given by the fact, that both, the additional
plasma torque from the NBI and the co-passing NBI fast ions, cause sawtooth
stabilization. On the other hand, the counter-injection can shorten or prolong the
sawtooth period. The effect of the counter-injection is a result of two competing

85



Figure 7.3: Temporal evolution of the sawtooth periods for the set of the NBI
assisted discharges with an reversed orientation of the plasma current IP and the
magnetic field BT. The vertical lines indicate the interval when the NBI was
on with discharge-corresponding colors. NBI is injected in the co-direction in
the case of a plus sign of the plasma current and in the counter-direction for a
negative plasma current sign.

Figure 7.4: Dependencies of the sawtooth period Tsaw on the NBI heating power
for JET [73], EAST [74], TEXTOR [75] and MAST [76] tokamaks. The positive
and negative values of the NBI power denote the NBI co-injection and counter-
injection, respectively.

phenomena, the sawtooth stabilization by the plasma rotation and the sawtooth
destabilization by the counter-passing NBI fast ions. If the intrinsic plasma ro-
tation is in the opposite direction than the momentum transferred to the plasma
from the NBI fast ions and the resulting plasma rotation is lower than the intrin-
sic one, the resulting effect of the plasma rotation change is a degradation of the
sawtooth stability.

Usually a dependence of the sawtooth period Tsaw on the NBI power has a
U-shape with a minimum located in the counter-injection part, as seen in the
case of the JET, EAST and MAST tokamaks in the figure 7.4. However it is not
always like that as shows the case of the TEXTOR tokamak, which has more
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Figure 7.5: The sawtooth period in respect to the NBI auxiliary heating power
PAUX for a set of the similar L-mode discharges realized on the COMPASS toka-
mak. The positive and negative signs of the PAUX represent the co-injection and
counter-injection, respectively.

complicated shape of the dependence of the sawtooth period Tsaw on the NBI for
the counter-injection part.

The COMPASS measurements are derived from the flat-top part of discharges
when the sawtooth period is settled down after NBI is switched on and the pre-
sented sawtooth period is an average value of the several sawteeth cycles during
this flat-top NBI-heated discharge stage. As can be seen on the example of the
temporal evolution of the sawtooth period in the figure 7.3, the sawtooth period is
not inherently stable during NBI heating and such discharges are not considered
for the sawtooth period dependence on the NBI auxiliary heating in the figure
7.5.

The sawtooth period Tsaw dependence on the NBI auxiliary heating PAUX on
the COMPASS tokamak is comparable with the measurements on the other toka-
maks, see figure 7.4, the sawtooth period Tsaw increases with the NBI auxiliary
heating PAUX in case of the co-injection and vice versa for the counter-injection as
seen in the figure 7.5. However, the expected minimum in the counter-injection
part is not reached in the presented data-set.

7.2 NBI assisted H-modes and ELMs
The high confinement mode (H-mode) can be accompanied by the edge localized
modes (ELMs). Their description and classification is given in the section 3.5.2.
NBI heating affects ELMs by an increase of the stored plasma energy and a
consequent enlargement of the power passing through the separatrix Psep, which
is one of the parameter playing role in the ELMs classification. On the other hand
ELMs affect the fast ions distribution inside the plasma. Experimental campaigns
dedicated to the NBI impact studies were done only in the L-modes and there is a
lack of dedicated H-mode discharges. However, there were thousands of the NBI-
assisted H-mode discharges performed on the COMPASS. The impact of the NBI
heating on the pedestal, the steep gradient region of the electron temperature and
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the plasma density typical for the H-modes, was studied in [77] for the COMPASS
discharges.

Here two similar NBI-assisted H-modes are discussed, one with the thermal
NPA measurements providing information about the ion temperature Ti and sec-
ond with the NPA fast ions measurements, to explore the total energy distribution
of the plasma ions during the H-modes on the COMPASS tokamak. The time
traces of the discharges parameters and the NPA measured fluxes are shown in
the figure 7.6 and the figure 7.7, respectively.

Figure 7.6: Two similar H-modes with Bt = 1.5 T and IP = 240 kA. Time
traces of the discharges #16980 and #16981 are depicted by a green and by a red
color, respectively. The discharge #16981 ends in a disruption in time 1171 ms.
They differ slightly in the plasma line-averaged density ⟨ne⟩ and ELMs frequency
fELM. Due to the higher plasma line-averaged density ⟨ne⟩ and the lower ELMs
frequency, there is the higher stored plasma energy WEFIT in case of the discharge
#16981. When the NBI1 is switched off, there are only short H-modes in case
of the discharge #16980. Two time periods are analyzed, one with NBI1 only in
between solid vertical lines and second with both beams NBI1+NBI2 in between
dashed lines. The second analyzed time period is shorter for #16981 and it ends
already, as shown by the dotted line.

Both discharges include an ELMy H-mode stage with NBI1 only and with
both beams (NBI1+NBI2). H-modes are characterised by a formation of steep
gradients of the electron temperature Te and the plasma density ne close to the
separatrix, so-called pedestal, introduced in the section 3.5.2. Measured profiles
of the electron temperature Te and the plasma density ne during both selected
phases, NBI1 only and NBI1+NBI2, in respect to the ELM crash are depicted in
the figure 7.8 for #16980 and in the figure 7.9 for #16981.

The pedestal height of the electron density ne is ∼ 2.5–3×1019 m−3 for #16980
and ∼ 4–5 × 1019 m−3 for #16981 and of the electron temperature Te is ∼ 200–
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Figure 7.7: The count rates measured by NPA during the discharge #16980
(left), with the measurements of thermal energies, and the discharge #16981
(right), with the high-energy tail measurements. The solid and dashed vertical
lines represent start and stop position of the NBI1 and NBI2 respectively. The
sudden increases or drops are a consequence of the ELMs. A signal drop due to
the ELMs is only apparent, as it is actually channeltron saturation. If the signal
is too high, the channeltron recovery is longer and can lead to the permanently
signal degradation, as it is in the case of #16980, channels 1.78, 2.09, 2.48 and
4.47 keV while both NBIs are ongoing.

300 eV for both discharges, which are comparable values as observed in [77]. The
pedestal is at the lowest values after the ELM crash and than it recovers. Despite
the fact, that NBI heating is less effective for electrons as it is concluded in the
section 6.3, the core electron temperature enhances from 1.25 keV to 1.5 keV
while both NBIs are switched on. On the other hand, the pedestal values do not
change dramatically, which shows that the NBI heating is localized mostly in the
plasma core.

Usually as the pedestal recovers, the core values should also reach their pre-
vious higher values. However, there is an opposite trend in the figure 7.8 for
NBI1+NBI2 phase. The blue and black values are the latest from the ELM
crash, but the core electron temperatures are significantly lower than shortly af-
ter the ELM. This is an effect of the sawtooth crash. The time traces of the
sawtooth and ELM crashes and Thomson measurements with the corresponding
colors to the Thomson measurements in the figures 7.8, 7.9 are in the figures 7.10
and 7.11.

Part of the NPA energy channels are becoming saturated, as seen in the figure
7.7, while one or both NBIs are ongoing. Therefore, it is impossible to study the
NPA energy spectra for the ELM crash during the NBI1+NBI2 discharge stage
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Figure 7.8: The electron temperature Te and density ne profiles for #16980. The
NBI1 only phase is on the left (olive and magenta) and NBI1+NBI2 phase is on
the right (red, orange, green, cian, blue and black). The electron temperature
Te profiles are on the top and the electron density ne profiles are in the bottom.
The left part of the graphs are full profiles and the right parts are only close-ups
on the pedestal region.

and it is even complicated for the other NBI-heated discharge stages. Three of
the discharge/ELM stages are presented:

• NBI1+NBI2, inter-ELM

• NBI1 only, inter-ELM

• NBI1 only, ELM crash

The NPA energy spectra are shown for the thermal energies range in the figure
7.12, which were measured during the discharge #16980, and for the high-energy
tail in the figure 7.13, which were measured during the discharge #16981.

The inter-ELM ion temperature determined from the NPA measurements TCX
is 567 eV while only NBI1 is ongoing and increases to 850 eV when NBI2 is also
switched on. If we apply the density correction from the figure 6.23, the core
ion temperature Ti0 is 800,eV for NBI1 only phase and 1147 eV when both NBIs
are applied. However, this correction was derived for the parabolic shapes of
the plasma profiles, which is not exactly a case of the H-mode discharges on the
COMPASS, so the derived ion temperatures are only approximate.

The ELM crash causes the increase of background neutral density, as it is
concluded in [50, 48, 25], which leads to the NPA signal enhancement. Simulta-
neously, a part of the hot particles confined inside the pedestal region are ejected
out of the plasma. The ejected particles are passing through the outer more re-
gion, where the background neutral density is naturally higher, which also leads
to the NPA signal increase.
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Figure 7.9: The electron temperature Te and density ne profiles for #16981. The
NBI1 only phase is on the left (olive and magenta) and NBI1+NBI2 phase is on
the right (red, green and black). The electron temperature Te profiles are on the
top, the full profiles and corresponding close-ups on the pedestal region, and the
electron density ne profiles are in the bottom, the full profiles and their close-ups
on the pedestal region.

Figure 7.10: Time trace of the sawtooth crashes (dotted lines), ELM crashes
(solid lines) and Thomson measurements (dots) with corresponding colors in the
figures 7.8 for #16980 NBI1 only stage (left) and NBI1+NBI2 stage (right). The
blue and black measurements are shortly after the sawtooth crashes and therefore
the core electron temperatures are the lowest in the figure 7.8.

The high-energy tail of the neutral flux, depicted in the figure 7.13, has a
stair shape, where each stair starts at one of the NBI characteristic energy Eb,
Eb/2, Eb/3. This shape is given by the distribution function of the three mono-
energetic sources of the fast ions and the partially slowed down fast ions. The
energy component Eb/10 is not well visible, as it partially overlapping with the
thermal part of the neutral fluxes and moreover it is low populated as shown
in section 4.2.2. The stair shape is well visible on the inter ELM NBI1 only
phase (green). When both NBIs are switched on, the high-energy tail neutral
flux is ∼ 3× higher, which corresponds to the ratio of the total applied NBI
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Figure 7.11: Time trace of the sawtooth crashes (dotted lines), ELM crashes
(solid lines) and Thomson measurements (dots) with corresponding colors in the
figure 7.9 for #16981 NBI1 only stage (left) and NBI1+NBI2 stage (right).

Figure 7.12: The thermal neutral flux energy spectra in the inter-ELM (left) for
NBI1 only (green) and NBI1+NBI2 (red) phases and in the inter-ELM (green)
and ELM crash (orange) during NBI1 phase (right) measured by NPA. The
crosses represents saturated channels. The partially transparent dots are raw
NPA measurements and the circles connected with the solid lines are correspond-
ing averaged values.

auxiliary heating power in different discharge stages. The flux of the transition
part between the thermal part and the high energy tail of the neutral flux energy
spectra (∼ 5) keV is at low level for the NBI1 only phase and increases for
NBI1+NBI2 as the ion temperature is higher.

The ELMs frequencies are reduced when NBI2 is switched on and the total
NBI auxiliary heating power increases in the case of the presented H-mode dis-
charges. The change of the ELM frequency with the power through the separatrix
normed by the separatrix surface Psep norm serves for the ELMs classification. It
should have a U-shape. While the ELM frequency drops with the normed power
through separatrix Psep norm, the ELMs are considered to be type III. Since the
ELMs are becoming more frequent with the increasing normed power through
the separatrix Psep norm, the ELMs are considered to be type I.

The dependence of the ELMs frequency on the normed power through the
separatrix Psep norm for the COMPASS ohmic H-mode discharges was firstly pre-
sented in [78] and it was concluded that the normed power through the separatrix
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Figure 7.13: The high-energy tail neutral flux energy spectra in the inter-ELM
(left) for NBI1 only (green) and NBI1+NBI2 (red) phases and in the inter-ELM
(green) and ELM crash (orange) during NBI1 phase (right) measured by NPA.
Black dashed lines represents NBI neutrals energies, Ebeam, Ebeam/2, Ebeam/3.
Green and red dashed lines represents critical energies, as defined in the equation
(3.5), for corresponding energy spectra. The crosses represents saturated chan-
nels. The partially transparent dots are raw NPA measurements and the circles
connected with the solid lines are corresponding averaged values.

∼ 30 kW/m2 is a border between the ELMs type III and I. The figure 7.14 shows
originally presented data extended by the NBI-assisted and a few new ohmic H-
modes data. Each data point represents one inter-ELM period in the case of the
old data-set and the averaged ELM frequency in respect to the averaged normed
power through the separatrix Psep norm in the long-term flat-top discharge stage,
in respect to the ELMs period, for the new data.

The expected U-shape of the ELM frequency dependence on the normed power
through the separatrix Psep norm is not clearly visible. The most visible dependence
for the NBI heated discharges is on the plasma density ⟨ne⟩, which is shown in
the figure 7.15.

To conclude, the neutral beam injection improves both plasma temperatures.
It is possible to reach the core ion temperature above 1 keV if both NBIs are
applied. The knowledge of the NBI auxiliary power allows to determine the
normed power through the separatrix Psep norm, which is required for the ELMs
type classification.

However, the dependence of the ELMs frequency fELM on the normed power
through the separatrix Psep norm is not clear but it nicely varies with the plasma
density ⟨ne⟩. Therefore a more detailed study of the ELMs classification of the
NBI heated discharges on the COMPASS is desirable.
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Figure 7.14: Dependence of the ELM frequency on the normed power through
separatrix Psep norm. The original data presented in [78] are represented by a empty
grey symbols. The NBI heated discharges with comparable plasma parameters
are depicted by the grey squares. The black crosses are NBI-heated discharges
with a wide range of the plasma parameters. A few similar sets of the discharges
are highlighted by various colours and shapes.

Figure 7.15: The ELM frequency in respect to the plasma density ⟨ne⟩ (horizontal
axis) and normed power through the separatrix Psep norm (color scale).
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8. Role of the background
neutrals
As it is mentioned in the description of the fast ions diagnostics in the subsection
3.6, two out of three are based on the CX-reaction with the neutrals presented
in the tokamak. There are usually two kinds of the neutrals in the plasma vol-
ume: halo and background. The halo neutrals are usually well simulated as
the NBI incoming flux is well defined. The background neutrals are a result of
several processes as shown in the figure 4.2. The background neutrals can be
derived from the UV or visible radiation [79, 80]. During my internship on the
ASDEX-Upgrade, I have developed a novel method, which is based on the ther-
mal passive measurements of the neutral particle analyzer (NPA). This newly
developed method is described in the paper, which is an attachment of this the-
sis. Derived background neutral density can be used as the input for the fast ions
synthetic diagnostics, as was shown in [25].

The second role of the background neutrals in respect to the fast ions, is a sink
of the fast ions, as they undergo change-exchange collisions. A use of pre-defined
background neutrals profiles in the fast-ions tracing code was shown for the first
time in [81].
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Conclusion
The COMPASS tokamak operates for a decade with two identical neutral beam
injectors (NBI). This thesis gives an overview of the additional plasma heating
effects on the plasma parameters on the COMPASS tokamak.

The most important parameter for given studies is the delivered NBI auxiliary
heating power PAUX into the tokamak chamber. The neutral beam injectors are
connected with the COMPASS tokamak vacuum chamber by the narrow beam
ducts (figure 4.4). The NBI geometry was optimized by the producer to fit the
beam into the narrow duct, however, part of the delivered power is still scraped.
The geometry of the extracted beam of the fast neutrals varies with the requested
NBI acceleration voltage Ubeam and NBI current Ibeam.

The geometry of the neutral beam is given by the NBI ion optical system
geometry, grids size, the grids geometrical focus and the divergence of beamlets,
which are the beams extracted by a single NBI grid hole. The beamlet diver-
gence for each separate NBI energy component is calculated from the measured
broadened Doppler shifted Dα lines (figure 4.11). Simultaneously, the power and
the ratios of the various extracted NBI energetic components, Eb, Eb/2, Eb/3
and Eb/10, are derived (figures 4.10 and 4.12). A model is based on summing
Gaussian beamlets and measured beamlet divergences where used then to predict
the passing fraction through the beam duct. The passing fraction of each beam
energy component and the measured beam composition are used to derive the
total power entering the tokamak chamber, the auxiliary heating power PAUX,
dependence on the extracted NBI power(figure 4.16). NBIs on the COMPASS
tokamak were optimized for the maximum delivered power, where the scraping
losses are negligible and power up 400 kW is injected into the plasma by each
NBI. However, if the required power is lower, the scraped power can reach up to
∼ 50 %.

The passing power, the real NBI auxiliary heating power PAUX, is confirmed
by the power balance analysis done in the section 6.1. It was shown that the most
of the delivered power into the plasma PNBI carried by the NBI fast ions goes into
the increase of the plasma energy WEFIT. The crucial result of the power balance
analysis is the fact, that the NBI1 injector delivers systematically less power into
the plasma than the NBI2 injector. It is lower by 17 %. This is probably caused
by additional NBI1 scraping in the beam duct, as the additional power losses of
the NBI1 injector does not depend on the plasma parameters. Therefore, the
auxiliary power PAUX delivered by NBI2 is based on equation (4.11) and the
passing fraction is lowered by an additional 17 % in the case of the NBI1.

Once the auxiliary power PAUX of both NBIs is available, it is possible to
determine the energy confinement times τE for NBI heated discharges on the
COMPASS and compare them with the various scalings, as it is shown in the
section 6.2. The energy confinement times for the L-mode discharges and H-
mode discharges vary in the range 5 ms–14 ms and 10 ms–20 ms respectively.

A few systematic experimental campaigns were performed for the basic NBI
impact studies on the COMPASS and are introduced in the chapter 5. The initial
basic campaign considered L-mode discharges with the NBI2 co-current injection.
The campaign focused on the NBI impact dependencies on the plasma density,
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the plasma shape and the plasma current. Similar discharges with varied toroidal
magnetic field were also realized.

The ratio of the additional NBI heating power PNBI and the NBI auxiliary
heating power PAUX determined from the power balance seems pretty constant for
all studied parameters in case of the co-injection L-modes. The core ion Ti(0) and
electron temperatures Te(0) and the plasma line-averaged density ⟨ne⟩ increases
due to the NBI heating depends on the plasma line-averaged density ⟨ne⟩ and the
NBI auxiliary heating power PAUX (figures 6.27, 6.28). The ratio of the additional
heating power absorbed by the bulk plasma electrons Pe and the bulk plasma ions
Pi depends on the critical energy EC, which is directly proportional to the electron
temperature Te. For ohmic heated flat-top stage of the discharges the observed
core electron temperature Te(0) is inversely proportional to the line-averaged
plasma density ⟨ne⟩ (6.24) and consequently the ratio of the transferred NBI
power into the bulk plasma ions and electrons Pi/Pe changes. The observed core
ion temperature Ti(0) increase, when NBI2 injector full power heating is applied,
ranges from doubling, on the lowest densities to only a ∼ 20 % increase for the
highest plasma densities. On the other hand the electron temperature remains
almost unaffected by NBI at the lowest densities and it increase by ∼ 40 % at the
highest densities. Plasma density increases during active NBI was observed only
at the lowest densities by ∼ 20 %–40 % where the density control feedback runs
out of control authority headroom.

The observed neutron yield linearly increases with the auxiliary heating power
PAUX (figure 6.36). It slightly increases with the higher magnetic fields Bt (figure
6.37). The expected dependence of the neutron yield on the plasma density, based
on the equation (3.8), is balanced by shortening of the fast ion slowing down time
τs, equations (3.6) and (3.7), and a consequent decrease of the fast ion density nfi
in the equation (3.8).

The second set of experiments was dedicated to the counter-current injection.
The experimental conditions were realized by the reversing the plasma current
IP direction, not by the NBI relocation. Generally, the counter-injection exhibits
higher NBI power losses inside the plasma, as the formed fast ions are guided to
the more outer regions of the plasma, where they are more likely to be lost to
wall collisions. Regarding power balance, the registered power inside the plasma
PNBI is lower by ∼ 40 % in comparison with the co-current injection. However,
it seems there is an optimal line-averaged density ⟨ne⟩ = 4–5 × 1019 m−3 (figure
6.16). At this line-averaged density ⟨ne⟩ range the delivered NBI power PNBI of
the counter-injected NBI into the plasma is comparable with the co-injection.
Despite that, the increase of the core ion temperature Ti(0) is slightly lower than
for the co-injection even for densities 4–5 × 1019 m−3. The impact on the core
electron temperature Te(0) is probably lower that in case of the co-injection,
but the differences are obscured by the noise (figure 6.29). The neutron yield is
reduced to ∼ 60 %–40 % of the values for the co-injection case (figure 6.37).

During the design phase of the NBI for COMPASS and early phase of the
operation, simulations were done using different codes (table 5.3). The best match
of the heating fraction of the auxiliary heating power Pheat/PAUX with the fraction
of the delivered NBI power PNBI, derived by the power balance, carried by fast
ions and the total NBI auxiliary heating power entering the tokamak chamber
PAUX is with the METIS simulations (figure 6.14). The FAFNER simulations
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well match both, co- and counter-injection portion of the absorbed power by the
plasma (figure 6.16).

The chapter 7 briefly discusses observed impacts of NBI on the sawtooth
instability, high confinement modes (H-modes) and edge localized modes (ELMs).
The sawtooth crashes are causing oscillations of the core electron temperature
Te(0) ∼ 200 eV (figure 7.1), which manifests as the additional error of the core
electron temperature Te(0) changes in the section 6.3. In the studied range of
the NBI power settings, the sawtooth period Tsaw increased on the COMPASS
from 2 ms up to 4 ms when NBI is injected in the co-current direction. The NBI
counter-injection shortens the sawtooth period down to 1 ms (figure 7.5). However
the counter-injection experiments have generally less stable sawtooth period Tsaw
and therefore only three usable data points were obtained. Usually, the U-shape
dependencies of the sawtooth period Tsaw on the NBI auxiliary heating power
PAUX are observed on the other tokamaks with a minimum in the counter-injection
part (figure 7.4). Probably, the minimum of the counter-injection part was not
reached during experiments that are presented herein.

On the contrary to the L-mode campaigns dedicated to the NBI impact stud-
ies, there were no dedicated H-mode campaigns with the same purpose. But
there is still a plenty of NBI H-mode discharges in the COMPASS database. Two
nearly identical consequent discharges at high magnetic field Bt = 1.5 T with
both NBIs (figure 7.6) have been selected to illustrate the impact of the NBI
heating on the H-mode discharges. The reached core electron temperature Te(0)
with NBI1-only is 1.25 keV and 1.5 keV while both NBIs are operating (figures 7.8
and 7.9). The inter-ELM NPA ion temperature TCX is ∼ 570 eV and ∼ 850 eV
while NBI1 and both NBIs are operating respectively. When the correction to
the core ion temperature Ti(0) is applied, the inter-ELM NPA ion temperatures
corresponds to the core ion temperatures Ti0 ∼ 850 eV and ∼ 1150 eV. However,
these numbers are only an approximate value as some of the NPA channels were
saturated during these measurements and the correction factor was derived for
the parabolic profiles of the temperatures and density.

The derived formulas for the auxiliary power PAUX for both NBIs allowed for
the first time to determine the normed power through the separatrix Psep norm for
NBI heated discharges. Therefore the dependence of the ELM frequency fELM
on the normed power through the separatrix Psep norm is presented, which serves
for the ELM type classification (figure 7.14). Unfortunately, this dependence is
not clear and does not have a typical U-shape, which is expected. The most
significant dependence of the ELMs frequency fELM of the set of standard plasma
parameters is on the plasma line-averaged density ⟨ne⟩ (figure 7.15). The calcu-
lated normalized power through the separatrix Psep norm including NBI auxiliary
heating will allow further studies of the ELMs classification on the COMPASS
for the NBI heated discharges.

The last chapter comments on an article considering the background neutral
density determination on the ASDEX Upgrade tokamak exploiting NPA data,
which is a newly developed unique method. It provides information about the
background neutrals profile, even deeper inside the plasma. This work was done
during the authors internship on the ASDEX Upgrade tokamak. The background
neutral density causes charge-exchange losses of the fast ions and simultaneously
the charge-exchange collisions are exploited by the fast ion diagnostics. These
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reasons were a motivation to start with the background neutral density studies.
Besides the introduction of the method and its validation, the temporal evolution
of the background neutral density during the ELM cycle is discussed. The ELM
crash causes an increase of the background neutral density, even deeper inside
the plasma. That generally leads to the enhancement of the NPA signals during
the ELM crash and simultaneously charge-exchange fast ions losses.

There is one more think I have learned directly from my supervisor Jan
Stockel. It is a fact that the friendships are crucial for the scientific work. Time
ago, when he was building up his carrier, he invented with his friends a drink in
honer of the friendship and they named it three friends. If you are reading these
lines, prepare this awesome drink and share it with your friends. The recipe is
following:

Ingredients:

• Czech rum called Bozkov (potato one)

• vermouth or cinzano

• lemon slice

Pour one shot of rum into a glass, top up with vermouth and add a lemon
slice on the top. It is possible to include a few ice cubes into glass before a rum
is poured in.
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[28] R. Pánek et al. Reinstallation of the compass-d tokamak in ipp ascr.
Czechoslovak Journal of Physics, 56(2):B125–B137, 2006.

[29] Comapss tokamak web page. http://www.ipp.cas.cz/. Accesed: 2019.

[30] V. Weinzettl et al. Progress in diagnostics of the compass tokamak. Journal
of Instrumentation, 12:C12015, 2017.

101
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Stöckel, M. Hron, J. Havlicek, K. Mitosinkova. Geodesic mode instability
driven by electron and ion fluxes during neutral beam injection in tokamaks.
Physics Letters A, 381(36):3066-3070, 2017.
DOI: 10.1016/j.physleta.2017.07.033

• J. Adamek, J. Seidl, J. Horacek, M. Komm, T. Eich, R. Panek, J. Cavalier,
A. Devitre, M. Peterka, P. Vondracek, J. Stöckel, D. Sestak, O. Grover,
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